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Introduction

HE behavior of physical systems at the atomic scale is governed by Quantum Mechanics,
giving rise to surprising phenomena. At very low temperature, notably, the energy of the
system is reduced and only a few number of quantum states are involved in the dynamics.
As physicists understood the magic of electrons and photons in the beginning of last cen-
tury, they wondered if their exciting characteristics could appear at a macroscopic scale.
With the progress of both theoretical and experimental research, physicists realized that
quantum physics can be seen with the naked eye in superconductors, superfluids, or
Bose-Einstein condensates, where the quantum states stretch on large distances. About
sixteen Nobel prizes rewarded these breakthroughs, among the dozens of awarded physi-
cists we can cite John Bardeen, Leon Neil Cooper, and John Robert Schrieffer in 1972,
Ivar Giaever and Brian David Josephson in 1973 for the understanding of superconduc-
tivity and the Josephson effect; Steven Chu, Claude Cohen-Tannoudji, and William D.
Phillips in 1997, Eric A. Cornell, Wolfgang Ketterle, and Carl E. Wieman in 2001 for the
manipulation of cold atoms and the realization of Bose-Einstein condensates. Richard P.
Feynman was the first to foresee the development of nanotechnology and the practical
application of systems which involve strictly the Schrodinger equation. With the tech-
nical advances of nanofabrication and laser cooling of the last decade, superconducting
circuits as well as Bose Einstein condensates are now commonly created, manipulated
and measured in research laboratories.

The possibility to build a quantum computer has attracted a lot of attention since
the discovery of macroscopically coherent systems. Among the most promising build-
ing blocks of such computers, the equivalent to transistors in classical computers, is
the Josephson junction-based quantum bit (qubit). They are composed of two or more
Josephson junctions with a dynamics reduced to two states, the ground state and the
first excited state, which serve as a bit to treat the information. Coupling many qubits
and using quantum entanglement would exponentially speed up data processing. Charge
qubits, flux qubits and phase qubits have been realized and coupled but the finaliza-
tion of a quantum computer remains highly challenging. The limitation comes mainly
from the decoherence and dissipation of the superconducting nanocircuits due to their
unavoidable coupling with the environment, which decreases the lifetime of the quantum
states. The attempts to fight against noise remain intense and the coherence time of
superconducting qubit is continuously increasing. The experimental progress in the fab-
rication of nanocircuits happened basically at the time of advances in laser cooling and
trapping of alkali atoms. Since cold atoms are highly tunable and quasi-isolated from
the environment, they constitute excellent quantum simulators of solid states systems.

il
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The possibility to integrate Bose Einstein condensates and couple them to superconduct-
ing systems, for instance with the on-chip technique, is an active field of research. The
exchange of ideas between these two communities is very profitable and rich physics is
expected to follow from this collaboration.

The aim of this Ph.D. thesis is to study theoretically a few mesoscopic systems which
exhibit interesting quantum phenomena with potentially new applications. In close col-
laboration with experimentalists we explore the quantum, playing with electrons and
atoms to observe appealing features. We focus on one of the most outstanding exclusive
peculiarities of the quantum world, namely the tunneling effect. When the tunneling
occurs between two macroscopically coherent systems, it is often called the Josephson
effect. The manuscript comprises one general chapter on the Josephson effect followed
by four chapters, each one being dedicated to a specific system and completed by an
appendix which details the calculations.

The first chapter presents the Josephson effect between two general coherent systems.
The specificities of superconductors and cold atoms are then described.

In the second chapter we study a single underdamped Josephson junction that was re-
alized experimentally by Wiebke Guichard in the group of David Haviland at the KTH
royal institute of technology in Stockholm. Within the Keldysh formalism, we obtain
the current-voltage characteristics in the classical and zero temperature regime as well
as the quantum Smoluchowski equation that describes the first quantum corrections to
the quasicharge dynamics.

In the third chapter we use the instanton formalism to calculate the escape rate from
a metastable state of a quartic potential, which we call the camel back potential. This
barrier shape was realized experimentally with a dc SQUID by Emile Hoskinson in the
group of Olivier Buisson at the Néel institute in Grenoble. Beforehand, simulations were
analyzed to find an optimal line where the SQUID is weakly sensitive to current noise.
Our results fit well the experimental data concerning the escape probability histograms
and the critical diagram. The optimization of the SQUID parameters as well as the
working points enabled us to manipulate the circuit as a phase qubit. This work was
part of the “European Superconducting Quantum Information Processor” (EuroSQIP)
European integrated project (for a review, see Ref. [1]).

In the fourth chapter we study the lasing effect for a qubit coupled to cavities. We use
the Lindblad master equations to describe quantum mechanically the system and derive
the output spectrum. We concentrate first on the pioneer experiment of the group of
Jaw-Shen Tsai at Riken laboratory in Tokyo. We then analyze the configuration where a
transmon is coupled to two cavities, one cavity were the lasing effect occurs and another
one which controls the relaxation rate of the upper transition according to the Purcell
effect. This experiment of cavity QED will be realized in the Quantronics group of Daniel
Esteve at CEA Saclay. This work is part of the “Quantum Physics with Josephson Cir-
cuits” (QUANTJO) French National Research Agency project.

The fifth chapter is devoted to the Josephson effect in cold atoms. We consider a one
dimensional ring comprising a localized barrier potential that creates a Bose Josephson
junction. We use the Luttinger liquid formalism to characterize the long range order
through the one-body density matrix and various spatial correlation functions. The
subleading corrections to the one-body density matrix in the thermodynamic limit for
arbitrary interaction strength are also found. Compared to the exact result in the Tonks
Girardeau gas, our treatment turns out to generate the complete series of the leading
corrections. The realization of such one-dimensional systems with cold atoms, known in



the condensed matter community, is currently investigated in several groups in Europe
and America. This work is part of the “Macroscopic Interference Devices for Atomic and
Solid-State Systems: Quantum Control of Supercurrents” (MIDAS) European project.

All along the manuscript, we study the Josephson effect in more and more sophis-
ticated systems. We start with a single Josephson junction in a an unusual domain of
parameters. We then combine two Josephson junctions to create a de¢ SQUID phase
qubit in the “camel back” regime. Next, a qubit is coupled to one or two cavities to
give rise to the lasing phenomenon. Finally a Bose Josephson junction, created with a
quantum gas confined to a ring shape potential with a localized barrier, is investigated.
The chapters are independent and have their own notations, as a consequence the mean-
ing of a given symbol may change from chapter to chapter.

The manuscript ends with a general conclusion together with a presentation of the
projects that stem from this thesis. This work fits into our present exciting times where
physicists profit more and more from the beauty of quantum mechanics.
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Figure 1: Scheme of the border between the classical and quantum worlds, from [2].
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CHAPTER

The Josephson effects
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Introduction

N this first chapter we introduce the Josephson effect and present the physical conse-
quences of this phenomenon. We start from a phenomenological approach to describe
the general case of two coupled macroscopically phase-coherent systems and then illus-
trate how the Josephson effects manifest themselves in two different physical systems:
BCS superconductors and atomic quantum gases. The study is completed with a quan-
tum treatment of the Josephson effect using a model tunnel Hamiltonian. Finally, we
highlight the differences and similarities among these two systems by comparing their
characteristic physical scales.

1.1 Semiclassical Josephson effect

Let us consider two quantum coherent systems, labelled by S;—1 2, characterized each by
a macroscopic wavefunction W;_ o(7,t). We focus on the case where the two systems are
weakly connected, namely when Wy (7, t) can leak into S and vice versa. To study the
dynamics of the coupling between the two systems, the spatial degrees of freedom of the
wavefunctions can be integrated out. Then the time-dependent Schrodinger equation for



2 The Josephson effects §1.1

the resulting wavefunctions ;(t) corresponds to (see [3, 4] and Sec. 1.3)

5,001

ih— = &1t = T, (1.1a)
0
% = Epo — T, (1.1b)

where & 5 is the energy of each isolated system and where the parameter 7" characterizes
the leakage. One may think of two systems separated by a barrier. In this specific case, 7
corresponds to the tunneling strength and depends on the shape of the barrier potential.
Writing the wave functlon in terms of the number of particles n; = |1, |2 and the phase 5,
we have 1); =, /m; e"¥7. The Schrodinger equations (1.1) give

0 0 2T
% — a,r;l = ? ning Sin(SOQ - 901)) (123‘)
8(@2—%):82—51 Tn1
ot h hoJn
In the case of small particle number imbalance, [n; —ns|/(n1+n2) < 1, the dynamical

equations for the particle current J = (171 —n2)/2 and for the phase difference ¢ = @3 —¢;
are

cos(goz —¥1). (1.2b)

J = Jpsing, (1.3a)
=V, (1.3b)

where Jo = 27\ /ning/h and V = (& — &£1)/h. These are the constitutive equations
for the Josephson effect, predicted in 1962 by Brian David Josephson in the case of
two coupled superconductors (see [5, 6] and Sec. 1.2). Egs. (1.3) show that a particle
current flows through the Josephson junction with a maximal value Jy proportional to
the tunneling strength. The Josephson current being proportional to sin ¢, it is essential
that the phase difference ¢ be well established.

The Josephson junction displays surprising effects when the energy imbalance V' can
be controlled and eventually modulated in time. From Egs. (1.3), the Josephson current
has the general expression

J(t) = Jo sin(goo + / tdﬂ)@) . (1.4)

When the energies are the same on the two electrodes, V = 0, due to the phase coherence
a constant current J = Jysin g flows through the junction. This phenomenon is known
as the dc Josephson effect.

When a constant energy difference Vy is imposed, the phase grows linearly and the
current oscillates with the frequency Vy and the amplitude Jy: J(t) = Jysin(go + Vot).
This phenomenon is known as the ac Josephson effect. The time-averaged current (J(¢))
vanishes except for Vy = 0 and the resulting graph (J)()y) has a finite central peak of
height Jy. This defines the particle supercurrent branch.

When the applied energy imbalance oscillates with a frequency w, i.e. V(t) = Vy+v cos wt,
then the current reads

J=Jo Y _ Je(v/w) sin(eo + Vot + kut), (1.5)
kEeZ
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Figure 1.1: Time-averaged particle current through the junction as a function of the
energy imbalance (in units of the frequency) for v = w/2. Insets: Maximum current for
Vo = 0 (red), Vo = w (green) and Vy = 2w (blue) as a function of the amplitude of the
oscillations (in units of the frequency). The right inset is a zoom of the left one for small
values of the oscillation amplitude. When the energy imbalance is constant (v = 0),
there is only the supercurrent peak.

where Ji is a Bessel function and the relation es(t=1) = > kez Ji(2)t* has been used.
The time-averaged current vanishes except for values of Vy which are multiples of the
frequency: Vy = kow. At this value, the current is J = JpsinpgJ_p,(v/w). As a
consequence, for the special values Vy = kow the inequality

I/ Jol < [Jko (v/w)] (1.6)

holds, and the time- and configuration-averaged current shows steps of width 2|Jg, (v/w)]
(see Fig. 1.1). They are called Shapiro steps after their discovery in superconductors
by Sidney Shapiro [7]. The use of the Josephson effects gives rise to a rich variety of
applications.

1.2 The superconducting Josephson junction

Until now we have treated the general case of two coupled macroscopically phase-coherent
systems. In the following we will look at the Josephson effects in specific physical systems,
starting with the BCS superconductors in which these phenomena were first discovered.

In such metals, in addition to the repulsive Coulomb force, electrons are coupled to
phonons originating from lattice vibrations [8, 9]. Below a critical temperature 7T, the
electron-electron interaction via phonons is attractive and a two-electron bound state
becomes energetically favorable. The attractive interaction renders the Fermi sea unsta-
ble and electrons group themselves in pairs to form Cooper pairs [10]. The Cooper pairs
behave in many senses like bosons and condense at temperature lower than 7., giving
rise to a macroscopically occupied coherent state. This is the so-called BCS state, named
after the microscopic theory of superconductivity by John Bardeen, Leon Neil Cooper
and John Robert Schrieffer in 1957 [11, 12]. The condensation energy is found to be
equal to —g(Er)A?/2 where g(E) is the electronic density of states, Fr is the Fermi
energy and A is the BCS order parameter, which vanishes at the critical temperature as
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Figure 1.2: Temperature dependence of Figure 1.3: Density of states of quasi-
the order parameter A in BCS supercon- particles of a superconductor. Cooper
ductors. pairs condense at the energy Frp — A.

depicted in Fig. 1.2 (in metals A < Ep and Er — g(Er)A?/2 ~ Er). The first excited
states correspond to breaking a pair, which at least needs an energy of 2A. These exci-
tations are called (Bogoliubov) quasiparticles [13]. At the level of the density of states,
the paring opens a gap of width 2A around the Fermi energy, as depicted in Fig. 1.3.
In 1962, Brian David Josephson predicted that if two superconducting samples are
put into contact, a supercurrent
Is = I.sing, (1.7)

can flow across them, even in the absence of a voltage difference (dc Josephson effect,
as presented in the previous section) [5]. Here I. is the critical current of the junction.
Moreover, he predicted that if a voltage difference V' is applied between the two samples,
this will result in an alternating current (ac Josephson effect) [6] according to the phase
dynamics

. 2e

Y= %V. (1.8)
Josephson obtained Eqs. (1.7) and (1.8) from the BCS theory. His microscopic deriva-
tion (which I do not detail here) gives the same results Egs. (1.3) as the phenomeno-
logical description of Sec. 1.1. The system composed of two superconducting samples
in weak electrical contact constitutes the superconducting Josephson junction (SJJ) (see
Fig. 1.4). The two Josephson effects have been experimentally observed for the first time

V
-~

Figure 1.4: A schematic representation of a superconducting Josephson junction. Two
superconducting electrodes are connected to each other via an insulating layer.
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in 1961 [14, 15]. Since then, SJJs have been extensively studied, both theoretically and
experimentally [16]. The Josephson equations lead to the Josephson Hamiltonian

H;=—FEjcosp, (1.9)

where the Josephson energy F; is proportional to the critical current I.: Ej; = hl./2e.

The two superconducting electrodes are separated by an insulating layer which con-
stitutes a capacitance C. With the progress of nanofabrication in the last decade, it is
possible to build ultra-small junctions. For such SJJs, the charging energy of one electron
on the capacitance

E, = — (1.10)

has a non-negligible effect. Indeed, for a typical capacitance of one femtofarad, the
charging energy is equal to one Kelvin. Consequently, the total Hamiltonian is

2

=3¢

— Ejcos, (1.11)

where (Q = 2en = C'V is the charge on the junction.

Cooper pairs are charged particles (twice the electron charge) and compensate the
background of positive ions that make up the lattice of the metal. As a result, the
electrostatic forces across the barrier and the tendency towards charge neutrality in the
metal lead to a small Cooper pair imbalance compared to the total number of charges.
Actually, in experiments electrodes are connected to a current or voltage source that
keep the charge imbalance small even when a current flows through the junction. This
observation explains why in superconductors we obtain directly Eqs. (1.3) instead of
Egs. (1.2).

Moreover, to describe a real SJJ that is used in experiments, it is necessary to take
into account the dissipation of the junction due to the presence of quasiparticles and to
the unavoidable coupling with the environment. There are two sources of damping.
Quasiparticles are present near the critical temperature or when a voltage above 2A/e
is applied on the junction. The quasiparticle current is ohmic, with a resistance corre-
sponding to the resistance Ry in the normal state. The complete model of a real junction
is thus an ideal junction in parallel with a capacitance and a resistance, called the Re-
sistively and Capacitively Shunted Junction (RCSJ) model [17] (see Fig. 1.5). From the
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Kirchhoff law I = I.sinp + CV + V/Rp, we derive the dynamic equation for the phase

E\>. & 1 (h)?
2 o M Ersine— — (1) ¢ 1.12
C<2€> b =3, Jsing — 4o <26> @, (1.12)
which is the equation of motion of a fictitious particle of mass (h/2¢)* C' moving in the
washboard potential

h
U(@):—%Icp—EJcosap, (1.13)

with the friction force —R;,l (h/ 26)2 . The presence of quasiparticles results in the
damping of the phase dynamics. For small bias currents I < I., the phase oscillates
around a minimum g of the potential U(y) with the plasma frequency w, = \/8E.E.
Because (¢) = ¢p and (¢) = 0, a finite current at zero voltage appears, it is the super-
current branch. For high bias currents I > I., the potential does not have any minimum
and the particle runs down the washboard potential (see Fig. 1.6). The quasiparticles
are excited and the current voltage characteristic is an ohmic law at voltages higher than
the gap, i.e. V> 2A/e (see Fig. 1.7, left curve).
Another source of dissipation comes from the the environment, namely the resistive ex-
ternal circuit and the thermal fluctuations. The general impedance is complicated but
it can be modeled by a resistance as a first approximation. Let us consider for instance
the case of voltage biased junction, that is to say a real junction in series with a voltage
source Vp and a resistance R. The total current I in the first term of the right-hand side
of Eq. (1.12) is equal to

Vs (1.14)

R 2eR

The effect of the temperature and the resistive environment can be accounted for with a
fluctuating part in the bias voltage with a white noise. The treatment can be performed
with a Fokker-Planck equation for the phase and the resulting current is [18]

L _9igevy /nr(BE)
I_9igevy /nr(BES)

I(Vp) =I.Im , (1.15)
where I,(z) is the modified Bessel function and 8 = 1/kgT is the inverse temperature.
The corresponding experimental current-voltage characteristics are presented on the right
graph of Fig. 1.7. The effect of the environment is to smear the supercurrent branch.
This is the phenomenon of phase diffusion due to thermal fluctuations. The Josephson
effects are thus affected by the environment. The quantum treatment of dissipation will
be presented in Chap. 2.

Finally, it is important to mention that the Shapiro steps in SJJs are commonly used
in quantum metrology to connect the definition of the voltage to the one of the frequency
in the quantum metrological triangle [20].

1.3 Quantum Josephson effect

In this section we give a quantum derivation of the phenomenological equations presented
in Sec. 1.1. We will focus on the specific case of two bosonic superfluids, having in mind
that it applies as well to paired Fermi systems [21-23]. Indeed, the size of the pair does
not enter in the Josephson equations of motion, but it affects the value of the critical
current.
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Figure 1.7: Current-Voltage characteristics of an overdamped Josephson junction, from
experiment [19] where the gap is equal to A/e = 200 'V and the critical current to I, =
45nA. Left: Transition between the supercurrent branch and the ohmic branch at a
voltage equal to 2A/e. Right: Smearing of the supercurrent branch due to the resistive
external circuit and the temperature. From top to bottom: T'= 0, 34, 157, and 400 mK.

For the sake of simplicity, we will restrict to the simplest quantum model which
takes into account the physics of the Josephson effect. This is the so-called two-mode
approximation, which describes the bosons in system 1 and 2 by a single operator ;-1
for each system. The corresponding tunneling Hamiltonian reads

Hy=-T (a{dg + alag) : (1.16)

where 7 is the tunneling strength of the barrier. The operators a; and d;r- respectively
annihilate and create a boson in the system j, satisfying the commutation rule

(s, ab] = 01 (1.17)
At a truly quantum level, we express the operators a; and d;- in the density-phase rep-

resentation [24]
a; =/ +1e%,  al=e " /n;+1, (1.18)
where 7; and ¢; are respectively the number operator and the phase operator of the

corresponding system. The variables 71; and ¢; are conjugate variables which satisfy the
commutation rule

[ﬁj’eﬂ@j} — Tt (1.19)

The bosonic particle number is related to the number imbalance operator n = % (1 — na),
and the corresponding conjugate phase difference operator! ¢ = (p —$1. The total num-
ber of bosons is denoted by N. In terms of these operators the tunneling Hamiltonian

reads

sz—T[ (\/N/2+ﬁ\/N/2—ﬁ+1+\/N/2+ﬁ+1\/N/2—ﬁ> cos @

+(VN2+ayNR2—a+1- N2+ 1y/N2—7)ising|, (1.20)

'The rigorous definition of ¢ should be taken with care since the operator e is not unitary at the
boundary of the Fock basis.
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where the relation e* \/N/2 &7 + 1 = \/N/2 & 7 e has been used.

The Josephson Hamiltonian H ; plays the role of a potential in the phase representa-
tion. In addition, let us add an on-site Hamiltonian quadratic in the number imbalance 7
which will act as a kinetic Hamiltonian

H=Uh—no)?—T (ef{a@ +a1a;), (1.21)

where U is the characteristic on-site energy. The physical origin of this term comes from
the interaction between bosons [see Secs. 1.2 and 1.4 for a microscopic derivation in the
case of a Bose Josephson junction (BJJ)]. The quantum dynamics of the number and the
phase, in the Heisenberg picture with respect to the total Hamiltonian (1.21), can then
be derived

n= ih [, H] = z% [\/N/2+ﬁ\/N/2 —n+1e” - /N/2+7+1y/N/2 —ﬁe*ﬂ :
1
(1.22)
.1 2U
p= o H = — (7 — 1.
p= 2o H = — (7 —no) (1.23)
LT 20 — 1 oi® 4 2n 41 —
2h | \/N/2+n\/N/2 — R+ 1 VN/2+7a+1\/N/2 -7

where the commutator [gﬁ, VIN/2+ ﬁ] =1/(24/N/2 + 1) has been used. This generalizes
the usual Josephson equations (1.3).

When the particle imbalance is small compared to the total number (n) < N, the
Josephson Hamiltonian (1.20) reduces to

2% 2
Hy~ —Eg|1— (;) cos @, (1.24)

where Fy = N7 is the so-called Josephson energy. The particle current operator reads

. E 27\ >
e ==L 1 (J\?) sin @, (1.25)

where E;/h corresponds the maximal particle current that can flow through the junction.
The phase dynamics is mainly governed by i/
2Uu Ey n

(ﬁ:—(fl—no)—i-ll
h ANZ A\ 2
1= (%)

COS . (1.26)

This derivation shows that in the mean-field limit (a;) = v; the Hamiltonian (1.16)
yields Egs. (1.1) discussed in Sec. 1.1.

We will now briefly recall the various dynamical behaviors expected for the BJJ.
In the mean-field regime, where n = (n) and et = <ei’¢>, the classical equations
corresponding to Egs. (1.25) and (1.26) can be solved in terms of Weierstrass elliptic
functions [25, 26]. To find the stationary points in the weak link limit, we linearize these
two equations of motion in n. The calculation of ¢ shows that the system is equivalent
to a fictitious particle of mass M = h%/2U moving in the potential

1
U(p) =—E; |cosp+ a7 °°8 20|, (1.27)
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Figure 1.8: Effective potential (1.27) for a BJJ in the classical limit for Y/Y. = 0.25 in
red, 0.5 in green, 1 in blue, 2 in magenta and Y > Y. in black, showing the possibility of
stable m-oscillations for T < 1.

where Y = N2 /2E;. The quantity E;/N2U represents the ratio between the Josephson
energy and the total on-site energy. In bulk superconductors N > 1 and the last term
of Eq. (1.27) does not exist. There are two types of local minima, namely at ¢ = 0 and
¢ =7 (see Fig. 1.8).

The dynamics around the position ¢ = 0 is governed by the differential equations

it + win =0, (1.28a)
¢+ wip =0. (1.28b)

The particle oscillates around the position ¢ = 0 with the plasma frequency wj, of the

junction
wp = V2E;U\1+YT71/h. (1.29)

When T < 1, the other local minimum ¢ = 7 appears in the potential, and m-oscillations
occur with the frequency w, = 2E;v/1 — T/Nh.

Finally, there can be oscillations with a macroscopically self-trapping. Indeed, if
the interaction between bosons is larger than the tunneling strength, tunnel events are
strongly suppressed and a non-zero boson number imbalance remains across the junction
(see Fig. 1.13, right panel).

Egs. (1.25)—(1.26) are equivalent to the equations of motion of a non-rigid pendulum
located with the angle ¢ and the length v/1 — z2, with angular momentum z and with
moment of inertia Y~!. These different regime are illustrated in the various phase-space
trajectories z(p) of Fig. 1.9, where z = (n1 — na)/(n1 + n2) = 2n/N. The different
trajectories correspond to different values of T expressed in units of the critical value

YT.=2 [1 + /1 — 2(0)2 cos <p(0)} /2(0)? above which macroscopic quantum self trapping
is possible [26].

1.4 The Bose Josephson junction

In 1925, Satyendra Nath Bose [27] and Albert Einstein [28] predicted that a gas of ideal
bosons would undergo a phase transition below a critical temperature to a state cor-
responding to a macroscopic occupation of the lowest energy level (actually Einstein
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Figure 1.9: Left panel: phase-space trajectories z(¢) of Egs. (1.25)—(1.26). Right panel:
the corresponding motions of the non-rigid pendulum. The different trajectories corre-
sponds to Y/Y. = 0 in black and cyan, 0.8 in red, 0.99 in magenta, 1 in green, 1.01
in yellow, 1.5 in blue, 2 in orange and 2.7 in wiolet. Initial values are z(0) = 0.6
and ¢(0) = 0 except for orbits around 7 for which ¢(0) = w. The macroscopic quantum
self-trapped states are the trajectories with nonzero (z) (curves with T > Y.). For a
rigid pendulum (which simulates SJJs), only phase-space trajectories in black, red, green,
and blue are possible (the last one is however not observed in SJJs). Non-rigidity is also
necessary to reach the orbits around .

generalized the result of Bose from photons to massive bosons). Bose Einstein condensa-
tion was first observed seventy years later in 1995, in ultracold vapors of alkali atoms such
as Rubidium [29], Sodium [30] or Lithium [31] (see Fig. 1.10). The whole gas forming
a giant matter wave [33], Bose Einstein condensates constitute a novel class of physical
systems that display macroscopic phase coherence. In experiments, atoms are cooled
using laser or evaporative cooling and trapped in magnetic or optical traps (see Sec. 5.1
and Ref. [34] for more details). Atoms are cooled down to 7' ~ 10-100nK; at such
ultralow temperatures the thermodynamically stable state of alkali atoms is the solid
phase and the gas phase is metastable. Experimental conditions (ultra high vacuum...)
allow this metastable state to have a sufficiently long lifetime (several minutes) to per-
form various manipulation and measurements. The phase coherence is experimentally
demonstrated on Fig. 1.11 where the interference pattern between two Bose Einstein
condensates clearly shows interference fringes [32]. Another way to highlight the phase
coherence of a Bose Einstein condensate is to perform a double-slit experiment, as was
first done in Ref. [35].

The initial prediction for Bose Einstein condensation was done for noninteracting
bosons but this phenomenon is also possible in the presence of interaction. A criterion
to observe Bose Finstein condensation in interacting bosons was given by Oliver Penrose
and Lars Onsager in the case of liquid Helium [36]. In the specific case of quantum gases,
interactions are due to two-body collisions. Although the resulting interaction potential
has a complex form, in the case of dilute gases it can be replaced by an effective potential
giving rise to the same scattering length. The simplest pseudo-potential is the hard-core
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Figure 1.10: Bose Einstein condensation of ~ Figure 1.11: Interference patterns result-
87TRb atoms, as observed by absorption of ing from the expansion and overlapping
laser light [29]. At T' ~ 200nK a macro- of two Bose Einstein condensates, from
scopic fraction of atoms condenses, corre-  Ref. [32].

sponding to the central peak.

repulsive potential

where the interaction strength g is related to the scattering length ag through g =
4rh2ag/m [37). In the following, we consider a dilute ultracold gas of interacting bosons
trapped in an external potential. Using the experimental parameters for typical densities
and scattering lengths, in the zero-temperature limit we can safely suppose that the
number of non-condensed atoms is negligible as compared to the total number and thus
treat the gas as full condensate.

In the following we give a microscopic derivation of the Hamiltonian (1.21) and of the
microscopic parameters 7 and U entering it, for the case of Bose-Einstein condensates
realized with ultracold atomic gases.

The general Hamiltonian of a system of interacting bosons in an external potential Vi;ap
reads

H = /d3r\ilT(F) (—;iA + Vtrap(ﬁt)) ()
+;/d3r/d?’r’\iﬁ(v?)\iﬁ(ﬁ){/im(W—f’\)\i}(f‘)\i/(?’), (1.31)

where U(7) (U1(7)) is the bosonic field operator annihilating (creating) a particle at
position 7 satisfying the commutation relations

(0 (7), ¥ ()] = 6(7 ~7),  [¥(7), V()] = 0. (1.32)

With the hard core pseudopotential (1.30), the Hamiltonian becomes
. . h? . . .
H= /dg‘r\IlT(F) <—2mA + Vexe (7 ) + g\IIT(F)\IJ(F)> (7). (1.33)

The Heisenberg equation for the time evolution of W related to this Hamiltonian gives
rise to the equation

0 h? - - -
T S O " tio " "
zhat\ll(r, t) < ZmA + Vet (7, 1) + gWT (7, )W (7, t)> U(r,t). (1.34)
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Figure 1.12: Typical double well poten- Figure 1.13: Direct observation of tunnel-

tial considered for the Bose Josephson ing in a single Bose Josephson junction [40].

junction. Left: time-resolved Josephson oscillations.
Right: macroscopic quantum self-trapping.

In the mean field approximation, Eq. (1.34) yields the so-called time-dependent Gross-
Pitaevskii equation [38, 39], leading to the time evolution of the condensate wavefunction.

Now we focus on a double well potential with a barrier higher than the zero-point
energies in each well as depicted in Fig. 1.12. This potential is obtained experimentally
by superposing a periodic potential on the harmonic confinement. The initial condensate
is split into two parts by the barrier of this effective double-well potential, realizing a
single weak link (see Fig. 1.13). In this case the field operator can be, in a variational
approach, split into two parts

U(F,t) = ¢1(Fa(t) + ¢2(7az(t), (1.35)

where a; (&;r.) annihilates (creates) a boson in the well j and satisfies the commutation rule

[&I, &j} = 0, ;. This yields the two-mode approximation where ¢;(7) is the wave function

—~

of the condensate in each well. Substituting the ansatz (1.35) into the Hamiltonian (1.33),
we obtain the Hamiltonian

1 1
H = Erdlar + Byalis + 5 Uralalana: + SUsababasis — T (&{@ + alag) . (1.36)
with [26]
3 h2 = 2 2
Ej= [ & o[V (T)]" + Vexe ()67 (1.37)
U =g [ drio, @1, (1.38)

2 - -
T = [ @ | 1o F61(1T60) + Vs (65 67| (1.39)
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In Eq. (1.39) we clearly see the correspondence between the tunneling strength of the
tunnel Hamiltonian 7 and the external potential which produces the barrier. In terms
of the imbalance number operator n = d];dl — d;flz, we recover the Hamiltonian (1.21)

with

= Ul‘;U?, (1.40)
Ey—E  N-1Up—
ng=———1 U2 = U (1.41)

- + )
Ui + Uy 2 U +U,

This microscopic derivation of the Josephson Hamiltonian enabled us to express the
parameters of the general Hamiltonian (1.21) in terms of the interaction strength g
between atoms, the trapping potential Vet and the wavefunctions of the condensate in
each trap.

In the mean-field limit (a;) = ¢, Egs. (1.1) are recovered with £ = E; + n;U;. In
BJJs there is no restriction on the particle number imbalance (except of course —N/2 <
n < N/2). Consequently, contrary to SJJs, we need to keep the terms /1 — (2n/N)? in
Egs. (1.25) and (1.26). As we have seen in the previous section, the possibility to reach
large particle number imbalance gives rise to new configurations like the macroscopic
quantum self trapping or the m-oscillations.

A complete description of BJJs must take into account the presence of non-condensed
atoms. Indeed, for an ideal Bose gas, the fraction of non-condensed atoms goes like
frne = (T/T:)Y where v depends on the confinement (v = 3/2 for a homogeneous gas
and v = 3 in the case of a harmonic trapping potential). At finite temperatures a
substantial fraction of atoms is out of the condensate [e.g. fnc(Te/2) = 13-35%]. The
non-condensed atoms act as a thermal reservoir and the incoherent exchange of these
thermal atoms induce damping which is for instance responsible for the decay of the
macroscopic quantum self trapping state [41]. A simple way to model damping is to add
an ohmic contribution to the particle flow [42]

Jr=—G Ay, (1.42)
where Ay is the chemical potential defined as
Ap = —hp. (1.43)

This contribution is transposed in the dynamical equation of n as follows

E on\ 2
n:—% 1—(5) sin g — 1, (1.44)

where 11 = hG is the dimensionless damping constant. This ohmic contribution is equiv-
alent to the quasiparticle current of SJJs in the RCSJ model.

The Josephson effect has been observed in several groups, both on single junctions [40,
43] and on arrays [44, 45]. The population imbalance as a function of time is measured
by a sequence of in situ images (see Fig. 1.13 for small oscillations and self trapping) and
both the dc and ac aspects have been explored (see Fig. 1.14). The ground state and
dynamical evolution for a Bose Josephson junction realized by an ultracold Bose gas in
a double-well trap has been studied in Ref. [46].
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Figure 1.14: Josephson effects in a Bose Josephson junction [43]. Left: dc Josephson
effect. The chemical potential is measured as a function of z proportional to the particle
current. The population imbalance is achieved by an adiabatic shift of the harmonic
trap with respect to the barrier. While tilting the potential, a supercurrent branch and
then an ohmic branch are observed. Center: ac Josephson effect. The frequency of the
current oscillations w is plotted as a function of the chemical potential. A current bias
is achieved by a non-adiabatic shift. The measured frequency w is proportional to the
chemical potential. Right: decay of the macroscopic quantum self trapping state for two
different fractions of non-condensed atoms: fn. ~ 5% in blue and fp. ~ 20 % in red. The
decay of the MQST shows that the thermal cloud significantly modifies the behaviour of
the two condensates.

1.5 The Josephson effect at two different physical scales

The Josephson effect has been predicted and observed in two very different physical
systems, superconducting nanocircuits and quantum gases. We discuss here (some of)
the most striking differences and their physical origin.

e The physical origin of the one-site energy is the interaction between particles but,
due to the fact that Cooper pairs are charged particle and alkali atoms are neutral,
the forces coming into play are not the same. It comes from the electrostatic force
of the capacitance of the barrier on the Cooper pairs in superconductors and from
the two-body interaction between atoms in cold gases.

e The particle number imbalance remains small in SJJs due to electrostatic forces
and tendency towards neutrality. In BJJs large population imbalances are reachable
and the macroscopic quantum self-trapping regime is accessible.

e From the comparison between experimental results on Figs. 1.7 and 1.13, we notice
that dissipation plays an important role in SJJs. Damping is due to non-condensed
atoms in BJJs and to the electromagnetic environment in SJJs (at low currents).

e The observation of time-resolved Josephson oscillations in Bosonic junctions high-
lights the difference on the temporal scales. Indeed, typical frequencies for super-
conductors are above the gigahertz whereas it takes 50 ms for a Bose Josephson
junction to perform one oscillation. This is directly linked to the coherence time of
this systems. While the “lifetime” of a SJJ reaches hundreds of nanoseconds, the
lifetime of a atomic cloud is counted in seconds.

e A low temperature is needed in both systems but, due to different critical temper-
ature scales, it goes down to tenths of millikelvins for superconductors and tenths
of nanokelvins for cold atoms.
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The comparison is presented in Tab. 1.1.

Josephson junction Superconducting

Boson Cooper pair (charged) alkali atom (neutral)
Interaction force Coulomb short-range, repulsive
On-site energy U capacitance C interaction g
Josephson energy E; hi./2e

Plasma frequency w, 1-10% GHz

Temperature 10mK-1K

Damping external circuit non-condensed atoms

Table 1.1: Comparison of the physical scales between a superconducting Josephson junc-

tion and a Bose Josephson junction.

Conclusion and perspectives

This chapter presented the Josephson effect from a phenomenological starting point,
completed by a rigorous derivation of the quantum Josephson Hamiltonian. The im-

plementation to superconductors and Bose Einstein condensates enables us to show the

characteristics of each system.

The Josephson effect will be exploited in various applications in the following chap-

ters.
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Introduction

small-capacitance Josephson junction is a quantum system with rich dynamics. The

two conjugate variables are the superconducting phase difference ¢ across the junction
and the charge ) on its electrodes. Correspondingly, at low temperatures the behavior
of the junction is determined by the competition between the Josephson energy Ej
and the charging energy Ec = e%/2C, where C is the junction capacitance [16]. If
Ej; > FEo, ¢ is well-defined and a phase-coherent Cooper-pair current can flow through
the junction in the absence of an external voltage V. In the opposite limit F; < E¢
an insulating state with a well-defined charge @ on the electrodes is possible. At the
same time, the dynamics of ¢ and @ is crucially influenced by dissipation caused by the
electromagnetic environment surrounding the junction. Because of the mutual interplay
of quantum mechanics, nonlinearity and dissipation, the consistent theoretical description
of Josephson junctions still remains far from being complete.

17
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The dc current-voltage (I-V') characteristics of a Josephson junction embedded in a
circuit of resistance R have been well studied in the so-called overdamped [16] case corre-
sponding to small values of R/Rq (Rg = h/4€? is the resistance quantum) and the ratio
E;/Ec (18, 47-52]. For small R < R, the supercurrent peak at zero voltage acquires
a finite width. With increasing R, quantum fluctuations of the phase become more im-
portant and the supercurrent peak gradually moves to higher voltages. This corresponds
to the transition (driven by the environment) from superconducting behavior found for
small R to a complete Coulomb blockade when R > Rg. Meanwhile, the opposite un-
derdamped regime, which has been extremely difficult to achieve experimentally, has
attracted less attention. However, recently experiments were performed [53-55] on junc-
tions with E;/Ec > 1, embedded in a tunable, highly resistive environment, R > Rg,
enabling the study of the same junction in different environments. In particular, a voltage
peak near zero current followed by a back-bending to lower voltages at higher currents
was observed (see Fig. 2.1). This is the so-called Bloch nose [56, 57] which, in accordance
with a duality property [47, 58-60], resembles the I-V characteristic of an overdamped
junction but with the role of voltage and current interchanged (see Sec. 2.8 and Fig. 2.9
therein). A quantitative comparison between theory and experiment has been made in
the classical limit where thermal fluctuations dominate [55, 61].

In this chapter we study for the first time the influence of quantum fluctuations on
the I-V characteristics of an underdamped Josephson junction. Our treatment, based on
the Keldysh formalism, enables us to obtain the quantum Smoluchowski equation which
describes the first quantum corrections to the quasicharge dynamics, as well as the I-V
characteristics in the zero temperature limit [62].

V (1uVv/div.)
Figure 2.1: Left: SEM picture of the experimental circuit of Ref. [55]. The Josephson
junction (central white square) is surrounded by two Josephson junction arrays that
create the resistive environment. Right: Experimental current-voltage characteristics for
different temperatures. From left to right the temperatures are T' = 50 mK, 250 mK,
300 mK. The critical voltage and the resistance are fitted to be, respectively, V. = 30 uV

and R = 150k with a ratio between the Josephson and the charging energy being equal
to Ej/Ec = 3. The solid lines correspond to the classical I-V characteristics of Ref. [61].
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2.1 Model

2.1.1 Current-biased Josephson junction

We start our analysis by considering a current-biased Josephson junction (see Fig. 2.2).
The junction is shunted by a resistance R and biased by an external dc current I. The

ECa

Figure 2.2: Scheme of the circuit. The Josephson junction is characterized by its critical
voltage I. and its capacitance C'. The environment is modeled by the R-L circuit, defining
the cutoff frequency w. = R/L.

resistor R in series with the inductance L constitutes the admittance Y of the circuit,
which models the dissipation of the system (see next section). The current flowing
through the resistor is noted I, and the current through the junction is then I = I, — I,..
The Lagrangian of the circuit reads

C h
£=§¢> ¢ +Bycosp+ o (L — L)y, (2.1)

where ¢g = h/2e is the reduced flux quantum (®y = h/2e is the flux quantum). The
equation of motion of this Lagrangian leads to the Kirchhoff law I — I, = I, sin o+ C¢gp.

2.1.2 Environment

The environment is treated in the framework of the Caldeira-Leggett model, where the
system is coupled to a bath of harmonic oscillators [63]. The number of oscillators is
sufficiently large to render the energy exchange irreversible during the experiment. In
the case of superconducting nanocircuits, the oscillators can be seen as a set of L-C
circuits in parallel characterized by a capacitance C, and an inductance L, with the
eigenfrequency w,, = 1/v/LoCy. The voltage is written in the form of V,, = ¢pp, and
the current through the circuit is I, = Qa with the charge Qn = Cawaopa. The
current through the resistor is then I, = Q, with the fluctuating charge Q, = Y Qa-

C 1
The Lagrangian of the bath is then Ly, = Z ?aqﬁggbi — i@bﬁ(pi.
a (0%

The total Lagrangian is equal to the Lagrangian (2.1) plus the Lagrangian of the
bath Ly.tn. It gives rise to the Hamiltonian

2

Q 1 2 2
H= 20 EJ COS Y — ¢090[b + Z QQ + wa a¢0§0) + EQZ)OQpa 9 (22)
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where the conjugate momenta are the quasicharges
da = Oa¢0§ba - waCa¢0§0a

and satisty [p, Q] = i2e, [@a, o] = i2¢. The canonical transformation

Qoo — — awaqbo()paa

5 1 (2.5)
=
0P Cawa dos
leads to the form
2
H = 20 Ejcosp— goply + Z ( + f%(‘ﬂ Pa) ) . (2.6)

We will now turn to the Bloch band description of the underdamped Josephson junction.

2.1.3 Bloch band description

In the case of interest here, F; > E, it is advantageous to switch to the Bloch-band
description of the Josephson junction [56, 57] (see Fig. 2.3). Assuming that the junction

2
EJ < EC
o
~ |
3
E; > Ec .
L“U
0 ! ‘ y
—1 —0.5 0 0.5 1
q/2e

Figure 2.3: Energy spectra as a function of the quasicharge in the case E; < E¢ where
the bands are close to hyperbola and the opposite one F; < E¢ where the bands are
sinusoidal.

dynamics is confined to the lowest energy band, we can replace the Josephson potential

by Uy cos(mq/e) where
8 2B;\*/* 2,
Upy=—Fc | — —24/ —— 2.7
0 \/77_ C ( EC) exXp EC ) ( )

is the Bloch bandwidth. The expression of the bandwidth Uy can be obtained directly
from the instanton formalism described in appendix B.
) QZ)OSOOM

h2L,

L., \/4
In terms of the reduced bath variables z,, = < w20 ) Qo a0nd po, = — (

the reduced fluctuating charge £ = Q. /e obeys

&=2m Z SaTas (2.8)
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where ¢, = (h2Cy/La)"*. After performing the canonical transformation e278% H e 2n8%,
we arrive at the tight-binding (TB) model of our system with the Hamiltonian:

Hrp = —Uycos(mq/e — &) — (h/2e) o + Z w?a (P2 +22) - (2.9)

The influence of the bath on the junction dynamics is entirely determined by the
weighted spectral function, calculated in appendix A.2, K(w) = (7/2)>,26(jw| —
wq). As follows from the equations of motion generated by Hrp, the choice K(w) =
RoReY (w) /27w with Y (0) = 1/R reproduces the linear response (Ohm’s law) of current
I, to the voltage drop V = (h/2e)¢ on the resistor, I;(w) = Y (w)V(w) (for Fourier
transforms).

The reduced fluctuating charge gives rise to the bath correlation function J(7) =
((&(1) — £(0)) £(0)), which explicitly reads (see appendix A.3)

oo ReY (w) e ™7 — 1
I =2R [ R LTS

—00

(2.10)

where 3 = 1/kgT is the inverse temperature.

2.1.4 Cutoff

We now turn to the effect of fluctuations and introduce a cutoff of the bath spectrum
at frequency w,, chosen to be smaller than the gap w, = \/8E;Ec/h between the low-
est Bloch bands but larger than the Bloch bandwidth. Furthermore, the competition
between the cutoff energy and the temperature determines the nature, rather classical
or quantum, of the environment. Indeed, starting from a classical thermal bath when
kT ~ hw., quantum fluctuations appear in the quasiclassical region kT < hw. and be-
come dominant at low temperatures k7T < hw.. Assuming that the effective impedance
seen by the junction is given by a resistance R in series with an inductance L, we can
set Y(w) = 1/(R—iwL), leading to w. = R/L. Then, from evaluating the integral (2.10)
one obtains (see appendix A.3):

J(1) = —isgn(r) A(r) — M(7), (2.11)
with
A(r) =7y (1 — e“*’c‘f') : (2.12)
b Bhwe el IR 1 ekl
M{r)=2q [ﬁh_2COt< 2 >{1_e l};k@_wg/w?)] (2.13)

where g = Rg/R is the dimensionless conductance, and wy, = 27k/hf is a Matsubara
frequency.

Before proceeding, we want to comment on the magnitude of the effective inductance
L which has been associated with the cutoff w.. The restriction w. < w, imposes a lower
bound on the values of L to be consistent with our assumption of single-band charge
dynamics:

2mg~!

> —— Ly,
V2Ec/E;

(2.14)
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where L; = ¢2/E; is the Josephson inductance. For relatively large g > 1, the condi-
tion (2.14) can be satisfied even for an autonomous Josephson junction, where L ~ L;
corresponds to the Bloch inductance [64]. In the opposite limit of small ¢ < 1, an
experimental realization of this model would be the use of an environment composed
of Josephson junction SQUID arrays, whose effective inductance can be tuned to rela-
tively large values by magnetic flux [65]. Another option includes the use of a quantum
phase—slip junction where there is no limitation on w., as discussed at the end of the
chapter.

2.2 Current-voltage characteristics

2.2.1 Voltage operator

The voltage operator V' = ¢p¢ is the group velocity associated with the quasicharge
V=0H
V =V.sinO(t), © =mq/e — &, (2.15)

where V. = 7lUj/e is the maximal (critical) voltage the junction can sustain. To deter-
mine the I-V characteristics, we calculate the average of the operator for the voltage
across the junction (V' (¢)).

2.2.2 Evolution operator

We construct a perturbation theory to all orders in the Bloch bandwidth Ujy. The
Hamiltonian is divided into two parts, Ho and H1, as follows

H =Ho+ Hy, Ho = —¢olp®d + Hpath, Hi1 = —UpcosO(t). (2.16)
In the interaction picture, the charge operator becomes
i
q(t) = q+ 7t [Ho, q] = g+ It. (2.17)
N——
=—ihl,

The average value of the voltage operator is calculated via the density matrix p and the
evolution operator U

a«w>zqﬂpunq:sn{mmﬂﬁuxwvuaiw}. (2.18)

The evolution operator satisfies the differential equation

Mmgmzﬂmwmm. (2.19)

The time integration, detailed for instance in Refs. [66, 67], leads to

0 — n 1 t t
U(t,to) =Y (h) o /to dty ... /to dt, TH1(t) ... Hi(tn), (2.20)
n=0

or formally
—i [t ’ ’
Ult,to) = Te T T (2.21)
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where 7 is the time-ordering operator which orders the Hamiltonians H; (¢ ) in decreasing
time from left to right. Equivalently, we have

Ul(t,tg) = T Jio WP (2.22)

where 7 is the anti-time ordering operator. We choose tg = 0, and write sinx in the
form »°, | ne™/2i. We obtain

tn—
U(t,0) = <ZUO) / dt; .. / 1 dt Tze e Xpmelatlote) =02k e () (9 93)
{n}

This expression as well as its adjoint have to be substituted into Eq. (2.18) to calculate
the average voltage. This formulation is however cumbersome. A way to simplify the
calculations is to use the Keldysh formalism.

2.2.3 Keldysh formalism

To calculate integrals involving time-ordering operators, we use the Keldysh formal-
ism [68, 69]. The Keldysh technique is based on the Keldysh contour, depicted in
Fig. 2.4. Tt is composed of two branches, [0,¢] and [t, 0], differentiated with the Keldysh
indices s = +/—, respectively. We introduce two operators, the global evolution operator
Ue(t,0) = Ut (t,0)U(t,0) and the global time-ordering operator Z¢. The interest remains
in the global character of these operators: in opposition with the time (anti) ordering
operator which acts on the two branches separately, they act on the entire contour.
In terms of these operators, Eq. (2.18) becomes

(Vi) = (Tc Ue(t,0)V (1)), (2.24)

with

Ue = T¢ exp (Z[;LO / dr Z s cos @S(T)> . (2.25)

0 s=%
We then calculate 7¢ (Uc(t,0)V (¢)), which leads to

<V(t)>=:2U£: (ZU()) /dt1 /t“

x> m H Sk €XP (Z Z k(g + Ibtk)> (Tee ™), (2:26)

81...8n=EN0...Mn ==

where we note

X = b (ty). (2.27)
k=0

We thus understand the advantage of the Keldysh formalism, which reduces the average
of Eq. (2.18) over the bath degrees of freedom with the evolution operator (2.23) to the
average of an exponential. The latter is performed using Wick’s theorem with Keldysh
operators, derived in appendix A.1. The result is

(To o™Xy = 7 3%X, (2.28)
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7T=0 -
)T:t
T7=0 -

Figure 2.4: Keldysh contour and its two branches denoted by the Keldysh index s.

with
XX = (7 X?). (2.29)
The sum yields
n k—1
XX = 22 Z M M! (fk&a — £(0)£(0) ) an Z M’ (2.30)
k=1 k'=0 k=0  k'=

where we note & = (e £ ()&% (ti)). Double sums are of the type > p_; Zi,_:lo,
implying k' < k. The order of multiple integrals gives then t;; > t;. From this we obtain

(€t — tr)§(0)) if s = + and sp = +,
— <£(tk/ — tk)g(o» if sp =+ and s = —,
ékgk/ B (f(tk - tk/)f(o» if S = — and Sgr = +, (2'31)
<§(tk — ty)f(())) if Sk = — and Sk = —,
which is equivalent to
(Te & ()€ (trr)) = (E(sk(trr — 1))€(0))- (2.32)

Therefore, the evolution operation is replaced by the Keldysh index, much easier to
manipulate.
The average i€k can be expressed in terms of the bath autocorrelation function

Erlrr — £(0)6(0) = J (s (trr — ti))- (2.33)

The term £(0)£(0) YoMk > p—o M leads to a divergence. It imposes the constraint
YoMk = 0, i.e. n odd since n, = £1. This condition is used for instance in plasma
physics, where it imposes the neutrality condition for a gas of charges +1 [58]. Replacing
n by 2n + 1, we have

Uy 2n+1 2n+1
Vo) =—_ ( ) / dty .. / dtong1 Y D> 1o [ swe™ (2.34)
n=0 {s} {n} k=1
2n+1 2n+1 k—1
r, = Z*Ib Z Mtk — Z Z Mk J (ke (ter — th)). (2.35)
k=1 k'=
k—1
The last task is to perform the sum over Keldysh indices. Noting g, = Z Mt AT —
K'=0
k), we find
2n+1 2n+1

Zsl ... 8nel SR semege — H Z spetSkMegk — _j92ntly, H sin(gg), (2.36)

{s} k=1 sp==% k=1
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because Hif{l e = 10 Hifgl nr = no(—1)"TL. This yields

V. Foo U\ 2"t rt Tan 2n+1
V(t) = 2—0 Z(—l)” <h> / dm / dTon+1 Z H singg | ef™. (2.37)
" =0 0 0 {fe} \ k=1
For a given integer n the discrete variables fj satisfy
| fre1 = fl = 1, (2.38)

with the constraint fo = fop+o = 0 [49, 70]. A set of such integers represents a graph
which links the two extremal points (0,0) and (2n + 2,0) by steps of unit length (see
Fig. 2.5). The elements g and I'), are defined as follows

@
=
N
w
D
¢,
[e2)
~
[ee)

A O N B O RPN oW A~

Figure 2.5: Example of graphs fj for n = 3.

k-1
gk = Akg1fr+ Y 6 A for (2.39)
k=1
2n+1 2n+1 2n+1 k—1
T, =—i(r/e)l, > (th—Th1) fo— Y M1 fi+ > Y M fafw.  (2.40)
k=1 k=1 k=2 k'=1

Here d Mgy = My + My_1 401 — Mp_1p0 — My pr—1, 0Aprr = Ap ot —1 — Ag —ir, With
the shorthand notation Agp = A(7x — 7Tx/), and similar for Myx. The above equations
are in a form suitable to apply the “nearest-neighbor approximation” (NNA), where one
assumes that 6 My ~ 0 and §Agr ~ 0 [49] on the relevant time scale 7 > 1/w.. Then,
in the limit ¢ — oo, the expression (2.37) can be evaluated exactly, and one obtains for
the dc voltage V across the junction:

V = V. Im(Wy/Wp) , (2.41)
where W), obey the following recurrence relation (n > 1)
ian (Wy—1 — Whia) = Wy, (2.42)
with

Uy [T

== dr sin (nA(r)) e'(r/e)pnT—n*M(r) (2.43)
e Jo

Qn
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The quantities W,, should be identified with the Fourier transform of the quasicharge
distribution function W (q) in the steady state,

+oo
Wig)= Y e "/°W,, (2.44)

n=—oo

with the property W_,, = W}*. This becomes obvious by noticing that Eq. (2.41) can
be viewed as a result of averaging the voltage operator with the quasicharge distribu-
tion W (q),

+e
VIV, = Wo_lf dg W (q)sin (wq/e) . (2.45)
—e
From the recurrence relation of the coefficients a,,, the steady state voltage V' can be
expressed in the form of a continued fraction (see appendix A.4)

ai

V=ViRe 5o (2.46)
-
This formulation has analytical and numerical advantages.
2.3 Classical limit
Classically, the problem is equivalent to the equation of motion [56, 57],
i = I, — (Va/ R)sin(rq/e) (2.47)

describing overdamped quasicharge diffusion with damping rate 7V./eR. A stationary
solution ¢ = 0 exists if I, < V,./R: all the current flows through the resistor, while the
junction stays in a zero-current Coulomb blockade state with a voltage drop V = RI}. If
Iy > V./R, ¢ # 0 and a dynamical state exists at finite current with Bloch oscillations of
the voltage. From Eq. (2.47) one finds the frequency of the oscillations to be fp = I/2e,
which was observed in the experiment of Ref. [71]. By direct integration of Eq. (2.47)
over one period one obtains the dc voltage [56, 57]

V = RI, —\/(RI;)* — V2. (2.48)

The resulting I-V characteristic corresponds to the aforementioned Bloch nose and is
depicted in Fig. 2.6.

The classical behavior is found in the limit where the temperature equals the cutoff
frequency. Indeed, in this limit the environment loses its quantum properties and is
characterized only by the temperature. When g < 1, the coefficients a,, are reduced to

1 =z
ap = — s
" 2in+n

(2.49)

where z = Uy and n = (e/n)BRI,. The recurrences (2.42) can then be solved analyti-
cally in terms of modified Bessel functions, W, = I,,_s;(2) (see appendix A.5), resulting
in the I-V characteristics obtained in Ref. [61] from a Fokker-Planck approach

sinh (7n)

V=Rl)————=.
eﬁ]Im(z)\z

(2.50)
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Generally speaking, all the results of Ref. [61], obtained in the classical regime, can be
derived from our treatment. The classical I-V characteristic are in good agreement with
the experimental results of Ref. [55], as can be seen in Fig. 2.1. This I-V characteristic
is also the dual expression of Ref. [18], obtained in the overdamped regime.

2.4 Quasiclassical limit

To shed light on the range of applicability of the NNA for our system, we first study the
quasiclassical limit where the typical time scale of the quasicharge dynamics, determined
by the damping rate gUp/h and the frequency of Bloch oscillations fgp [see Eq. (2.47)],
is slow. Indeed, if

gUo/h, fp < 1/hB3, we, (2.51)

one can neglect the terms O(e™“*7, e~“*7) in Egs. (2.12) and (2.13). We thus approximate
[Z(7) is the unit step function]

A(r) =g Z(|7] — 1/we) (2.52)
and
M(7) = (gwi|7| + A) E(|7] = 1/we) , (2.53)
with e
A =2g [74—[3;%—1—\1/(62%0)] , (2.54)

where v = 0.577. .. is the Euler constant and ¥(z) is the digamma function. Introducing
the short—time cutoff for the approximated A(7) and M (7) is the simplest way to provide
that they vanish at 7 = 0 [see the exact expressions (2.12) and (2.13)], which is necessary
for the consistency of the applied NNA. Assuming also g < 1, one obtains for a,, entering
the recurrence relation (2.42),

2 e—An2
L= , 2.55
2in —1in ( )
where [72, 73]
27 Bhw,
A=2 v . 2.56
g[”ﬁfwﬁ <2w” (2:50)

Inspection of the terms dropped in the NNA reveals that in the range (2.51), where A(7)
and M (7) can be simplified by their asymptotic expressions, the NNA becomes exact
in the quasiclassical region where A is small. Note that for small g, the NNA can be
applicable even at low temperature.

2.5 Quantum Smoluchowski equation

The crossover between the classical and quantum limit is controlled by the parameter A
which is related to quantum corrections to the position dispersion of a fictitious Brownian
particle in the harmonic potential [74].

e The classical limit corresponds to hw. ~ kT and g < 1, or equivalently A, A — 0
(Bhw, ~ 4.2).
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e The quantum regime corresponds to a large cutoff compared to the temperature,
hwe > kpT, so that the environment becomes fully quantum.

e The “quasi-isolated” regime corresponds to the limit Aw. < kpT. Indeed, in this
regime, the exchanges with the environment are reduced and in the limit SAw, — 0
the junction is isolated.

Expanding a, in Eq. (2.55) to the first order in A to include quantum corrections, one
can go to the continuum limit, using the properties of the Fourier coefficients FC,

FC, {a Wig } N, (2.57)
2mW 2m 2m 2m
FC,, < cos(mq/e) gt = (n+ 1) Wy + (n—1)"Wy—q)

2m+1W
FC, {Sin(Trq/e Y

-1) m+1 )2m+1

6

} (2.58)
-

n+1)2m+1W+1 (n—1)2"w,_)  (2.59)

One can then derive from Eq. (2.42) a differential equation for the quasicharge distribu-
tion W(q),

0y |7 (a.00) = M(e/m)* U"(a) 82| W(q) = 0, (2.60)

where U(q) = —Uycos(mq/e) — RIyq is a washboard potential in the charge variable,
U'(q) = 94U. The corresponding Smoluchowski differential operator,

S(a,04) = Ulsr(a) + 57" D(q) 9, (2.61)
is renormalized by quantum fluctuations through both the effective potential
Uet(q) = U(q) + A(e/m)* U"(q) (2.62)
and the g-dependent diffusion coeflicient
D(q) =1+ 28A(e/m)*U"(q). (2.63)

Eq. (2.60) is the so-called Quantum Smoluchowski Equation (QSE) which describes the
leading quantum corrections to the charge dynamics which originate from the quantum
nature of the bath. It was named after Marian Smoluchowski, who described the Brown-
ian motion in 1906 independently of Albert Einstein with an equation which became an
important basis of the theory of stochastic processes [75]. According to Eq. (2.56), the
influence of quantum fluctuations becomes more substantial with increasing parameter
Bhwe. The I-V characteristics, parametrically dependent on the bias I, and calculated
for different Shw., are shown in Fig. 2.7. For Shw. > 1, quantum fluctuations reduce
the blockade voltage and facilitate a crossover to the Bloch oscillations. Interestingly, for
small Shw. < 1, the influence of thermal fluctuations becomes suppressed by the inertia
effect of the “heavy” Brownian particle with an effective mass scaled as w_'. For a wide
range of I, the junction is locked in the insulating state because of the lack of energy
exchange with the environment, which results in a sharp crossover to the Bloch oscilla-
tions. In other words, reducing the cutoff energy below the temperature is equivalent to
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0 02 04 06 08 1
V/V,

Figure 2.6: (from right to left) the classi-
cal limit without fluctuations (2.48), the
result (2.50), and the solution from (2.41)
for ¢=0.1, pUy=0.5, and Bhw.=50.
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Figure 2.7: I-V characteristics for g=0.1
and SUp=0.1. The red line corresponds to
the classical expression (2.50). Blue lines
depict the result from (2.41) with, from

right to left, Shw.=0.5, 5, and 50.

decoupling the junction from the environment (see Fig. 2.7).

We note in passing that the structure of the QSE obtained here from the series expan-
sion (2.41) is different from the one derived in Ref. [74] for a Brownian particle in a slightly
anharmonic potential and later applied to an overdamped junction [72, 73]. Therefore we
cannot exploit the duality property (see below) to treat the Smoluchowski range for un-
derdamped junctions using the results of Ref. [72, 73]. Another approximation consists of
evaluating expression (2.37) using the asymptotes for long times (2.52) and (2.53) [60].
Such an approach leads to coefficients a, = SUye 2 exp(—2mgn?/Bhw.)/2i(n — in),
which tend towards the result (2.55) in the quasiclassical region. As a consequence, a
QSE equivalent to the solution (2.60) is also recovered.

2.6 Low temperatures

We proceed by studying Eqs. (2.41)—(2.43) in the low temperature limit, beyond the
quasiclassical region (2.51). At very low temperature, Shw. > 1, the I-V characteristics
are entirely determined by the first coefficient a;, Eq. (2.43), consistent with the fact
that the NNA is exact to the lowest order in Ug. Closed-form analytical expressions can
be obtained in several cases. For instance, at finite temperatures and for small values of
g, the I-V characteristic can be written as

_ (g + Bl 200
I'(29)

where u = (8Up/4m) (Bhw, €7 /21) %9 and T'(z) is the Gamma function (see appendix A.6).
The resulting linear resistance R varies as a power law with temperature, R T2(9-1),
in agreement with the asymptotic analysis of Ref. [47]. At zero-temperature one recovers

V/Ve = (nUo/2) P(hly/2e),

where P(E) = 1/h [ dtexp[J(t) +iEt/h], dual to the well-known result for the I-V
characteristic for incoherent Cooper pair tunneling in an overdamped junction [48]. In

V/Ve

sinh (whB1/2e) , (2.64)

(2.65)
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Fig. 2.8, we plot I-V characteristics for different g, both at zero and at finite tempera-
tures. As g increases, the voltage peak shifts to finite values of the supercurrent. This
behavior can be interpreted in terms of incoherent tunneling of the phase [76]. Indeed,
for small values of g, few environmental modes are available. Consequently, only elastic
tunneling is allowed and a flat Bloch nose is recovered. When g is large, the equivalent
circuit consists of a loop containing the junction closed by the inductance L. A phase-slip
event occurs when the energy to be released ®l corresponds to the energy <I>(2) /2L to
add one flux quantum @ in the loop, i.e., when I, = ®¢/2L. At this finite current,
phase tunneling disrupts the Bloch oscillations and gives rise to a voltage peak.

2
U(p)

1.5
S
»e? 1
~

0.5 ol

< ®
0 27

Figure 2.8: Left panel: I-V characteristics at T' = 0 for Aw. = 100 Uy. From top to bot-
tom, solid lines represent (2.41) for fUy=0.5 and with g=100, 5, 1, 0.5 and 0.1. Dashed
lines are the corresponding curves for the solution from (2.65). While decreasing R the
Bloch nose is shifted to the finite current I = ®y/2L, where the tunneling of a flux
quantum in the washboard potential U(p) requires an energy exchange with the bath,
sketched on the right panel.

2.7 Quasi-isolated limit

When the cutoff frequency of the bath is small (Shw. < 1), the coupling with the
environment is weak and the junction is quasi-isolated from the thermal bath. In this

limit
(o)

an = Qi’ z= 2ﬂUo/dx sin(mgfhwcz) eigﬂmbx*”gﬂﬁ“cxz, (2.66)
in
0
and the voltage reads
\%4 Il (Z)
— =1 . 2.67
V. m{ Io(2) } (267)

The I-V characteristic tends to the supercurrent peak of an isolated junction, as repre-
sented in Fig. 2.7.

2.8 Overdamped Josephson junctions

A similar analysis within the Keldysh formalism can be achieved in the case of a voltage-
biased overdamped Josephson junction in series with a resistance R. This circuit is con-
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ventionally described by the Hamiltonian H = (Q + Qm)2 /2C — Ej cos ¢ — V4Qu + Hpath,
where @, is a fluctuating charge on the junction capacitor and V;, is the bias voltage.
Using an analysis of the equations of motion similar to the one preceding Eq. (2.9) and
performing canonical transformations, one can show that the model description of the
junction is equivalently given by the weak-binding (WB) Hamiltonian

Hwp = —Ejcos (¢ —&/2m) + VuQ + Hpath » (2.68)

with £ the bath variable defined as before, Eq. (2.8). In this representation, the junction
capacitance C is encoded in terms of the bath parameters, C~1 = (R /2m) ", s2wa,
while the weighted spectral function of the bath is given by Kwg(w) = 27ReZ(w)/Rg w,
with Z7!(w) = 1/R — iwC. The operator for the current flowing through the junc-
tion is given by I = I.sin (¢ — &/2m), where I. = 2eE;/h is the critical current. The
Hamiltonians Hrg and Hwpg are related by the following transformation:

(mq/e, ©) < (v, —1Q/e) ,

(2.69)
Uy~ E;, Iy—V,/Rg, &<¢&/2m.

Consequently, the series expansions for V/V, in the TB model and for /I, in the WB
model are dual: we can transpose our results obtained for the quasicharge dynamics in
an underdamped junction onto the dual case of the phase dynamics in an overdamped
junction. A unified approach is thus provided, as well as new results such as the series
expansion for I/I. ') and the quantum Smoluchowski equation.

E;/Ec
< V
~

1 R/Rq

Figure 2.9: The overdamped regime Ec > E;, R < Rg and the underdamped regime
E; > Ec, R> Rg are dual.

2.9 Superconducting nanowires

We conclude by considering quantum phase-slip (QPS) dynamics in superconducting
nanowires. Based on a duality argument, Ref. [77] suggests the following model Hamil-
tonian to describe QPS events:

Haps(p, Q) = B (¢/2m)? — Eg cos (1Q/e) (2.70)

'The WB expansion for I/I., which is dual to (2.37), is similar but not identical to the one obtained
in Ref. [51] using a different kind of approximation (not the NNA).
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where Fg is an energy associated with the phase-slip process which changes the phase
difference ¢ over the nanowire by 27, and Ej, = CI% /2L is an inductive energy of the wire
with a kinetic inductance L. Correspondingly, the Hamiltonian of a current-biased QPS
junction (see Fig. 2.10) can be written as

H = HQPS(QO + Y, Q) + (h/2€) Ib Pz + Hbath ’ (271)

where a fluctuating phase across the junction ¢, is related to the voltage drop Vi =
R(Q — I) on the resistor, ¢, = (2¢/h)Vg. It is straightforward to see that the Hamil-
tonian (2.71) is exactly dual to the Hamiltonian of a voltage—biased Josephson junc-
tion, and can correspondingly be mapped onto the Hamiltonian (2.9) with Uy replaced
by Eg, while the inductance L of nanowire is encoded in terms of the bath parameters,
L™ = (21/Rg) >, s2wa. With this device, the frequency w, = R/L results from the
physical resistance and inductance of the wire, providing a natural cutoff of the bath.
Our previous analysis for an underdamped Josephson junction, and thus the I-V char-
acteristics, can be directly applied to a superconducting nanowire (not being restricted
by the TB limit). A typical case of nanowire inductance L ~ 1nH corresponds to
we/2m ~ g~! x 1 THz. Assuming Eg/h > 10GHz [77] and T ~ 1K, as follows from
Eq. (2.51), we estimate that the QSE range for nanowires is relevant for g < 0.1. Note
from the parameters used in Fig. 2.7 that the quantum fluctuations in QPS junctions
should be substantial.

[bT@ R L L A2l
QPS eal ea

QPS junction

Figure 2.10: Equivalent circuit of Fig. 2.2 Figure 2.11: Quantum phase slip junction
with a quantum phase slip junction repre-  realized with a nanowire [77].
sented by the diamond symbol.

2.10 Towards a Josephson current standard

When the bias current has a time-oscillating term, for instance induced by a microwave, it
is possible to create phase-locking [78]. If we note € the frequency of the sinusoidal part of
the bias current, Shapiro current steps are obtained at currents that are multiple of eQ2/7
(if the junction is voltage biased, we obtain Shapiro voltage steps). The proportionality
between a current and a frequency can be used to define a Josephson-based current
standard. This is the dual to the Josephson voltage standard [79].

Let us note

I,(t) = I}) + I} sin O, (2.72)

the time-dependent bias current and ¢ = ig — i1 cos(2t + #) the resulting current. Once
put into Eq. (2.47), and following the method presented in Sec. 1.1, we obtain current
Shapiro steps at ig = enf)/7 (see Fig. 2.12).
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The width of the steps is given, approximately, by

lio — Iy| < % [In (7l /eQ)] (2.73)
where J,, is the modified Bessel function.

In quantum metrology, units are defined from the Hertz, the Volt and the Ampere.
These three units form the so-called metrological triangle and are connected with each
other. The link between Volt and Ampere is performed with the quantum Hall effect
and the connection between Hertz and Volt with the Josephson effect. With the relation
I = Q on the Shapiro steps it is possible to close the quantum metrological triangle [20)].
This would permit to redefine the international system of units with the Josephson effects
and the quantum Hall effect.

Conclusion and perspectives

To summarize, we have studied the influence of quantum fluctuations on the I-V char-
acteristics of an underdamped Josephson junction. We have applied a unifying approach
based on the Keldysh formalism that enables us to obtain quantitative results for a
wide range of parameters. Using the NNA approximation, we show the significant role of
quantum fluctuations revealed both in the quasiclassical Smoluchowski regime and in the
low-temperature quantum regime. In the Smoluchowski regime, compared to the case
of thermal fluctuations, quantum fluctuations mainly lead to a renormalization of the
parameters describing the quasicharge dynamics of the junction [60]. The NNA becomes
exact in the case of incoherent phase-slip events at low temperatures. In this limit, phase
tunneling disrupts the Bloch oscillations, leading to a voltage peak at finite current. The
quantum effects are sensitive to both the dissipation strength and cutoff frequency, and
could be observed in experiments as in Refs. [53-55] with a tunable environment. Besides
Josephson junctions, our results are also relevant for superconducting nanowires modeled
as quantum phase-slip junctions at low temperature.

The treatment presented in this chapter can be extended to access interesting prop-
erties and applications of Josephson junction based nanocircuits. The formalism can be
generalized to calculate two-point correlation functions such as the voltage noise. The

41 J
2L J
=
& O i
=
—9l i
_4l i
I R
(I) R/ Ve

Figure 2.12: Current-voltage characteristics of an underdamped Josephson junction bi-
ased with an oscillating current. Current Shapiro steps appear at (I) = nef)/m. Param-
eters are R = Rq/5, I} = 3V./R, and Q = 5V./¢o.
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full counting statistics [80] can also be calculated, at least in the classical regime or with
an extended NNA. The nonlinear behavior of the Josephson junction can be exploited to
amplify the moments (many-points correlation functions) of a mesoscopic device [81-83].
Finally, the possibility to realize a Josephson current standard is currently investigated
experimentally in the group of Wiebke Guichard at the Néel institute in Grenoble [78].



La jonction Josephson sous-amortie

Résumé du chapitre

OUs étudions la dynamique quantique d’une jonction Josephson polarisée en courant
dans le régime sous-amorti. Ce régime, ou ’énergie Josephson domine I’énergie de charge
et ou ’environnement est hautement résistif, a été peu étudié mais récemment atteint
expérimentalement a I'Institut Royal de Technologie de Stockholm. Notre traitement
s’appuie sur le formalisme de Keldysh et permet d’obtenir les caractéristiques courant-
tension du régime classique a la limite de température nulle. Les fluctuations quantiques
induisent une transition entre une branche de blocage de Coulomb et une branche supra-
conductrice. La forme du nez de Bloch dépend de la température mais aussi de la
résistance de I'environnement. Dans le régime semi-classique, nous obtenons ’équation
de Smoluchowski quantique qui décrit les corrections dues aux fluctuations quantiques
a la dynamique de la quasi-charge. L’effet majeur des fluctuations quantiques est de
renormaliser la largeur de la bande de Bloch. Nos résultats peuvent étre directement
appliqués au régime sur-amorti en utilisant la dualité entre ces deux limites. Notre étude
peut également étre étendue aux nano-fils supraconducteurs, jouant le role de jonction a

saut de phase.
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Introduction

E study the tunneling effect from a metastable state of a quartic potential %M w%zQ(l —
u3z —u42?), with a double escape path. The escape rate is calculated in the framework of
the instanton formalism. This novel potential shape is realized with a superconducting
circuit comprised of a loop interrupted by two Josephson junctions (dc SQUID), with
near-zero current bias and flux bias near half a flux quantum [84]. The dynamics is
restricted to the ground state and the first excited state of the well, giving rise to a
phase qubit. A new experimental technique has been developed to measure the state of
the qubit as well as the critical lines. A good agreement is found between our result and
the experimental data. We also demonstrate that this system exhibits an “optimal line”
in current and flux bias space along which the oscillator is insensitive to decoherence due
to low-frequency current fluctuations.

3.1 Quantum dynamics of the dc-SQUID phase qubit

3.1.1 Circuit and Hamiltonian

The SQUID (Superconducting Quantum Interference Device) is a superconducting loop
interrupted by two Josephson junctions [16]. The Josephson junctions are characterized

37
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by their critical currents I, ,, their capacitances C1,2, and the phase differences @12
across them. FEach arm of the loop has a self-inductance Lio and carries a partial
current I1 2. The SQUID is biased by the current bias I, = I; 4 I3 and the flux bias ®y,.
The electric circuit of the SQUID is represented in Fig. 3.1. Applying Faraday’s law for

I
L1 LZ
[ P
]1 ]2
L ® o
©1 - d, - P2
I G Ca i,

ST

Figure 3.1: Electric circuit of the de-SQUID.

magnetic flux conservation and Kirchhoff’s law for current conservation, we get

I = I, sin 1 + ¢oCrén, (3.1)
Iy = I, sinpg + ¢oCapo, '
and
Dy = do(p1 — p2) + L1l1 — Lala, (3.2)
where ¢g = h/2e is the reduced flux quantum. Egs. (3.1) correspond to the equations of
. 0L d oL .
motion = — —— of the Lagrangian
Opi  dt 0p;
2
L= % (C1¢7 + Cap3) + By, cos 1 + Eg, cos o
®olp o 2
+ ——F (L + L - — @9 — O . (3.3
I+ Ly (L1 + Liypo) 1 + L) (p1 — w2 — Pp/¢0)” . (3.3)

The momentum conjugate to ¢gy; is the charge Q; = C;¢gyp;. The corresponding Hamil-
tonian reads

Q7 Q3
=—— 4+ = _F —FE
H ¢, T 20, 7, COS 1 J, COS (2
®olp ¢(2) 2
——— (L + L + — 9 — Oy /)" . 3.4
[+ Ly (Lo 192) 2L + La) (1 — 2 b/ Do) (3.4)

The potential energy U(p1,p2) of the SQUID is defined in the plane (1, ¢2). In the
following, we consider a SQUID with almost the same capacitances in each arm, i.e.
C1 ~ (5. In this limit we introduce the reduced variables

g PLT P2 )
2 ) y 2 )

(3.5)
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with the corresponding charges @, and @y, the reduced biases

d
s=L/I, y= ﬁ (3.6)
and the following dimensionless parameters
e the critical current asymmetry o = (1., — I,)/I., with I. = I, + I,
e the loop inductance asymmetry n = (Le — L1)/L, with L = Lo + L,
e the junction to loop inductance ratio b = 2¢q/LI..
The Hamiltonian in the (x,y) space reads
H = 623:2—1—695 + Eju(z,y), (3.7)

where C71 = 01—1 + 02_1 and Ey = Ej, + Ej,. In the limit C; ~ Cs, the coupling terms
between @, and @, are neglected. The reduced potential energy u(z,y) is

u(z,y) = —coszcosy — asinzsiny — sz — sny + by — yp)>. (3.8)

The dynamics is then equivalent to a free fictitious particle of mass M = ¢2C and
coordinates (z,y) moving in the potential u(x,y).

The characteristic energy scale of the SQUID is given by its plasma frequency w,. We
define w, as the frequency of the phase fluctuations in a local minimum of a symmetric
SQUID at zero bias current and bias flux

hw, = /8E;Ec, (3.9)
2

where Eo = 26—0 = FE¢, + E¢, is the charging energy of the SQUID. The effective

frequency of the phase oscillations depends on the working points and is lower than w,,.
The plasma frequency is about one half of the mean plasma frequency of the junctions.

3.1.2 The SQUID potential
3.1.2.a Topography of the potential

The presence of the cosine and sine terms in the potential u(x, y) of Eq. (3.8) gives rise to
local minima connected by saddle points, as plotted on Fig. 3.2. The extremum points are
determined with the spatial derivatives of the potential d,u(z,y), dyu(z,y), O2,u(z,y),
8§yu(a:, Y), 8§yu(a§, y). In the following, we notice the derivatives ug(x,y) = dzu(x,y) and
so on for the others. The location of the extremum points of the potential are obtained
by solving the set of equations u,(z,y) = uy(x,y) =0, i.e.

(3.10)

sinrcosy —acosTsiny = s,
coszsiny — asinx cosy + 2b(y — yp) = ns.

This is performed numerically. The position of the extremum points is 27-periodic in the
x direction and, due to the quadratic confinement in the y direction, the coordinate y is
constrained to the region

+775+|5+oz|71 ns—|s—a|+1

5 <y<yp-+ 5 (3.11)
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Figure 3.2: Potential u(x,y) of the SQUID at the bias fields I, = —70nA and &, =
0.531 ¢o.

The classification of extremum points is obtained with the Hessian matrix

Uy (T,Y)  Uyy(T,y)
e minimum: detF' > 0 and TrF > 0,
e maximum: detF > 0 and TrF < 0,
e saddle point: detF < 0.

In practice, |a] < 1 and b > 1, as a consequence TrF' > 0 and there are only minima
and saddle points.

3.1.2.b Fluxoid states

If the fictitious particle is trapped in a minimum, the phases 1 and s oscillate with a
constant mean value depending in particular on the bias current. According to the dc
Josephson equation there is no voltage across the junction, the SQUID is therefore in a
superconducting state. The characteristics of the superconducting state depend on the
local minima. The extremum points being 27-periodic in the x direction, the minimum
at a given value of the coordinate y are locally equivalent. They constitute a fluxoid
state family, characterized by the number f of flux quanta trapped in the loop.

Starting from the state [f], the path that minimizes the potential energy passes
through a saddle point and then reaches the minimum corresponding to the state [f £1].
This is the path that would take a thermally excited classical particle to go from the
minimum [f] to the minimum [f £ 1]. As we are dealing with very low temperatures,
thermal excitations are suppressed and the fictitious particle has quantum properties. In
particular, the particle can tunnel through the potential barrier that separates it from the
other minima. As we will see in the following, the tunneling rate decreases exponentially
with the barrier height. This ensures that the tunneling events occur along the path
that minimizes the potential energy. The quantum dynamics between the states [f] and
[f = 1] can thus be treated using the one-dimensional potential that corresponds to the
two-dimensional potential along the path of minimum potential energy. The reduction
of dimension is treated in Sec. 3.1.3.
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3.1.2.c Critical diagram

The presence of extremum points is governed by the bias fields. Indeed, if s is larger
than unity for example, there are no minima. For a given value of the flux, we define the
critical current as the value s. at which the critical extremum points satisfy detF = 0.
At this value of the bias current, the minima merge with the saddle points and there are
no minima nor saddle points for bias current s above s.. The diagram s.(yp) is called
the critical diagram (see Fig. 3.12).

The critical diagram is obtained from the numerical solutions of u; = uy, = detF =0
for a given value of the flux bias. This set of equations reads

Sin . COS Yo — QL COS X SIN Yo = S,
COS T SiN Yo — aSin xe co8 Yo + 26(Ye — YB) = NSes 313
(cos x. cos Y. + asin x, sin y.)(cos z. cos Y. + asin x. sin y. + 2b) (3.13)

= (sin z.sin g + a cos z, cos y.)?.

The whole diagram can be obtained from the solution in the range s > 0 and —7/2 <
yp < 7/2 using the symmetries

yp — yp +7f, yB — 27f —yB,

Se — Se, Se — —Se,

o (3.14) ‘ ‘ (3.15)
Te — Te+ 7], Te — 2 f — x¢y
yc"ychﬂ'fa ycHQWf*yc-

For the particular flux bias yp = 7/2 — (1 +na)/2b the solution is x. = 7, y. = 7/2, and
sc = a. The critical diagram is used to determine the region of existence of the states
[f] in the plane (yg, s).

3.1.3 Reduction to one dimension
3.1.3.a Average over the transverse motion

The typical shape of the potential u(z,y) is composed of local minima and saddle points
connected by narrow valleys. To study the phase dynamics from minima to minima in
this potential, we will suppose that the fictitious particle follows the path of minimal
curvature. We can then describe the dynamics with one variable, since the path in the
plane (x,y) is determined by z and y = ((z). We call z(z) the curvilinear abscissa along
the path of minimum potential, defined by

z(x) = 20 + /x da’\/1 + ¢2(a'). (3.16)

Now let us consider a point (xg,yp) at abscissa zp on this path and call § the angle
between the z axis and the direction of minimal curvature (0 € [—7,7])

1 26;%3;“(1:05 3/0)
= — . .1
0 (o) 5 arctan (8%xu(xo, y0) — 92, u(z0, yo) (3.17)

The direction of minimal curvature is denoted by X, and the perpendicular direction,
given by the angle 6 + /2, is denoted by X ;. The correspondence between (z,y) and
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(X, X 1) is given by the rotation matrix

<X//> _ < CO?QO Sin@o) ) <x - 1,‘0> ‘ (3.18)
X —sinfy cosfy Y — Yo
We can then express the Hamiltonian in terms of X ,/, X |, P/, = MX//, and P, = MX.
In the transverse direction, the transverse frequency is much larger than the plasma
frequency w, = /8EcE;. The transverse potential is thus safely approximated by a
harmonic potential of bottom well frequency w,. The fictitious particle can then be
treated as a harmonic oscillator in the ground state in the transverse direction. To show
that the transverse dynamics is frozen in the ground state, we can evaluate the overlap of
the transverse wavefunctions ¢, (x, ) at two points z; and z, along the path of minimal
curvature. The overlap R(z1, 22) of the ground state wavefunctions

mw, (2 1/4 mw) (z
Bra(e) = |22 {2 (3.19)
reads
> Wi (21)w ] (29)]4
R(21, 2) = / T ey ()W () = [ﬂ{( l)(+” j(( 2;]]1 - (3.20)
—00 w21 w22

If we choose zo = z 4+ 6z close to z1 = z, we have

' (2) 62\ 2
R(z,z+62)~1— (%) . (3.21)

In order to obtain an adiabatic evolution in the ground state, the condition is thus
wi(z)
W' (2)
The numerical evaluation of these quantities shows that the adiabaticity condition is
satisfied (w) (2)/w/ (2) > 1 and R(z1, 22) < 1, see Fig. 3.3)

The transverse oscillations being much faster than the plasma frequency, the trans-
verse motion can be averaged out. The dynamics in the longitudinal direction is then
governed by the effective Hamiltonian M, = (H)1 obtained after averaging H over the
transverse degree of freedom. The kinetic part of the Hamiltonian is obtained using
P2+ P; = P/2 +Pf. At second order in the transverse motion, the dynamics is governed
by the Hamiltonian

> 0z, where the characteristical distance dz is of the order of unity (dz < 2m).

_ P M
oM 2

Mw?
Hy (X, — Xo)? - Tlxg, (3.22)

where the parameter X comes from the slope of the potential in the transverse direction.
Defining 0, as the derivative in the transverse direction %, the transverse frequency

and X read
wi =[P ulz.y)wp, (3.23)

aj_u(wv y)
Xo= 5——"+~ .24
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Figure 3.3: Overlap R(z1,22) of the Figure 3.4: Corrections (H_1), to the po-

wavefunctions Wq(z) and Wa(z) of the tential due to the transverse motion, in
harmonic oscillator ground state at two units of the barrier height Al/. The po-
points z; and zo with different curvatures tential is shifted to satisfy (H,), (2 =
along the path of minimal curvature. 0) =0.

where the derivatives satisfy

01 u(z,y) = —sinbug(x, y) + cos Quy(x,y), (3.25)
Ot Lz, y) = s (,y) — sin 20 ugy (z,y) + 2bcos? 0. (3.26)

As a consequence, averaging on the transverse direction gives rise to two contributions
to the potential of H

(Hi)1 = thw, — $Mwi X3 (3.27)
. . 2 Wp 2E¢ .1
We notice in passing that the value (X7) = — 5, < 1 corroborates the validity of
Wl J

the hamonic approximation.
The effective Hamiltonian reads
Pi
where U(x) = Ej [u(z,((z)) + p(x)], with p(x) = (K1), /E;. In practice, however, the
additional potential x is a small correction to u (see Fig. 3.4).

3.1.3.b One-dimensional potential

We choose the origin of the curvilinear abscissa at a particular minimum Ming with co-
ordinates (Z,, ym) and fluxoid state [f]. Along the path of minimum potential (z, {(x)),
this minimum is connected to two saddle points Saddleg ;,, which are both connected to
another minimum Minpg, ;, according to the one-dimensional potential U(z) = Ej[u(z) +
1(2)]. The convention is to call Ming the peripheral minimum with the lowest potential
energy and to orient z towards Ming.

If we focus on the dynamics around the minimum, this potential is well approximated
by its Taylor expansion up to fourth order, i.e. U(z) = U(0) + U(z) + O(2°) with

1

Uz) = 5

Mw§2? (1 — uzz — ugz?), (3.29)
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where the bottom well frequency wy and the coefficients us > 0, uy > 0 are obtained
numerically or with approximate expressions in specific cases (see Fig. 3.14). The abscissa
qr,, = #(Saddlep 1) of the saddle points are

—3us + +/9ut + 32
s Us 92U (3.30)

811,4

qRr,L =

We also define the escape points at abscissa og 1, where U(og,1) =0

—uz £ \/ug + 4uy (3.31)

2’11,4

ORI =

The point at o is always defined whereas o, has a physical meaning only when U (Miny ) <
U(Mincg).

When the coeflicient uy is larger than us, the potential is composed of two barriers.
Because of these two “humps”, we decide to call this potential the “camel-back” potential.

3.1.4 Anharmonic quantum oscillator

The dynamics in a given minimum is governed by the Hamiltonian
Haho = hwo (P2 + Z%) — ahwoZ® — bhwo Z*, (3.32)

where Z = \/Muwy/hz is the reduced position operator, P, is the corresponding momen-
tum operator, a = uz\/h/Mwy/2, and b = ugh/2Mwy. At sufficiently low temperatures
below the plasma frequency, the energy spectrum of the particle is quantized in the min-
imum. A second order perturbation theory [85] in a and b leads to a transition frequency
between the levels n and n — 1

hVn,n—l = hwo (1 — n/\n) y (3.33)
where )\, is the anharmonicity of the oscillator

An = 3b+ %ﬂ - %bZ (:L - 17n> : (3.34)
The anharmonicity depends on the working point (I, ®;). A sufficiently large anhar-
monicity is necessary to reach the two-level limit. Indeed, the manipulation of the states
is performed with a microwave in resonance with the energy difference between the
ground state and the first excited state. For a harmonic oscillator, where the anhar-
monicity is zero by definition, this microwave would excite all the levels. The two states
|0) and |1) constitute a qubit. The confining potential depending on the phases, this two

level system is called a phase qubit [86-89).

3.2 Macroscopic quantum tunneling in a general quartic
potential

The quantum dynamics of the de-SQUID phase qubit is governed by the tunneling
through the quartic potential (3.29). The expression of the corresponding escape rate,
with a double escape path, is not explicitly given in the literature of macroscopic quan-
tum tunneling (see e.g. Refs. [90-92]) and has to be calculated. We use the instanton
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Figure 3.5: Scheme of the general quartic  Figure 3.6: Inverted potential correspond-
potential with a metastable state and two  ing to Fig. 3.5.
escape paths.

technique [93, 94], detailed with further explanations in appendix B, to derive the escape
rate from the metastable state of the potential sketched on Fig. 3.5.

The escape rate I' is obtained from the imaginary part of the energy F of the fictitious
particle in the local minimum. Indeed, in the well, the norm of the particle wave-function
U(z,t) satisfies the temporal evolution

/ Az W (2, 1)[2 = o 2m PR, (3.35)

which decays exponentially with the decay rate

2
r=-7ImkE. (3.36)

The lifetime of the state is equal to I'"1.
To find the energy F, we start from the general Hamiltonian
P2
H=—+U(2), 3.37
S U() (3:37)
where P = M % is the momentum of the particle. The classical version of this system
possesses a stable equilibrium state in which the particle is at rest at z = 0. However,
quantum corrections render this state unstable: it is a false ground state. The probability

amplitude for the particle to go from a point z; at time #; to the point z; at time ¢y is
then given by the propagator

K (zi,tis 2p, ty) = (zple M=t Ry, (3.38)

where |2; ¢) are position eigenstates. To calculate this probability amplitude we sum the
contributions of all possible trajectories satisfying the boundary conditions. For a given
path, the phase of the contribution is the corresponding action S in units of the quantum
action h [95]. To calculate this integration, let us perform first a Wick rotation: time ¢ is
replace by the imaginary time 7 = ¢t. Then the action S becomes the Euclidean action

} S = /z dr []\24:2 + U(z)] : (3.39)
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where the dot means time derivative with respect to 7 and it; = —T/2, ity = T/2. In
terms of path integrals the propagator reads

zy
<Zf|e_HT/hzi>:./\/'/ Dze S/, (3.40)

The parameter A is a normalization factor and Dz denotes the integration over all
functions z(t) obeying the boundary conditions z(t;) = z; and z(ty) = zy. The effect of
the Wick rotation on the action is thus to invert the potential. In other words, in the
part of space between z = 0 and z = o, g, the momentum of the particle is imaginary:
P? = —2MU < 0. But if we choose the time variable ¢ as an imaginary variable 7 = it,
then the motion is possible in the sense of classical dynamics in the inverted potential
—U(q) (see fig. 3.6). The propagator (3.40) can be evaluated in the semiclassical limit,
where the functional integral is dominated by the stationary point z of S. The stationary
point satisfies

oS ) 0S d /oL oL . /
5. Z—O7 with 5, = a4 (82) +§——MZ+U(Z). (3.41)
The corresponding action is
T/2
So = / dr {MEQ +U(2)] : (3.42)
~T/2 2

To determine the prefactor A/, we express N in terms of the functional determinant
of a solvable equivalent system. The expression of the propagator of a particle in a
smooth potential (B.46) can be applied to the case of a harmonic oscillator. If we focus
on the case z; = zy = 0 and define the bottom well frequency wy by Mwg = U"(0), the
propagator becomes

1
) B _1
<O|efHT/h’0> — \/meWOT/ZSO/h det [_Mat + u”(Z)] : . (343)
mh det[—M8? + Mwi]

Now we consider the case o, r finite (see Figs. 3.5 and 3.6). There are nontrivial
solutions of Eq. (3.41): the particle can start at the top of the hill, bounces off the
potential on the right at z = or or on the left at z = o1 and returns on the top of the
hill. For T — oo, we call this trajectory the right, and respectively the left, “bounce”.

dz

The bounce has an energy Ey = 0, thus 3= = \/%U (2). The bounce actions read

OR oL
Sk =2 / dz/2MU(z) and  SE=2 / dz/2MU(z). (3.44)
0 0

We define “the center of the bounce” the time when z = 0 or equivalently z = oy, g.
For large T, a bounce centered anywhere in the interval of integration is an approx-
imated stationary point of the functional integrand. The multibounce configurations
consist of ng right bounces and nz, left bounces with centers at ti,...,t,,4n, Where
T/2 >ty > >typyn, > —1/2. From now on, we apply the so-called dilute instanton
gas approximation. Within this approximation we consider that the bounces are inde-
pendent, which is valid when the time between two successive attempts is smaller than
the tunneling time. The resulting propagator reads

Mwo
wh

(0]e~#7T|0) = exp(—on/Q +Kpe SO/ 4 Ky e_SOL/hT) . (3.45)
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This leads to the total decay rate
_SRLyp
I'=TI'r+1T1Yy, FR,L:2e 0 ImlCRL. (346)

As a conclusion, in the limit of a dilute gas of instantons, the total escape rate is simply
the sum of the tunneling rates in each barrier.

Using a steepest-descent method to perform the integrations over the paths in the
semiclassical limit, it is possible to determine the coefficients g 1. After some algebra

1 /SL,R
Tmkp p = 2 2]&71’71

This ratio of functional determinants can be calculated with the Gelfand-Yaglom formula
(see Sec. B.1.4) using the bounce orbit z(7).

we get

N

det'[-Mo2 +U"(2)]
det[-M82 + Mw})]

(3.47)

As a result, the tunneling rate of a particle of mass M from an unstable state through
the barrier potential U(z) with a double escape path reads

M
AL r = wo % o el (3.50)
s

OL,R
I'=Tr + Ik, (3.48) Brr= 2/ dz\/2MU(z), (3.51)
Trr=Apge BLr/h (3.49) 0
OL,R
IL,R :/ dz
0

Applied to the potential of Eq. (3.29), this general result gives rise to the total
tunneling rate ' =T'y, + I'r

Mwy Forr
FLR = 4w0
’ mh 2_U30L,R

2 1 2 244
><eXp<— e [ kj: U+ Aus

ng 1

) " z] . (3.52)

u3
+ U3 ———- arccos| F—— . (3.53
3 8uy ° 1615’1/2 ( Vu% +4u4>]> ( )

Applied to a cubic potential (ug = 0), the standard MQT tunneling rate is recovered [90]

wo [67V 36 V
Tewbic = 12—/ — —— . .54
cubic 27\ o exp[ 5 th:| (3 b )

In the case of the symmetric camel-back potential (u3 = 0), we get the new tunneling

rate
wo 27wV 16 V
T =16—/ — —— . 3.55
=105 Ty (359
In this case, the bounce orbit is equal to z(7) = _ILR (see Fig. 3.7). The tunneling
cosh(wgT)

time is of the order of wal.
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Figure 3.7: Bounce orbit. Points €2 and o, r are the same as in Fig. 3.6.

3.3 Manipulation of the qubit

3.3.1 Properties of the sample

A schematic of the experimental setup is shown on Fig. 3.8. The SQUID was fabricated at
the Physikalisch-Technische Bundesanstalt in Braunschweig using a Nb/AlO, /Nb trilayer
process with SiOg dielectric. The two 5 um? junctions are embedded in a 10 x 10 ym?
square loop. The circuit is cooled down to 30 mK.

The experimental parameters are

Cy = Cy = 250.3fF, { j: z igi Z : { 2 Z i66§ iﬁf (3.56)
The corresponding values of the reduced parameters are
a = 0.0072, n=0.72, b= 3.05. (3.57)
The plasma frequency of the sample is
wp = 271 x 83 GHz, (3.58)
e EI 36 % 103 Moy _ 95, (3.59)
Ec ’ 2h

The typical bottom well frequency of a minimum is wyg = 27 x 15 GHz with a high
transverse frequency w; = 27 x 100 GHz. The property of coherence of the qubit is
determined with

e The relaxation time of the excited state |1): 77 ~ 100ns. A mw-pulse (i.e. a
microwave excitation of duration calibrated to swap the states) is applied and the
state is measured after a delay varying between 0 and 300 ns (see Fig. 3.9).

e The decay rate of the coherent oscillations between the states |0) and |1) under a
microwave excitation, i.e. Rabi oscillations: 75#P! ~ 67 ns. The state is measured
after a varying time of excitation, from 0 to 200ns (see Fig. 3.10).

e The decoherence time between two 7 /2-pulses, i.e. Ramsey oscillations:
20ns. The state is measured after two 7/2-pulses with a varying delay between the
pulses, from 0 to 40ns (see Fig. 3.11).

Ramsey
7} ~
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Figure 3.8: Circuit layout. The two small white squares in the central loop are the
SQUID Josephson junctions. Connected on the right are current bias and voltage leads.
These are heavily filtered at various stages of the cryostat, including the on-chip low-
pass filter formed by Lo = 10nH and C,. = 200 pF. Fast flux pulses §® inductively
couple via the on-chip loop to the left of the SQUID. Microwave excitation is applied
via an on-chip loop which couples inductively to the current bias leads. An off-chip coil
provides a dc flux bias ®4.. The total externally applied flux is @yt = Pyc + 6P. The
SQUID chip is enclosed in a copper box thermally anchored to the mixing chamber of
a dilution refrigerator with a 30 mK base temperature. The cryostat is surrounded by
superconducting Pb, u-metal, and soft iron shielding.
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Figure 3.9: Energy relaxation of the first excited state.
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Figure 3.10: Rabi oscillations. Figure 3.11: Ramsey oscillations.
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the experimental points. termine the current ssgq that ensures the
escape with a probability of 50 %.

3.3.2 Determination of the critical lines

The current and flux biases set the shape of the two-dimensional potential and hence
the one-dimensional confining potential and the energy spectrum of the fluxoid state.
The manipulation at low temperature as well as the external filters and shieldings ensure
that the qubit is in the ground state |0). However, the ground state has a finite lifetime
due to the possibility of tunneling through the barrier to a neighboring minimum. The
tunneling rate decreasing exponentially with the barrier height, phase tunneling of the
ground state occurs only close to the critical lines. According to the dc Josephson effect,
a phase tunneling event is accompanied with a voltage peak.

To measure the critical diagram, the SQUID is initialized in a fluxoid state at a fixed
flux bias and small current bias. Then the current bias is increased many times to s..
For each run the voltage is measured to detect a phase tunneling event. This leads to the
escape probability as a function of the bias current, which has a sharp transition from 0
to 1 at the value s5qy, corresponding to a probability of tunneling of 50 %. The graph
s50%(yp) is the critical diagram at 50 % (see Fig. 3.12). The typical escape probability
as a function of the applied bias current is presented in Fig. 3.13.

By comparison with the numerical solutions, the critical diagram is used to find the
parameters «, 1 and b of the SQUID.

3.3.3 Readout of the state

The experimental setup decreases the external noises and excitations so that the SQUID
remains in the ground state |0). To excite the state |1) a microwave radiation in resonance
with the transition vy is applied on the SQUID. The properties of the microwave signal
can be determined using optimal control theory to reach a desired final state [96]. To
measure the state of the qubit, we exploit the energy dependence of the tunneling rate of
the anharmonic oscillator through the barrier. It is then possible to find another working
point closer to the critical line where the excited state tunnels with high probability and
the ground state stays in the minimum. Once the microwave manipulation is finished, a
flux pulse is applied to approach the critical line and a voltage peak appears if the qubit
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was in the state |1). The measurement of the quantum state is performed within a few
nanoseconds using adiabatic dc flux pulses [97].

3.3.4 One-dimensional motion close to the critical lines

For non-zero bias current, or for flux bias far from half a flux quantum, we look at the
shape of the potential around the critical points (in the half plane s. > 0). In this region,
the one-dimensional potential has a washboard shape and the barrier between a local
minimum and the following is close to a cubic potential. We do not take into account
the correction p(z) here for the sake of simplicity. We Taylor expand the potential in
x, y and s at third order around x., y., and s. in the direction of vanishing curvature,
given by the angle

tan 6, = _ Ure(To Ye) _ _u:ry(wmyc)’ with s = s. (3.60)

u:cy(xca yc) uyy(xw Ye

In terms of the curvilinear abscissa z starting from the minimum, the one-dimensional
potential then reads

1 1
u(z) =co + 50222 - 60323 (3.61)

co =u(Tm, Ym), (3.62)
c2 =v2cic3, (3.63)
c3 = cos B.(1 + 2sin” ;) (sin z, cos y. — a cos . sin y,)

+sin 6. (1 4 2 cos? 0..)(cos x. sin y, — o sin x. cos y..), (3.64)

where ¢; = (s — $)(cos . + nsinf.) is the slope at the critical point z. = /2¢;1/cs.
The potential p(x) slightly changes the coefficient c3'. The coordinates of the minimum
(Tm, Ym) at 2, = 0 and the saddle point (zs,ys) at zs = 2z, are

(3.67)

Ty = Te — 2 €OS O, Ts = Tc + 2o CO8 0O,
m C C . C (366) S C Cc ' C
Ym = Ye — ZcSin b, Ys = Ye + 2c8in 6,

The expansion of the potential gives also access to the bottom well frequency wg at the
minimum and the reduced barrier height Au

2 (c

2
wo = /Cawp, and Au = 3 () : (3.68)

C3

!The potential p(x) ~ 1/bEc/E jus,/4b* induces the coefficient

E
cy = b‘% E—i [Ugze sin O (3 8In 20Uz + (5 + cos 20, )uay)

+ Ugay €08 0c(38in 20 Uz + (5 — sin26.)uqy)] . (3.65)

in addition to cs3.
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The potential can be expressed in terms of the barrier height Alf and the bottom well
frequency wg as follows

1 1 3/2 2
U(z) =U(xm, ym) + §Mw§z2 ~5 (Mwj) \@23, (3.69)

AU :% 25c (cos . + nsin 96)3/2 1-— L Ey, (3.70)
3 C3 Ic
1/4 1/4
wo = (;j) (COS 0. + nsin 90)1/4 <1 _ ?’) Wp. (3.71)

These results generalize the known results for a symmetric SQUID [98]. These two
parameters are sufficient to calculate the tunneling rate through the barrier. The main
problem of this kind of working point is its dependence on bias current. The average
slope of the potential being nonzero, the barrier height is sensitive to current fluctuations.

3.4 The camel-back potential

3.4.1 Potential around the working point (I, = 0, ®, = $¢0)

2
In this region, two fluxoid states [k] and [k + 1] coexist. The extremal critical points are

We focus on the domain of bias fields around the working point <Ib =0,P, = (2k+1) ¢0> .

1
yp = 2k + 1)+ =L 1)k, ze=(n+ ),
2 2b T (3.72)
se = —(=1)TFaq, ye = (2k+1)5.

Every minimum is connected to two equivalent minima by two saddle points. For a given
couple of bias fields, let us denote [fj] the fluxoid state which has the highest spot height,
or equivalently the smallest barrier height, and [f;] the other one. For k = 0 for instance,
[fo] = [0] and [f1] = [1] when yp > 7/2. In the following, we study the tunneling effect
from a minimum of the fluxoid state [fy] to the two neighboring minima of the fluxoid
state [f1]. The position of the minima and the saddle points are, at second order in s,

2

Typ = (2n+f)7r+g— (;]33,
y oy (3.73)
T G Vi
Ym = YB 2 )
and
xs = (2n + f)m £ arccos [2b(—1)f_k(y3 —kr—m/2)|,
™ (3.74)

where we note p = o + (—1)7%s and § = /2 + kr — y,,. Starting from a minimum
(Tmgs Ymg) of the state [fo], the path of minimum potential of curvilinear abscissa z
follows the trajectory

(—1)F
2

(x(z) =Ty, + 2, Y(2) =yp — co8(ZTmy + z)) . (3.75)
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Figure 3.14: Path y = ((z) (left panel) and the corresponding one-dimensional potential
u(z, ((x) (right panel) at the bias fields I, = —70nA and ®, = 0.531 ¢9. The minima
are on the red crosses of the path and the saddle points on the green ones. The quartic
approximation of the potential is the red part of the curve.

The Tailor expansion of the one-dimensional potential up to fourth order in z reads

(DT pRa—p) 3D o],
2 Y 27 4 bz 2

41 [(—1)1‘% —p)— 3py 4 30‘1’2] 3

u(z) =u(0) +

6 205 " 40
(—1)/k 7 3(-1)/F  plp—2a)  15(-1)F7F p2  a?p?]
+ = Bttt et | (3.76)

The potential 1 due to the transverse motion can also be calculated along the path

1 [BEc[p 22 2p 4 2*
S e A e 3.77
HE) = 30\ b, sz+ 2 35" 6 (3.77)

The total one-dimensional potential U(z) leads to the bottom well frequency of the
minimum

1/2

p? (=1 *a?p? 1 [Ec

fk~ , P(=1)"(2a —p) el
b2 257 2\ bE,

n _3
4 2 4

wo = W [(—1)

(3.78)
The dependence on the bias current of the bottom well frequency, and hence the energy
difference between the two levels of the qubit, permits to define the optimal line.

3.4.2 Optimal line

The manipulation of the qubit is done with a microwave in resonance with the transition
frequency v19 between the two levels of the qubit. However, current fluctuations “shake”
the potential inducing fluctuations of v19. The detuning between the microwave frequency
and the transition frequency decreases the coherence times of the qubit. To improve
the lifetime of the qubit it is necessary to find optimal lines in the critical diagram
where the bottom well frequency does not depend on the bias current at first order, i.e.
Oswo(Sopt) = 0 from Eq. (3.78). The optimal lines are then found to be

2abj?
2092 + 2ba? + 3(=1) kg’

Sopt = —(—1)f Fa + (3.79)
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which is quasi-constant, equal to sgpt ~ —(—1)f “ka. The optimal lines correspond
to a very weak bias current, equal to I, ~ £80nA. Although the optimal lines are
designed to minimize the current noise, the sensibility to flux noise is of the order of
Aypwo/wo = —(=1)77F (w,/wp)?, which is also low.

Figure 3.16 shows the experimental measurement of the sensitivity to current noise.
The measurement proves that on the optimal line the current noise is strongly reduced.
The manipulation is limited by flux noise.

e
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Figure 3.15: Spectroscopic measurement of the energy difference hrg; between the two
states for I, = —73nA and &, = —0.472¢9. The energy difference is found to be
vp1 = 10.17 GHz an the linewidth, due to low frequency noises, to be equal to 18 MHz.

3.4.3 Measurement of the critical diagram

To measure the four arcs of the critical diagram (see Fig. 3.18) around the optimal line,
where two fluxoid states coexist, a novel experimental technique has been developed.
The technique is reported here around the working point I, = 0 and &, = —¢g/2 where
the two fluxoid states [0] and [—1] coexist. The measurement procedure is composed of
three parts, represented on Fig. 3.17

1. Initialization in the fluxoid state [0], at &, >~ —¢p/2.
2. Fast flux pulse (100 ns) in the direction @ < —¢q/2.

3. After the flux pulse, at &, ~ —¢(/2, the state depends on the amplitude of the
pulse compared to the critical flux. If the pulse amplitude is smaller than the
critical flux, the state stays in the fluxoid state [0] and tunnels to the state [—1]
otherwise.

4. The resulting state is measured with a current pulse (60 us). The amplitude is
designed so that the fluxoid state [0] is stable and the fluxoid state [—1] has no
minimum. With this technique, a voltage peak is measured if the final state is [—1].

After many measurements, the typical escape probability as a function of the flux bias
is represented on Fig. 3.19. The value @y, , is then reported on the critical diagram.
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Figure 3.16: Energy difference hrp; between the two levels of the qubit as a function of the
bias current (top panel). The experimental points are in blue and the fit from our model
in red. The current noise contribution is in dashed line and the flux noise contribution
in dotted line. Width of the spectroscopy vo1(w) (see Fig. 3.15) as a function of the bias
current, in logarithmic scale (bottom panel). On the optimal line, where I, ~ 80nA,
the energy difference is maximum and, as predicted, the current noise in minimal. The
width is limited by the flux noise (40 ugo RMS).

3.4.4 Experimental versus theoretical results for the double-escape camel-
back potential.

Along the optimal line, the one-dimensional potential around a minimum of the fluxoid
state [fo] is quartic with a double escape path to the neighboring minima of the state
[f1]. To understand the quantum dynamics in this potential, it is necessary to study the
tunneling effect in a general quartic potential. The theory developed in Sec. 3.2 using
the instanton formalism can be compared to the known MQT results in the case of a
cubic potential, valid far from the optimal lines.
Figure 3.20 represents the experimental critical diagram on the optimal line, the MQT
result Eq. (3.53) for the general quartic potential and for the cubic one. The rounding
of the cusp is possible only if the symmetric quartic potential is taken into account.

The new treatment is also needed to explain the strong reduction of the linewidth on
the optimal line observed on Fig. 3.21. This is directly due to the presence of a symmetric
double escape path on the critical line.

The manipulation of the qubit in the camel-back region permits to multiply by a
factor two the coherence time 75, the main limitation for qubit operations.
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Figure 3.20: Comparison of the critical diagram close to the optimal lines between the
experimental measurement (blue points) and the theoretical results for a general quartic
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current noise. The symmetry of the double escape path strongly reduces the linewidth
on the optimal line.
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Conclusion and perspectives

In conclusion, we have studied theoretically the quantum dynamics of a novel quartic
camel back potential. Our new results are obtained from a generalized double-path MQT
escape theory based on the instanton formalism. Ground state escape exhibits critical
line cusps and a dip in the escape width versus bias current. Because of symmetry,
quantum dynamics are insensitive in first order to current fluctuations along an optimal
line sopt. Along this line, the dc SQUID can be used as a phase qubit whose main
decoherence source is residual flux noise.

Future optimization and exploitation of the unique properties of this system will
aid in the understanding of decoherence mechanisms in quantum circuits and has the
potential to yield a competitive phase qubit. The investigation of the transverse motion
with different confining strengths would be an interesting way to study the transition
from two to one dimension.



Qubit de phase dans un potentiel
quartique

Résumé du chapitre

EUX jonctions Josephson insérées dans une boucle supraconductrice forment un SQUID,
un objet quantique qui peut étre controlé par un courant et un champ magnétique.
Il se comporte comme une particule quantique dans un relief montagneux, constitué
de cuvettes reliées par des cols. A basse température, la quantification des niveaux
d’énergie dans un minimum permet d’utiliser un SQUID dc comme un qubit de phase
lorsque seuls I’état fondamental et le premier état excité sont impliqués. Nos simulations
ont abouti & un point de fonctionnement, optimal vis-a-vis des bruits de courant et
de flux, ou le courant de polarisation est faible et le flux proche d’un demi quantum.
Sur cette ligne optimale le potentiel présente deux familles de minima, associées a deux
états de flux dans la boucle. Le qubit de phase est réalisé dans un type de minima
et l'autre état de flux sert a la lecture du qubit. La nouvelle méthode expérimentale
de mesure de ’état du qubit est basée sur le transfert par effet tunnel d’un minimum
a lautre. Cette dynamique peut étre raisonnablement supposée unidimensionnelle, car
la fréquence transverse le long du chemin de courbure minimale est trés grande par
rapport a la fréquence longitudinale et a la température. Le potentiel unidimensionnel
effectif résultant a une forme de dos de chameau, et la particule peut tunneller & travers
deux barrieres quartiques. Nous avons calculé le taux d’échappement tunnel dans ce
nouveau potentiel quartique a double échappement avec la technique des instantons.
Nos résultats décrivent bien les mesures expérimentales réalisées a l'Institut Néel et

permettent notamment de prouver le caractére optimal du point de fonctionnement.
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Introduction

OTIVATED by a recent experiment where a single artificial atom has been realized [99],
we analyze in this chapter the coupling between a three-level quantum system, based on
a superconducting qubit, and cavities. The qubit acts as an artificial atom and with the
appropriate parameters, a lasing effect can occur. Photons are created in the cavity at
the plasma frequency of the qubit, in the microwave domain (10 GHz—1cm). The level
quantization of the qubit being due to the Josephson effect, this phenomenon is called
Josephson atom lasing. This coherent coupling between the qubit and the cavity gives
rise to the field of circuit quantum electrodynamics, equivalent in many senses to cavity
QED in atomic physics and quantum optics. Circuit QED can also be exploited for
quantum information processing and quantum communication.

The chapter is composed of three parts. In the first part we present the derivation of
the Lindblad master equation that governs the dynamics of the density matrix and the
method to calculate the output spectrum of the system, which enables us to characterize
the laser field. This formalism is then applied to two different experiments. In the
first one, a charge qubit is coupled to a superconducting resonator. This experiment
constitutes the first observation of the Josephson lasing effect. Our quantum-mechanical
treatment gives access to the time evolution of the photon number in the cavity and
allows us to compare the output spectrum with the semiclassical approximation. The
second experiment exploits the interesting properties of the transmon, a Cooper pair
box with a large Josephson energy which is weakly sensitive to charge fluctuations. The
transmon is coupled to two cavities, one of high quality factor where the lasing effect
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takes place and another one with a low quality factor which uses the Purcell effect to
control the relaxation rate of non-lasing transition.

4.1 The Lindblad master equation

This section is devoted to the derivation of the Lindblad master equation that governs
the dynamics of the density matrix of the system. For the sake of simplicity, we consider
the case of a three-level quantum system {|0),|1),|2)} where the transition |1) — |0) is
coupled to a cavity of high quality factor. The quality factor ) is the ratio between the
mode frequency wg/27 of the cavity and its loss k: @ = “o. The three-level system is

pumped incoherently from the level |0) the level |2) at a rgte I’ and the third level can
relax spontaneously to the second one at a rate 791. The general case where a coherent
pumping is taken into account as well as the presence of a second cavity is derived with
further details in appendix C.

€22)
1721
I €1|1)
g I K
e wo —
€010)

Figure 4.1: Scheme of the artificial atom coupled to the cavity.

4.1.1 Tracing out the external baths

The incoherent processes are modeled by a coupling of the system to external baths
composed of a large number of harmonic oscillators [100, 101]. The bath coupled to
the cavity mimics the losses of photons, the bath coupled to the transition |2) — |1)
enables the spontaneous emission of a photon necessary for the relaxation of the level
|2), and the bath coupled to the transition |0) — |2) is responsible for the incoherent
pumping of the qubit. The dynamics of the density matrix pyo of the total system
{qubit @ cavity @ baths} depends only on the total Hamiltonian Hiot as follows

dptot
dt

in the Schrodinger picture. The total Hamiltonian is composed of the Hamiltonian Hg
of the system S = {qubit @ cavity}, the Hamiltonian Hp of the baths and the coupling
Hamiltonian Hg_p between the system S and the baths

Hiot = Hs + Hp + Hs_B. (4.2)

th

= [Htot> ptot] 5 (41)

We note o;; = |i)(j| the operators of the qubit (o; = 0y;), €; the energy of the level
i, a and a' the annihilation and creation operators of the cavity. Then

2
Hop =Y _cioi, (4.3) He = hwoa'a. (4.4)
i=0
We note hg the coupling energy between the transition |1) — |0) and the cavity

HQB—C = ihg(dlo + 001)(CLJf — a). (4.5)
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The evolution equation for the density matrix p(¢) of the system S can be derived
from the evolution of piot(t) by tracing out the degrees of freedom of the environment
p(t) = Trp{ptot(t)}. The trace on the commutator of Eq. (4.1) is not trivial for terms that
contain operators of the bath, i.e. Hp and Hg_p. To trace out the bath in Eq. (4.1),
we can use the general result of the coupling between a free field and the baths derived
in appendix C.1.

The resulting time evolution of the reduced density matrix p has two contributions,
the coherent evolution is governed by the commutator [H, p] and the incoherent processes
are described by the Lindbladian L

do_ 1

= L 4.

where the Lindblad operator has three contributions L = Lqgg + L¢ + Lr

e The relaxation of the qubit from the level |i) to the level |j) due to spontaneous
emission is characterized by the rates ;;

Lo = Z %(Q%WUU —0ip — po;). (4.7)
i>j

e The loss in the cavity is characterized by the damping rate x and the thermal
temperature of the photons n'"

Lo = Z g(l + n'™)(2apa’ — aTap — pa'a) + gnth(Qana —aa'p — paa’), (4.8)
a=1

1
where n'? satisfies the Bose Einstein statistics n'® = at temper-

exp(hw/kpT) — 1

atures T', which vanishes at zero temperature.

e The incoherent pumping in resonance with the transition |0) — |2) at the rate I’

I
Lr = 5(2020/)002 — ogp — pOy). (4.9)

The coherent evolution can be simplified with the rotating wave approximation, as ex-
plained in the following section.

4.1.2 The rotating wave approximation

The Hamiltonian of the system can be separated in two parts, first the Hamiltonian of
the isolated qubit and the isolated cavity and second the coupling Hamiltonian

2
Ho = Z €j055 + hwaTa,
=0

Hy =ihg(o10 + 001)(a’ — a).

H ="Hy + Hi, (4.10)

We turn to the interaction picture with respect to the Hamiltonian Hgy: for a general
operator O in the Schrédinger picture, the expression in the interaction picture is O(t) =
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exp(tHot/h)O exp(—iHot/h). In this representation, the different operators have the
expression

Gri(t) = ogg 'Rt/ a:(t) = o, (4.11)
a(t) = ae ot al(t) = al et (4.12)

From now on we will consider that the effect of the Hamiltonian H; is a small per-
turbation compared to the Hamiltonian Hy, that is to say that the coupling energy
is small compared to the energy difference between the levels of the qubit and to the
energy of the cavity modes. In this limit, the dynamics of the operators o;; and a is
mainly governed by the free Hamiltonian Hg and their expectation values oscillate at
the frequencies |e; —¢|/h or wy/2m, which is of the order of 10 GHz for superconducting
systems. This dynamics cannot be time-resolved experimentally, and the corresponding
expectation values are averaged to zero. Consequently, we will keep only the slowly
varying terms compared to wg in the coupling Hamiltonian. The selection of the leading
terms is performed using the expression of Hi

H(t) =ihg (UOICLT e~ iwio—wo)t _ UlOaT e—i(W1o+wo)t) + H.c., (4.13)

where w;; = |e; —€;|/h are the transition frequencies. The transition |1) —|0) is in (close
to) resonance with the cavity. As a result, we will keep only oscillating terms at wjg — wy
and remove those at wip+wp. This constitutes the Rotating Wave Approximation (RWA).
The evolution equation of the density matrix in the interaction picture is then given by

- 1o~ . _
plt) = — [Hl,p(t)} + Lp(t), (4.14)
with
Hy = 1hg (GmaT e _ g10a ei‘%) , (4.15)

where we define the detuning between the qubit transition and the cavity mode § =
w10 — wWo.

The general Lindblad master equation Eq. (4.14) can be used to calculate the tempo-
ral evolution of the density matrix, and hence the temporal evolution of all the observ-
ables of the system such as the level populations, the photon number or the correlations
between the qubit and the cavities. This calculation cannot be done analytically and
needs a numerical treatment. To obtain approximate expressions for the observables,
one can use a semiclassical approach that neglects the correlations between the qubit
and the cavity.

4.1.3 Dynamics of the qubit levels and resonator populations
4.1.3.a From the density matrix

The expectation value (O) of an observable O (e.g. oy or a(l)) is obtained from the
density matrix

2 oo
(0) = Tr{pO} =Y > (i,n|pOli, n), (4.16)

=0 n=0
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where {|i,n)} is the basis where |i) is the level of the qubit and |n) is the state with n

photons in the cavity. The dynamical equation for the expectation value is
d(0) 1

— = —(O Tr{OLp} . 4.17

L= ([0, H) + TH{OLp} (417)

The dynamics is simpler in the rotating frame of the expectation value, i.e. when we
consider only the oscillations around the main frequency given by Hy. We define

(0) = <e_m°t/h(9 emot/h> = Tr{pO}, (4.18)
and then ~
di? = Tr{50}, (4.19)

therefore it is sufficient to know the time evolution of the density matrix in the interaction
picture to find the time evolution of the observables in the rotating frame.

The time evolution of the qubit levels (o;)(¢) and the resonator populations P, (t) =
Zfzo(i,n]p(t)]i,m is determined by the matrix elements (i,n|p(t)|i,n) of the density
matrix. The Hilbert space of the qubit is reduced to the levels {|0),|1),]2)} while the
one of the cavity is infinite. We need to truncate the latter at a state M sufficiently large
so that Pps(t) remains small compared to unity (in practice M is fixed according to the
desired precision). The time-derivatives of these elements satisfy

(i nlp(®)li,n) =k [(n +1)(i,n+ Lp(t)]i,n + 1) — n(i, nlp(t)]i, n)]
+ 10, n[p(t)|0,1) (65,2 — 6i0) + V21(2,n[p(t) 2, 1) (051 — bi2)
+ 29 [vn(0,n|p(t)|1,n — 1)8;0 — Vn+ 1(0,n + 1|p(t)|1,n)d;1] , (4.20)

where we used the property (1,n|p|0,n+ 1) = (0,n + 1|p|1,n) when the qubit is in reso-
nance with the cavity. To obtain a closed set of equations for {(i,n[p(t)[i, 7)}ic (01,23 nefo,... 0135
we need the additional matrix elements {(0,n|p(t)[1,n — 1)}, (1 py- Their time-derivative
reads

O,nlp(t)1,n—-1) =k [\/n(n + 1)(0,n+ 1[p(t)|1,n) — (n — 1/2)(0,n|p(t)|1,n — 1)
- g<0»nlp(t)|1an — 1) +gvn[(L,n—1p®)[1,n—1) = (0,n]p(t)[0,n)] . (4.21)

This set of equations leads to the time-evolution of the different populations but also to
their steady state values. This is achieved by setting the time derivatives to zero and
using the relation Trp = 1, i.e. Z?:o Z%:O(i,nm(t)ﬁ,n) = 1. The method to solve a
more general case is presented in appendix C.2.1.

4.1.3.b Semiclassical treatment

The average number of photons N(t) = (afa)(t) in the cavity in the steady state can
be found in the semiclassical approximation, valid for a large number of photons. To
find the stationary solution of the photon number, we start with the differential equation
satisfied by N(t) for an incoherent pumping,

N(t) = —rN(t) + gCur (2), (4.22)



66 Josephson atom lasing 84.1

where Ci,(t) = (af(t)Go1(t) + a(t)a10(t)). The temporal evolutions for the additional
fields read

Cir(t) = —(T + 5)C1r(£)/2 = 6Cri(t) + 29(01) (1) + 2g(0=) ()N (1), (4.23)
Ch(t) = —(T' + k)C1i(t) /2 + 0C1, (1), (4.24)
(61(2)) = 721(1 = 2(01) (1) + (0:)(t)) — 9C1r (1), (4.25)
(0:(1)) = 721 (1 = 2(01)(t) + (02)(t)) + T({o1)(t) — (02)(t)) — 29C1, (). (4.26)

In the semiclassical

)) = {{o=) )N (2))-

where Ch‘(t) = i<c_lT(t)&ol(t)—c_l(t)&lo(t» and <Jz>(t) <01( ) ( )
limit, i.e. for a large photon number, we can factorize ((o,)(t)N(
The stationary solution is then

. L=k (b)) - &

@F\/

AT+ ) (14 725 )

T+k)2
1
+ E)

4
2
I
\/[1n<%+71>*;2(r+ )<1+(F4f,j) )r+4m<%+%)

n (4.27)
1
2K (f + E)
~ Y21 292(1—‘_{—’%) _K(F2/2+262) (4 28)
- 2Kg? L'+ 2991 ’ '
for k < I' and
(o0) = £, (4.29) Cir = gN, (4.31)
1 1 2Kk0
o1)=1—k|=+—|N, 4.30 Cii=————N. 4.32
o) =1-x (g4 )N (430 N )

These expressions can be used to find a good estimation of the photon number, the qubit
populations and the correlation oigaf. The comparison with the results from the density
matrix will be presented in Sec. 4.2.

4.1.4 Output spectrum
4.1.4.a Relation to the steady state density matrix

The output spectrum S(w) is defined as the Fourier transform of the correlator S(7) =
{aT(7)a(0)). We calculate the output spectrum once the steady state is reached. If we
call tgs the time beyond which the physical observables are time-independent (according
to a given precision), the time 7 is equal to 7 =t — tgg. This average being independent
of the representation, we choose the Heisenberg one [102]:

+oo .
S(w) = / dr e~ (al, (T)a (0)) (4.33)

—00

— 2Re /0 " dr e (al, (0)an (7).

The density matrix pr(7 = 0) is obtained after a sufficiently long time to reach the
steady state. The different pictures used in this section (Schrédinger picture, subscript
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S; Heisenberg, H; interaction, I) are defined with respect to the time 7. In the following,
we will use the convention TL{f(7)}(w) = [;°dre™7f(7) and the notation S(t) =

<aL (0)am (7)). The integral over all frequencies of the spectrum is equal to
+oo
/ dwS(w) = 27N (4.34)

To go back to the interaction representation we use the superoperator, i.e. an operator
which acts on operators, U(7)

Z/{(T)[O] _ ez”HoT/h e—i'HT/hOUT (T)ei'HT/he—iHoT/h’ (435)
Or(r) = U(T)[On(7)]. (4.36)

In particular, for the density matrix we have

pr(1) = U(T)[p1(0)], (4.37)

where pr(0) = pp is the steady state density matrix. Then, it is possible to express the
temporal spectral function

S(r) = T{al; (0)an(r)on } (4.38)
= Tr{as;(1)Ar(7)}, (4.39)

where A;(7) =U(T) [pI(O)a}(O)] The temporal dependence of ar(7) reads

ay(r) = ™M/ qg e HOT/R = Ti0T g g (4.40)

and then

(n,ilar(t) = e “T/n 4+ 1 (n +1,i|. (4.41)

The resulting trace is

2 o
Tr{ar(1)Ar(7)} = ™7 Y > " Vn+ L{n + 1,i| Af(7)|n, i). (4.42)

i=0 n=0

Fourier transforming yields

2 oo
S(w)=2Re> > Vn+1{n+1,ilA(Aw)|n, i), (4.43)

i=0 n=0

where A(Aw) = TL{A;(7)}(wo + Aw) and Aw = w — wp. In the preceding relation we
used TL{e"™°7 f(7)}(w) = TL{f(7)Hw — wo).
Concerning the density matrix, we know that the formal solution of the master equation
is the equation (4.37) with suitable initial conditions. The temporal evolution of the
density matrix pr(7) = U(7)[pr(0)] is governed by the superoperator .Z(7)
1

Z(1)[0] = o [H11(7), 0] + LO, (4.44)

according to the relation

pr(t) = Z(7)[p1(7)] .- (4.45)
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The definition of the operator A;(7) = U(T) [pI(O)aJ}(O)} reveals that A;(7) has a dy-

namics equivalent to the time evolution of the density matrix but with a different initial
value. This property of the operator A leads to its time derivative

Ai(r) = Z()[Ar(7)], (4.46)
A1(0) = pr(0)a}(0). (4.47)

These relations can be directly derived using the quantum regression theorem, also called
the Lax-Onsager regression theorem due to the work of Lars Onsager [103] and Melvin
Lax [104].

4.1.4.b Use of the quantum regression theorem

Let us suppose that the expectation value of an operator O at a time tg + 7 can be
expressed in terms of a set of operators {O;} at time ¢y, namely

O(tg +7) Z filr (4.48)

Then, if we want to calculate the correlation between O at time tg+7 and O or O at time
to, i.e. the quantity (O'(to)O(to +7)O" (t)), the quantum regression theorem [105, 106]
states that O(tp + 7) can be replaced by the set {O;(tp)}. The resulting correlator
contains all operators at the initial time ¢q:

(O (t)O(tg + 7)O Z Fi(P){O (1) O;i(0) O™ (t0)). (4.49)

The quantum regression theorem is valid in the Born-Markov approximation that we
used to derive the Lindbladian. Applied to the spectral function, this theorem leads
directly to Eq. (4.46) for As(7).

To calculate the spectral function, we need the 3(M —1) elements (i, n+ 1|A7(7)]i, n)
forn € {0,...,M —1}:

(i,n 4 1|Ar(1)]i,n)
= i [V F D+ 2)(6,n+ 245 (7)]in+ 1) = (04 1/2) 06, + 1A (7)), m)]
+ F<O, n—+ 1’14](7’)’0, n)(ém — (51"0) + Y21 <2, n + l‘AI(T)‘z, n) ((51',1 — (51'72)

+ g [Vn+ 1{1,n|A(7)]0,n) + vV/n{0,n + 1|A;(7)|1,n — 1)] bi
—g[Vn+1(1,n+1A(7)|0,n+ 1) + Vn + 2(0,n + 2| Af(7)|1,n)] &i 1.

(4.50)

This set of equations induces two additional matrix elements, namely (0, n+2|A;(7)|1, n)
and (1,n|A7(7)|0,n). This leads us to define the column matrix B(t) = (bo(7),. .., bM_l(T))t
of dimension 5M — 1 as follows

(n+1,0[A;(7)In 0) _
(4111417, 1) iR
b<nr1(7) 2n+172;ﬁ1573;n72; o D= gy ()M - 1,2)
n+2,0[A7(7)|n, 1 ’ '
(TL 1|A[(T)|Tl,0> <M_ 171‘A[(7)‘M_ 170>

(4.51)
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The temporal derivative of A;(7) is equivalent to a matrix equation involving B(7) and
B(7) connected with the matrix W by B(r) =W - B(7). The expression for the matrix
W is given in the appendix C.2.2. The temporal spectral function then reads

M-1 2
S(r) =e ™7 3> " Vn+ 1 Bsny(7). (4.52)
n=0 j=0

Next, noting the Fourier transform B(w) = TL{B(r)}(w), and using the property
TL{f' (1)} (w) = —iwTL{f(7) }(w) — f(0), we get

iwA(w) + g[ﬁ(w)} — —A7(0), (4.53)

or equivalently R
B(w)=— W +iwl)""- B(0), (4.54)

where

(n+1,0lpg|n +1,0) (
<n+171’pH‘n+171>

ba(0) =vVn+1| (n+1,2pgn+1,2) |, ba_1(0)=vVM g
(n+2,0lpg|n+1,1)
<n’1’pH‘n+170>

M>O|pH’M70>
M, 1|pH’M7 1>
M72|pH|M’ 2>
<M -1, 1‘pH|M7 0)

(4.55)
The density matrix in the steady state can be found using the method of Sec. 4.1.3.a.
The use of the quantum regression theorem reduces the time integration of the Fourier
transform to a matrix inversion, and is a powerful tool for numerical calculations.

4.1.4.c Semiclassical derivation

The temporal derivative of S(7) depends on the function F(7) = (o197(7)ar(0)). The
derivative of F'(7) generates the correlator ([o1(7) — oo(7)] aJ}(T)aI(O» which is factor-
ized according to (0,(0))S(7) in the semiclassical approximation. The dynamics is then
reduced to the matrix equation

- (70) = (oo i) (7). -
Fourier transforming yields
(i({:i) - (iA—ngTS/Q i(Aw —_59) + r/2> - (fﬁ%) ’ (4.57)

where §(0) = N and F'(0) = (C; 4 ¢C2)/2 found in Sec. 4.1.3.b. This leads to

T . T

Aw) = 2N 4.
Slwo +Aw) = 2N Re | o5 =50y (n/2 + iBw) — 900 (4.58)
The spectral function S (w) can be approximated by a Lorentzian
A 2N
S(wo + Aw) ~ il (4.59)

(Aw — dwp)? + k2
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with the width and the dephasing given by

r
ki=2 —2g

5 2m<az>, (02). (4.60)

0
5(4)0 = 4g2 7F2 i 4(52
The coupling to the cavity reduces the width of the output spectrum with respect to the
case of an isolated cavity where kg = /2.

It is worth mentioning that the semiclassical approximation constitutes a perturbative
treatment in the coupling between the qubit and the cavity. This approach needs to be
handled with care close to the resonance where the coupling is maximum. We will see in
Sec. 4.2.3.b a method to improve the factorization.
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4.2 Lasing effect in the JQP cycle of a charge qubit

In this section we apply the general formalism of the previous one to the first experi-
ment where the lasing effect of a superconducting qubit coupled to a cavity has been
observed [99]. We use the parameters of their three-level artificial atom to compare our
treatment to the experimental results and to obtain the temporal dynamics, not mea-
sured experimentally. We also analyse the validity of the semiclassical approximation.
The truncation of the correlations is inspired from Ref. [107], where the lasing effect of
a two-level artificial atom is studied.

4.2.1 The JQP cycle

In the experiment of Ref. [99], a charge qubit is coupled to a superconducting waveguide
resonator. To achieve the population inversion necessary to induce lasing, the Josephson
quasiparticle (JQP) cycle [108, 109] has been used. The two states |0) and |1) of the
qubit correspond to 1 and 0 Cooper pair, respectively, and the third state |2), with
an energy higher than both qubit states, describes an unpaired electron. To extract
one electron by breaking a Cooper pair, an energy equal to twice the superconducting
gap A is needed in addition to the charging energy Ec = e2/2C of the junction. The
JQP cycle provides incoherent pumping between the states |0) and |2) with the rate
I = (eVy+Ec)/e2Ry and a relaxation rate 32, = (eVy,—E¢)/e2 Ry from |2) to |1), obtained
using the Fermi golden rule. As a result, the state |0) decays to |1) with two sequential
single-electron tunneling events. In the experiment, a voltage equal to V;, = 0.65mV
larger than (2A + E¢)/e = 0.54mV (the superconducting gap energy of aluminum is
A/h = 55GHz) is applied. The resulting rates are I' = 4.6 GHz and J5; = 3.5 GHz.
The cavity is described with the bosonic annihilation and creation operators a and al,
satisfying [a, aT] = 1. The resonator has a bare resonance frequency wp/2m = 9.899 GHz
and a quality factor equal to 7600, corresponding to a damping rate x = 8.2 MHz. The
Hamiltonian of the charge qubit coupled to the cavity reads [99]

H =

(1)1 = 100D~ 57 (1001 + 0} +wn (ala-+ 5 ) +han(a"+)(0)0] (1)

(4.61)
where the electrostatic energy difference € = 4Ec(ng — 1) between the two states is con-
trolled by the normalized gate charge n, = CyV,/e where C, is the gate capacitance and
Vy the gate voltage (see Fig. 4.2). The qubit is characterized by the charging energy

L

€
2

r

Figure 4.2: Schematic representation of the experimental circuit of Ref. [99] studied in
this section.

Ec/h = 20 GHz and the Josephson energy E;/h = 5.4GHz (Ej < E¢). The bare cou-
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pling energy is equal to go/2m = 80 MHz. The eigenvalues +7uw19/2 of the Hamiltonian
1/ —e —
of the qubit Hgp = = < ° f‘]> are given by

2 \—Ej;
hwig = \/E? + €2, (462)

The corresponding eigenvectors {|1o), [1)1)} are obtained after a rotation of the basis
{]0),]1)} around the state |1)2) = |2) of the angle 6 satisfying

tan20 = Ej/e. (4.63)

We note o;; = [1);)(1);| the operators of the qubit in the eigenbasis, in which the Hamil-
tonian is reduced to the usual form

hw 1 .
H = %(0’1 — Uo) + hwg (CLT(J, -+ 2> + ZIL’Lg(O'()laJr — 0'1()&). (4.64)
This Hamiltonian is obtained after applying the RWA and the unitary transformation
a — ia. The effective coupling energy depends on the gate voltage according to

g = sin 26 go. (4.65)

The resonance is achieved at ¢/h = 8.3 GHz where g/2m = 44 MHz.

4.2.2 Lindblad operator

The pumping and relaxation rates I' and 2, concern the charge states {|0),]1),]2)} of
the qubit. In the eigenbasis {|1g), [t1), |1)2)}, where |¢)2) = |2), the rates are modified
and the reverse processes are induced:

e Pumping |1) — |th2) at the rate I' = cos? 6.
e Relaxation |¢9) — |11) at the rate y91 = cos? 071
e Relaxation |¢2) — |tbg) at the rate yo9 = sin? 071 .
e Pumping |¢)1) — [1)2) at the rate y12 = sin20T.
The total Lindblad operator is then L = L¢ + Ly + L,, + L4, + L,,, where

L%j = %(201'2',00“ — 0P — pUZ'). (4.66)
At the resonance, the pumping rate in the eigenbasis is reduced to I' = 4.2 GHz with
also 721 = 3.3 GHz while the additional transitions occur at rates o9 = 0.29 GHz and
Y12 = 0.37 GHz.

Using the method explained in Secs. 4.1.3.a and 4.1.4, the Hamiltonian (4.64) together
with the Lindblad operator L give access to the qubit and level populations as well as the
output spectrum. The time evolution of the photon number and the qubit populations are
showed on Fig. 4.3. The time to reach the steady state is of the order of the microsecond.
A population imbalance (s,) = (01 — 09) = 12% and a photon number (n) = 122.5 is
achieved. The experimentally estimated number of photons in the cavity is Neyx, =~ 30
but it can be underestimated, as the resonator internal loss is not accounted for. The
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Figure 4.3: Temporal dynamics obtained for the experiment of Ref. [99]. Left: Time
evolution of the photon number in the cavity. Time is expressed in microseconds. Right:
Time evolution of the level populations, (o¢)(t) in blue, (o1)(¢) in green and (o2)(t) in
red. The inset represents the qubit populations during the first nanoseconds.

stationary distribution of the photon number P(n) is compared to the Gaussian Pg(n)
and Poissonian Pp(n) distributions

n— 2
Pa(n) = 21m exp(—(202m> , (4.67)
Pp(n) = N"ne!—N' (4.68)

where the variance o2 is given by o2 = Z(n — N)?P(n). The photon number being

n
large, the Poissonian tends to the Gaussian distribution.

4.2.3 Semiclassical treatment
4.2.3.a Photon number

The steady state value of the photon number is obtained from a set of equations involving
(02), (01), and (o10a). This set depends on the parameter (o,n), which can be factorized
in the semiclassical limit. The corresponding result, similar to Eq. (4.27), is in excellent
agreement with the solution from the steady state density matrix plotted in Fig. 4.4. In
the limit kK < I', 791, and for € > 0, one finds

2 2+E2 2 2+E2
o 2 (F — 2 + ;Tmm) - (r? + ok + 25 52)

292k [+ 292
E2 E?
Y12 6?’@11092 + E2+JE3 62 B F’712 (4 69
492 Y12 + 2720 69)

The solution at resonance is found to be N = 122.8, which is in good agreement with
the numerical solution (0.2 % relative difference). The steady state photon number as a
function of the gate voltage is plotted in Fig. 4.4.
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Figure 4.4: Steady state photon number obtained for the experiment of Ref. [99] as a
function of the gate voltage. The photon number is maximal at the resonance.

4.2.3.b Output spectrum

The semiclassical result obtained for the spectrum in Sec. 4.1.4.c used the factorization
(o.(T)a'(7)a(0)) =~ (0.(0)){a' (7)a(0)) between the qubit and the cavity. This decoupling
can be improved as demonstrated in Ref. [107], where the correlator is factorized as
follows

O'TCZ]LTG ~<\/ﬁaz>aT7a
(o(r)al (7)a(0) =+ (ol (7)a(0))

~ % (<0z> + <‘Z;T;>) (al (r)a(0)). (4.70)
This result is obtained from the amplitude-phase representation of the operator a and
assuming that the correlation time of the phase fluctuations is much longer than that of
the amplitude fluctuations. In the following, we use this relation to truncate correlations
and then to compare the semiclassical approximation with the numerical result using the
regression theorem. We note (S,) = 1 ((0,) + (o,n)/(n)). The improved semiclassical

2
approximation leads to the result

%(T—l-’)/m—i—n)—i-i(Aw—%é)

S(wo + Aw) = 2NR; - , 4.71
(wo + Aw) 1 (k)2 +i8w) (T + 721)/2 + i(Aw — 3)) — g2(S-) (4.71)
This output spectrum is well approximated with the Lorentzian
o 2Nky
S Aw) = 4.72
where
r
hy= 042 T gy Swo = g (S.).  (4.73)

2 g (F+’ygl)2—|—4(52 (F—I—’ygl)2 + 442

The parameter (S,) can be determined from the numerical result for the photon number.
Figure 4.5 shows the output spectrum as a function of € and the probing frequency
w. This simulation is compared to the experimental result. We find a maximum of
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Figure 4.5: Left: Density plot of the spectrum from our fully-quantum model as a
function of the probing frequency (w — wp)/27 and the gate voltage related to e. Right:
measurement of the spectrum in the experiment of Ref. [99].

the spectrum close to the resonance at ¢ = 8.3 GHz. The second “hot spot” at € =
19 GHz is not observed in our simulation. In Fig. 4.6 the maximum value of the output
spectrum is plotted as a function of €, for both the numerical result from the quantum
regression theorem and the semiclassical result Eq. (4.71). This comparison reveals that
the semiclassical treatment is not correct in the region close to the resonance. The two
maxima of the semiclassical spectra, obtained first in Ref. [107], are thus artifacts of
the approximation and cannot explain the second hot spot. The presence of two-photon
resonance seems to be a good explanation for this second peak. A deeper analysis of
two-photon processes need to be carried out. On Fig. 4.7, we see that the linewidth of
the theoretical spectra is much more narrow than the experimental ones, found to be
larger than 500 kHz. This is mainly due to charge fluctuations in the Cooper pair box.

7.5
— 2,
T 50001 i &
> 5 5 ]
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f= )
:
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0 5 10 15 20 —-0.5 —0.25 0 0.25 0.5
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Figure 4.6: Maximum value of the spectrum Figure 4.7: Spectrum at the resonance. The
as a function of €. The quantum solution is linewidth is found to be about 90 kHz.
plotted in red and the semiclassical one in

blue.
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4.2.4 Injection locking
4.2.4.a Pumping on the cavity

We investigate the behavior of the system when it is driven by an external field V{ cos((wo+
w)t). The radiation is coupled to the cavity operators through the Hamiltonian He =
Vo cos((wo + @)t)(al — a). In the RWA and the interaction picture, this Hamiltonian
reduces to

Ho = ihwyg (e*im al — '™ a) ) (4.74)

where vy = Vp/2h and w is the detuning from the cavity frequency wp. This pumping
on the cavity allows to measure the coherence property of the field in the cavity. Indeed,
if the cavity field is coherent, the injection locking effect occurs and the cavity field
oscillates at the same frequency as the driving field.

The presence of the driving field modifies the temporal dynamics of the density
matrix. The additional elements can be implemented in the numerical calculation of the
density matrix. We are then able to get the time evolution and the steady state value
of any observable as well as the spectrum. This results are plotted in Figs. 4.8, 4.9, and
4.10. However, to understand the effect of the pumping on the cavity, we develop in the
following a semiclassical treatment based on a rough factorization between the qubit and
the cavity.

4.2.4.b Photon number

The pumping on the cavity changes the time evolution of the density matrix by the term

. 1 S~ . . ~ . evs . ~| . it
(il [Fa, 5(0)] 1. m) =vo (Vali,n = 11plj.m) o= = Vit 1i,n -+ 1], m) /=)

—vV/m +1(i,n|plj,m + 1) e + \/m(i,n|p|j,m — 1) e"™") .
(4.75)

This additional term affects all the elements of the density matrix, which is no longer
block diagonal.

Starting from the qubit in the ground state and no photon in the cavity, the qubit is
pumped at a rate I' and the cavity is pumped at a frequency wgy + w once the stationary
state is reached at time tgg. We have verified that the results are the same if the
pumping starts from the beginning and do not depend on the initially occupied qubit
level. The parameters are the same as before, except for the damping rate. To reduce
the computation time we multiply x by ten: & = 10x. This change reduces the photon
number but does not change the qualitative behavior. The time evolution of the photon
number and the qubit populations are plotted in Fig. 4.8 at the resonance wig = wg = w.
The pumping is switched on 0.2 us after the beginning of the experiment with a strength
Vo = K.

Analytical results can be obtained in the semiclassical approach. The dynamical
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equations read

O(N)(t) = —k(N)(t) + gC1r(t) + voC2r(t), (4.76)
0, (00} (1) = —T(50) () + Curb(t), (4.77)
O(o1)(t) = v21(02)(t) — Crrb(2), (4.78)
I(o2)(t) = —v21(02)(t) + T'{00)(?), (4.79)
OCir(t) = —(k +T)C1p(t) /2 + 2g(01)(t) + 29({o1)(t) — (o0)())(N)(t) + UOC3T(€)7 |
4.80
and

Con(t) = —SCQT(t) + gCar(t) + iwCai(t) + vo, (4.81)
Car(t) = —gc?)r(t) +g((o1(t)) — (o0(t)))Cor(t) + iwwCs(2), (4.82)
Cos(t) = —ngi(t) 4 gCai(t) + iwwCan(t), (4.83)
Cai(t) = —gcsz‘(t) + 9((o1(t)) — (o0(t)))Cai(t) + iwwCs, (1), (4.84)

where we define
Cor(t) = (6 a(t) + o= &1 (1)), Cos(t) = (6 () — e =t al (1)), (4.85)

Cgr (t) = <eth 501 (t) + e_th 510(t>>, C3i (t) = <eiwt 501 (t) — e_iwt 510 (t)> . (4.86)

The model can be simplified to calculate the photon number in the cavity in presence
of pumping. We consider that the effect of the qubit is to maintain a constant photon
number in the cavity Ny >~ 122.5 and treat the pumping as if the cavity were isolated.
The total number of photons is then Ng+ Np where Np is the number of photons created
due to the pumping. The solution of this simplified problem reads

. T o (k/2+im)t V2
Np(t) = Nge™® R 0 4.87
p(t) ne "+ ea()n/2—iw +w2—i—(/€/2)2’ (4.87)
2
which steady state solution is Np = W, a Lorentzian of width k. Finally, the

total photon number reads

N = Not 0 (4.88)
- 0 w2 .

+(K/2)*
The first effect of the additional pumping on the cavity is to increase the photon number
in the cavity. This tendency to amplify the lasing effect is more apparent on the spectrum.

4.2.4.c Spectral function

To understand the effect of the driving field on the spectral function we evaluate S(t,t') =
(a(t)a(t)) is the semiclassical limit. We define the center of mass and the difference of
the times t, ¢’ as follows: ¢, = (t +t')/2 and 7 =t — t'. We focus on

S(tm, 7) = e 0S¢ ') = e 07 (Gt (b, + 7/2) ) a(tm — 7/2)). (4.89)
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Figure 4.8: Time evolution of the photon number in the presence of a driving field on
the cavity, obtained from the time evolution of the density matrix for the experiment of
Ref. [99]. The driving is switched on after 200 ns with an amplitude vy = &.

Then, in the RWA, S satisfies the differential equation

2 2\ o 2 - A ~
(15 — 2 Stmr) == (5) Sltme) = § -t ) + ="+ *F(t 1),

192 > > o,
(4.90)

where F'(t,t) is the spectral function of the qubit
F(t,t") = (o10(t)oo1(t)), Ftm, ) = (G10(tm + 7/2)G01 (tm — 7/2)). (4.91)

At first order in the coupling constant g, F'(t,,, ) satisfies the differential equation

1 62 92\ ~ r\?2 - r 0 ~
. ——(= s T) — = ———F(tm, 7). 4.92
(48@ 872>F(tmm) <2> F(tm,T) 28th(t T) (4.92)

Without pumping, the spectral function depends only on the time difference 7. If vg # 0,
we see with Egs. (4.90) and (4.92) that in the RWA the perturbation depends only on 7.
Therefore we can neglect the t,,, dependence. This is also motivated by the fact that we
are interested in the steady state solution ¢, large, where derivatives with respect to t,,
vanish. Defining S(7) = S(7,tm > 1) and F(r) = F(7,t,, > 1), we get the coupled
differential equations

S(r) - (g)2 S(r) = —g?F(r) — v, (4.93)
F(r) — (g)QF(T) _o, (4.94)

the solution of which is

v 492 o1)(tss —k|T
S(r) = <<N>(tss)—w2+(oﬁ/2)2+ F<2 i>f€2 )>e I71/2
vg T 492<01>(tss) -T|r
7.2 i 2 T a2 © Lirl/2, (4.95)
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The Fourier transform finally reads

B ’U2 4 2 g K
S(wo+w) = ((N)(tss) by E)K/2)2 + gF<2 i>E:2SS)) W2+ (r/2)2
w3 _4g¥o)(tss) T

+ 2 (4.96)

RN s EA U I B ) )

The integral is equal to the photon number in the steady state: % Jp dwS(wo + w) =

(N)(tss)-
Let us consider the case of very low coupling, setting g to zero:

S(wo +w) ~ N, i

Om +27Npd(w — w). (4.97)

o If vg = 0, the spectral function is a Lorentzian centered around wy.

o If vg # 0, the Lorentzian is reduced and a Dirac peak appears at the driving
frequency. This transformation conserves the area.

The Dirac peak becomes a Lorentzian if the sinusoidal pumping has a small exponential
decay. The experimental linewidth is equal to 100 kHz.

On Fig. 4.9 we plot the output spectrum resulting from our quantum treatment as a
function of the pumping strength vg. As vy increases from zero, the spectrum becomes
more and more peaked around the driving frequency. The experimental measurement of
the spectral function shows a sharp reduction of the width. This is due to the presence
of charge noise which widens a lot the Lorentzian in the absence of driving. Fig. 4.10
represents the spectrum for a weak driving vg = £/10 and another one for a strong
driving vg = K/2 to point out the shrinking of the Lorentzian. This is the signature of
phase locking, as observed in experiment [99].

w—wy (MHz)

(1-ZH M 1z-01) S

-140 -130 -120
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Pdrive (dBm)
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Figure 4.9: Output spectrum in the presence of a driving field on the cavity as a function

of the driving strength vg. Our numerical simulation, on the left with &, is compared to
the result of Ref. [99], on the right.
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Figure 4.10: Spectra (logarithmic scale) in the presence of a driving field on the cavity
obtained from the steady-state density matrix for a driving strength vg = %/10 in red and
vo = K/2 in blue. The dashed line represents the spectrum without driving. The presence
of the driving field induces phase locking which reduces the width of the spectrum.
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4.3 Circuit QED: transmon coupled to two cavities

The recent developments in the field of circuit quantum electrodynamics (circuit QED)
are based on the transmon (transmission-line shunted plasma oscillation qubit), a Cooper
pair box with a large Josephson energy compared to the charging energy [110-113].
The most interesting characteristic of the transmon is to be almost insensitive to charge
fluctuations in the island, conferring it long coherence times. In this section we study the
lasing effect of a transmon coupled to two cavities. The transmon is pumped coherently
with a microwave and the first cavity has a high quality factor. The second cavity is
coupled to the transition |2) — |1) and has a low quality factor. This cavity contains a
very small photon number compare to unity and, according to the Purcell effect, induces
an effective relaxation rate y21. With this configuration the relaxation rate is controlled
by the parameters of the cavity. The goal of this project is to find a configuration that
optimize the lasing effect.

4.3.1 Circuit theory

We consider the voltage-biased circuit shown in Fig. 4.11 composed of a qubit and two
cavities. The qubit is a transmon. It contains a large capacitor Cy with a large charge Qg
such that the ratio Qo/Cy = Vj is fixed. This constitutes the voltage bias. The trans-
mon is modeled with a Josephson junction (flux-tunable Josephson energy Ej, critical
current I; = 2eE;/h) in parallel with a capacitance Cg. This junction is surrounded
in parallel by two L-C circuits (L;-C7 and Lp-C3) with coupling capacitances Cy, and
Cy,, respectively. The two L-C circuits play the role of the resonant cavities. These
three elements are linked to the voltage bias through the gate capacitance C,. Accord-
ing to Devoret’s circuit theory [114], we choose a ground node (bottom) and four active
nodes with phases ¢g, ©1, 2 and ¢@p. Phases are expressed in terms of the reduced flux
quantum ¢y = h/2e. These nodes are connected by the spanning tree (in red on the
figure), which we choose to contain the capacitances. Notations for positive orientation
are drawn on the circuit. Applying first Faraday’s law for magnetic flux conservation and

Yo
q)gl (I)g\l/:: CI>g2
— Cy -
1 | | Can 5 || Co 2
N N
%T I ‘1>L1T I T‘PCI ¢BT - T‘I)J q’LQT I T‘bcz
Cy Ch Cg Co
Ly Ky Lo
ST

Figure 4.11: Circuit of a transmon coupled to two cavities
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then Kirchhoff’s law for current conservation we get two sets of equations, respectively

oo = Po
dop1 = P, = P¢y
¢0902 == (I)Lz == ®CQ ) (498)

bopp = Pp =P,
‘I’B:@Cl‘f‘q)gl ZCI)CQ—l—(I)gQ :@o—i—@g

and,
CO‘IDO =y <I>
Cgl (I)gl Cl(I)Cl + @1, /Ll
(4.99)
CQZq)gQ = CQq)CQ + (I)LQ/L2
Cydy+ Cyy @,y + Cpy®,, + CpPp + I;sin®; =0
This leads to four dynamical equations for the four variables g, v1, @2 and pp
Cogpo — Cypp =0,
Ci¢1 — Cg ¢ = —p1/ L, (4.100)

C~'2952 - 092953 = _902/L27
CN’B@B — Cg(,bo — Cglgél — 092g52 = —¢61[J sin YB-

where we define Cy = Cp + Cy, C,=0C1+ Cy,, Co=Ch+ Cy, and, Cg=Cpg+ Cy +
Cq + Cg,.

0 oL
This set of equations corresponds to the equations of motion — = — < : > of the
@i dt \ 0,
Lagrangian

U DO T U DU . . »
¢p 2L = §Co<p3 + 50190% + 502903 + 5039023 — Cyp09B — Ci9198 — Cyy 9298
2 2
= <2SOL11 + 2% — ¢52E; cos ng) . (4.101)

It is then possible to find the conjugate charges Qo, @1, (2 and () using the relation
Qi=dy' 5 M : $0Qo = Cogo — Cep, doQ1 = C191 — Cy, @B, p0Q2 = Capa — Cy, o3 and,

PoQpB = CBSOB — Cypo — Cgyp1 — Cgypa.
Taking the limit Cy — oo and Qp — oo with Qo/Coy — Vj, we get

P00 = Vo, (4.102)
C C O~ 2
1 B — &
(;50901 C!,h ~ o2 02 QB + Cg% + %QQ + 0702@1 s (4103)
—91 _ 92
VO — & — & 2 9
~ 02
) C 1 C Cp— F*+
oo = -z | Qe+ G+ 5 Q1 — —— Qs ],  (4104)
2 C — 671 — ég g2
. 1 C Cy,
Q0P = — 3 (QB +C,Vo + ng + =2, ) (4.105)
C _ 91 92 1 02

¢ Co
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The resulting Hamiltonian H = ¢opoQo + doo1Q@1 + dop2ld2 + dpoopl@p — L can be
written in terms of the Hamiltonian of the qubit Hqgp, the Hamiltonian Hc, of the
cavity o = 1,2, the coupling Hamiltonian between the qubit and the cavities Hqp-—c,
and the coupling Hamiltonian between the two cavities Hc,_c, as follows

H =Hqs + Hc, + Ho, + Hoe-c, + Hq-c, + Hey—c,, (4.106)
Hos = (@5 +ngVo)2 B cos o, QB + CyVo) Qa
2Cp Ho-c, = c ,  (4.109)
(4.107) 0.0 Qa
2 2 Hoy_o, = 222 (4.110)
P C1-C2 5
How = 58 +or (4.108) 12

where Cp = Cp — C2,/C1 — C2,/Cy, O3t = O3t + C2 /(CE(Cp — C2,/C1 — C2/Cn)),
Ca = C4,/(Ca(Cp — CF, /Cy — CF,/C3)) and, Ciz = Cy,Cy, /(C1C2(C — Cf, /C1 —
C2 /Cy)).

4.3.2 Quantization

We turn now to the second quantization form of the Hamiltonian (4.106) of the circuit.

4.3.2.a Transmon

The Hamiltonian of the qubit is the Cooper pair box Hamiltonian
Hqp = 4Ec(N +ny)* — Ejcos pp, (4.111)

where we define the reduced charge N = Q) p/2e, the charge offset ny, = CyVj/2e and
the charging energy Ec = e2/2Cp. To reduce the charge noise, the qubit is tuned
in the transmon configuration, that is to say in the regime E; > E¢ [110-112]. The
charge dispersion reducing exponentially in E;/FE¢c, while the anharmonicity decreases
algebraically, it is possible to decrease the charge noise sensitivity while sacrifying a small
amount of anharmonicity. In practice, the qubit can become insensitive to charge. Due
to these interesting properties, the transmon qubit is currently used as the main building
block in circuit QED [113].

The energy spectrum can be obtained exactly in terms of Mathieu’s functions. Indeed,
the stationary Schrodinger equation corresponding to the qubit Hamiltonian Hqp

4B (=id, = ny)* = By cos o] v(9) = 0(%), (4.112)
can be solved exactly in terms of Mathieu’s characteristic value
ek(ng) = Ec agn, 41y (—1/402), (4.113)

where A\ = E¢/hwy,.

In the limit E; > E¢, the energy levels and the eigenfunctions can be well approxi-
mated with a first order perturbation theory in A. In this limit, the phase is well defined
at a minimum of the potential energy. The potential term can then be Taylor expanded,
up to fourth order, around ¢p = 0. The transmon behaves like a perturbed harmonic



84 Josephson atom lasing 64.3

Figure 4.12: Exact spectrum e(ng) (green) compared to the first order perturbation
theory result (red) in units of the transition energy £1(0.5) —0(0.5). From left to right,
E;/Ec =1, 5, 10, 50.

oscillator in a quartic potential with a plasma frequency w, = /8EcE/h. Defining the
bosonic canonical annihilation operator b = v/ (go B+ V2N ), we get

E, 4
Hap = hw, (bTb+ 1/2) - (b + bT) . (4.114)
Using a first order perturbation theory in A we find the energy levels

o

en = hwp(n+1/2) — 5

n?+n+1/2). (4.115)
The parameter A corresponds to the anharmonicity of the qubit:
en — En—1 = hwp(1 — nA/2). (4.116)

The comparison between the first order result Eq. (4.115) and the exact one Eq. (4.113) is
plotted in Fig. 4.12. When the Josephson energy is much larger than the charging energy
the spectrum of the lowest levels is ng-independent, rendering the transmon insensitive
to charge fluctuations.

Next we express the charge Qg on the basis of the the eigenstates of the qubit |1,,)
(corresponding to the level €,)

[thn) = |n) + % ((2n+3)\/(n+ Dn+2)n+2)—(2n—1)y/n(n—1)|n—2)

+ i\/(n—k D(n+2)(n+3)(n+4)|n+4) — %\/n(n —1(n—2)(n—3)|n— 4>) :
(4.117)

where |n) are the eigenstates of the unperturbed harmonic oscillator. In the momentum
representation, the eigenvectors read

(6alN) = m (47?) eV (1, (2vAN)

— A 90 4 8) Hyia(2VAN) + 2on(n— 1)(2n — 1) Hy_s(2VAN)

48 12
2 Haa@VAN) = Zon(n — 1)(n — 2)(n — 8) Hya(2VA N>) - (4118)

The charge can then be expressed in terms of the raising and lowering operators of the
qubit eigenstates

oij = |Vi) (Y5l (4.119)
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as follows

o] +o0
N = Z Mij Tijs Nij = / dN N (;|N) (N|;). (4.120)

i,j=0 o

Now we focus only on the first three levels. As a result, only 701 = —i(1—XA/4)/V8\ =
—n1o and 119 = —i(1 — \/4)/2v/ X = —n; are taken into account:
Qs _ __i
2e V8A

At lowest order 715 = V2 701-

[(1 M) (01 — 10) + V2 (1 — A/2) (012 — 021)] - (4.121)

4.3.2.b Cavities

Introducing the two energies Ec, = €2/2C, and EL, = ¢3/2La, the Hamiltonian of the
cavities reads
Q

2
He, = 4Ec, <2Z> + Epopt. (4.122)

Defining the characteristic frequency wy = 1/v/LoaCa = 4vEcoELa/h, and using the
creation and annihilation operators a, and aTa of the cavities

E E
oo = 2iy/ hﬁ"‘ (al —aa),  Qa=—2e hj“ (al + aa), [aa,ag} —1, (4.123)

the Hamiltonian reads

1
He,, = hwa <agaa + 2) : (4.124)

4.3.2.c Coupling terms

The coupling Hamiltonian between the qubit and the cavity is proportional to QpQ,,
which gives rise to couplings between operators o;; and ag ). In the RWA, we keep only
couplings between a qubit lowering operator and a cavity creation operator or a qubit
raising operator with a cavity annihilation operator. This leads to four coupling energies

HQB—Ca = ’L'hgla(d()lbz; — Jloba) + ihgza(dlgbL — ngba), (4.125)

1-)4 & [Ep
figia = V2 =2, 4.126
g \/X CQa hwa ( )
1-)/2 ¢ [Ep,
figoe = 2 \/ . 4.127
92 A Con\ v ( )

If the qubit is sufficiently anharmonic (A not too small) and if the cavity « is in resonance
with the transition |a) — |a — 1), the detuning will reduce the effective couplings gio
and ga1-

The coupling Hamiltonian between the cavities reads

HC _Cy, = h9172(aJ{ + al)(ag + az), h9172 = 4762 %@ (4.128)
e Ci2 V hwy hws

This coupling term being small, it will not be taken into account in the following.

where
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4.3.2.d Pumping

The qubit is pumped coherently from the state |0) to the state |2) with a microwave of
amplitude V' and frequency € in resonance with the transition |0) — |2)

Hp = Vsin(Qt)(op2 + 020)- (4.129)
In the RWA, this Hamiltonian is reduced to
-ty (4.130)

HP = ihE(UOQ eiQt — 090 €

where E' = —V/2h.

4.3.2.e Lindbladian

The Hamiltonian H of the system can be separated in two parts, first the Hamiltonian
of the isolated qubit and the isolated cavities Hy and second the coupling Hamiltonian
and the coherent pumping Hamiltonian Hy,

2 2
Ho=> ejoj+ Y hwaala, (4.131)
7=0 a=1
2 2
H1 = Z Z Z'hgja(O'j_LjCLL — 0’j7j_1aa) + ihE(O’()Q eiQt — 0920 efiQt). (4.132)
j=la=1

In the interaction picture relative to Ho, the Hamiltonian H; reads

2 2

. —iA; iA; . N iA
E E ihgja (aj,l,jage e — g qaq €' J“) + ihE(ogae "2F — 099 e'™F),
j=1la=1

Hi

(4.133)
where we define the detunings between the qubit levels and the cavity modes

V(o) € {1,2} Ajo=wjj1 — Wa (4.134)

as well as between the qubit transition |0) — |2) and the pumping Ap = wey — Q (the
latter will be set to zero in the following).

The dynamics of the system is also affected by the incoherent processes of the qubit
level relaxation and the losses in the cavity. We take into account the non-radiative
relaxation 719 from the level |1) to the level |0), and the damping k, in the cavities. The
corresponding Lindbladian reads

2
K 10
Lp = Z Ea (2“049“& —alaap — Palﬂa) + % (20010010 — 01p — po1) - (4.135)
a=1

The second cavity will be eliminated in the next subsection.
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4.3.3 The Purcell effect

The second cavity has a low quality factor and plays the role of controllable relaxation
rate 7SI for the transition |2) — |1) (and also a relaxation rate 7§51 for the detuned
transition |1) — |0)). The photon number in this cavity remains small compared to unity.
It is possible to express the effective relaxation rate in terms of the frequency ws of the
cavity and its damping rate o within the approach of Ref. [115].

We consider first the situation where the transition |2) — |1) is coupled resonantly
to the second cavity in the absence of pumping. The photon number Ny being small,
we take into account the states |2,n1,0) and |1,n1,1). For integers (k,1) € {0,1}2, we
note og(t) = Tre, {(2 — k,n1, k|p(t)|2 — I, n1,1)}. The evolution equation for the matrix

000(t)
elements R(t) = | 010(t) + 0o1(t) | is then
011(%)
_ 0 —922 0
R(t) = | 2922 —k2/2 —2g22 | - R(t). (4.136)
0 g22 —Ka

If ko > 4go2, the eigenvalues of this system are real and negative. The effective relaxation
time corresponds to the minimum of their absolute value, namely

K 1 443 .
sy = ?2 - 5\/@ o~ % it ko > g22. (4.137)
2

The result ’yggf ~ 493, /K3 constitutes the Purcell effect: a cavity of low quality coupled
to a two-level system is equivalent to a relaxation rate for the two-level transition.

The transition |[1) — |0) is also coupled to the cavity Cy through the coupling en-
ergy hgis and the detuning Aqs. The cavity Cy induce also a non-radiative relaxation for
this transition. To calculate this relaxation rate ﬁoﬂ, we proceed as before with the states
|1,n1,0) and |0, n1, 1) and the matrix elements gy (t) = Tre, {(1 — k,n1, k|p(¢)|1 — I,n1, 1)}
((k,1) € {0,1}?). The matrix elements involved in the dynamics are

000 (1)
o10(t) €212 + 0oy (t) e~iA 12

R(t) = y (Qlo(t) oiliat 001 (1) e—iA12t) and the system becomes
011(1)
0 —9g12 0 0
. . 2912 —% A12 _2912
R(t) = 0 A —%—Ap 0 R(1). (4.138)
0 912 0 —K2

The effective rate then reads

2
g12k2

A3, + (k2/2)2 (13

eff
Y10 =

The second cavity can now be replaced by the effective relaxation rates 7§ and ¢
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Figure 4.13: Photon number as a function of the coupling g;;. The maximum is found
around ¢;; = 10 MHz.

4.3.4 Effective system
4.3.4.a Experimental parameters

The effective system resulting from removing the second cavity is a coherently-pumped
three-level system {|vy), [11),|12)} with a coupling between a high quality cavity and
the transitions |1)1) — |t¢o) and |1p2) — |¢1) (coupling g11 and go1) and with spontaneous
relaxations (rates 7T and ).

Experimentally speaking, the typical transition energies of the transmon are e; —gg =
hx7GHz and e5 —e1 = h x6.5 GHz with quality factors equal to 1 = 60000 for the high
quality cavity (damping rate k1 = 0.73MHz) and Q2 = 100 for the second cavity. The
coupling between the transmon and the second cavity is of the order of goo = 10 MHz
and the transmon can be pumped with an amplitude E /27 = 50 MHz. These parameters
give rise to the relaxation rate ’ygﬁf = 43 MHz and a negligible rate fyfg . The maximum
photon number is then found at g;; ~ 10 MHz from Fig. 4.13.

4.3.4.b Temporal dynamics

When the three-level system is “coherently closed”, that is to say when all transitions can
occur with a coherent pumping or a coherent coupling with the cavity, every elements of
the density matrix are perturbed. In opposition with the case of an incoherently pumped
qubit, the density matrix is not block diagonal. It is then not possible to find a small
closed set of matrix elements that generates the dynamics and the output spectrum.
Numerical calculations are thus slower in this configuration. The temporal evolution of
the photon number is shown in Fig. 4.14 for g;; = 10 MHz.

4.3.4.c Toy model

To evaluate the photon numbers and qubit populations with a simple model we consider
an incoherent pumping I' = E/27. The resulting dynamical equation for the matrix
elements (i, n1,n2|p(t)|j, m1, m2) can be simplified by taking into account only elements
with zero or one photon imbalance between the bra and the ket. After tracing, the
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Figure 4.14: Time evolution of the photon number in the lasing cavity.

following equations for the qubit populations and photon numbers are found
O{oo) = — I{og) + G11((n1) + 1){o1) — G11{n1){o0) + 710{01), (4.140)
Br{o1) =51 ((n2) + 1)(oa) — 751 (na){o1)
= Gui({n1) + 1){o1) + Gi1(n){o0) + Ga1((n1) + 1)(o2) — 710(o1), ( )
i(o2) =T(o0) — 751 ((na) + 1)(02) + 51 (n2)(01) — Gar((m1) + 1)(02), (4.142)
Or(n1) = — k1(n1) + G11((n1) + 1){o1) — Gi1(n1)(o0) + G21({n1) + 1){o2),  ( )
Di(n2) = — Ka(na) + 751 ((n2) + 1){o2) — 151 (na)(o1), (4.144)
where the parameters G1; and G are equal to
4g71 (T + 710) 4971 (351 + 710)
(T u0)? + 447, C eI R

This nonlinear set of differential equations can be solved numerically. The solution for
the parameters of the previous subsection leads to G11 = 304 MHz and G91 = 0.277 MHz.
The temporal evolution of the photon number in each cavity are plotted in Fig. 4.15.

G11 = G21 =

0.05

20| , |

0.04} ,

£ £ 0.03 .

101 g |

0.02} ,

0.01] ,

O 25 5 75 10 O 25 %5 75 1
time (us) time (us)

Figure 4.15: Temporal evolution of the photon number (n1) in the cavity Cy (left) and
the photon number (ng) cavity Cq (right).

The steady state photon number in the cavity C is equal to (n1) = 22, in good
agreement with the solution from the density matrix. The photon number in the cavity
(5 is equal to (ny) = 0.036 much less than unity.
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Conclusion and perspectives

The Lindblad master equations and the quantum regression theorem are powerful tools
to calculate quantum mechanically the time-evolution of the photon number and the
output spectrum of the cavity. The comparison with the experimental results of Ref. [99]
gives access to the typical time-scales of the system. The fully quantum treatment for
a three level artificial atom, based on the density matrix of the whole system, enables
us to understand the validity of the quasiclassical approximations, which do not take
into account all the correlations between the qubit and the cavity. The analysis of two-
photon process will help us to conclude on the nature of the double hot spots observed
experimentally.

The study of the transmon coupled to two cavities ends up with a set of optimal
parameters to observe the lasing effect. The Quantronics group of CEA Saclay will
use them to set up a new experiment. We will carry on collaborating to analyse the
experimental results.



Effet laser avec un atome Josephson

Résumé du chapitre

ORSQU’un qutrit est couplé & une cavité résonnante, il se produit un phénomene d’émission
amplifiée et stimulée de photons, c’est-a-dire un effet laser. La fréquence étant de I'ordre
du gigahertz, on parle de maser. Le qutrit se comporte comme un atome artificiel a trois
niveaux, ce qui rend la description formellement analogue aux expériences d’optique
quantique et a donné naissance au domaine de 1’électrodynamique quantique des cir-
cuits. Nous avons considéré deux systemes : 1'un constitue la premiere observation de
I’effet laser pour un qubit de charge, réalisé au laboratoire Riken de Tokyo, et est basé sur
le cycle de quasiparticule Josephson. Le second tire partie des propriétés du transmon,
lequel est utilisé comme qutrit et est couplé a deux cavités : une de facteur de qualité
élevé qui lase et I'autre avec un temps de vie court qui permet de controler le taux de re-
laxation spontanée par 'effet Purcell. Ce circuit sera réalisé dans le groupe Quantronics
du CEA Saclay. Nous utilisons ’équation maitresse de Lindblad pour obtenir 1’évolution
de la matrice densité du systeme. Cette approche quantique donne acces a I’évolution
temporelle des populations du qutrit et de la cavité ainsi que des corrélations entre les
deux sous-systemes. A Paide du théoreme de régression quantique nous dérivons aussi le
spectre du champ laser généré. Ces résultats numériques sont aussi utilisés pour vérifier

la validité des expressions analytiques obtenues dans ’approximation semi-classique.
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Introduction

HIS chapter is devoted to the study of a bosonic Josephson junction in a quasi-one-
dimensional (quasi-1D) ring trap [116, 117]. This is one of the direction of the current
experiments with ultracold atomic gases. To introduce the system, in a first part we
present the experimental techniques to trap, cool down and probe Bose gases with laser
beams and electromagnetic fields. We then focus more specifically on the quasi-1D
geometry, and review the experimental advances. In the second part of the chapter, we
present the theoretical approaches to deal with 1D bosons, namely the Luttinger liquid
formalism for low energy properties and the exact Bose-Fermi mapping for the Tonks-
Girardeau limit of infinitely repulsive contact interaction. In the last part of the chapter
we concentrate on a 1D ring trap potential. The final aim is to study a Bose Josephson
junction realized by superimposing a localized barrier on the ring. To this purpose,
we study the equilibrium properties of the ring with the barrier and in particular the
one- and two-body correlation functions and the momentum distribution. As the tunnel
among the two sides of the barrier will be introduced as a perturbation, we consider first
the case of an infinite barrier. We find a reduction in the effective Josephson coupling
energy due to quantum fluctuations which depends on the length of the ring and on the
interaction strength.

93
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5.1 Trapping, cooling and probing atoms

With the rapid progress in producing Bose Einstein condensates in the last decade, it is
possible to employ ultra-cold atoms in a large variety of setups (Bose Josephson junctions,
boson-fermion mixtures, atoms in lattices, rotating condensates, effect of disorder. .. ).
However, in all experiments, the first step is to trap and cool atoms. Extremely clean
alkali atoms may be produced by a chemical reaction at high temperature in an oven.
Starting from a thermal gas (~ 800K, 700 m.s~!), alkali atoms are usually pre-cooled to ~
10 uK (10 cm.s~!) with a laser, trapped by magnetic fields, and cooled down to ~ 10 —
100nK (5mm.s~!) with evaporative cooling. Probes are then necessary to observe the
Bose gas and measure its properties. In this section we briefly present these experimental
techniques in the case of a vapor of alkali atoms in three dimensions. A more detailed
treatment can be found in Refs. [33, 34]. The application to one-dimensional quantum
gases will be discussed in Sec. 5.3.

5.1.1 Influence of laser light on an atom
5.1.1.a Radiation pressure

Let us consider two different electronic levels in an atom, namely |1) with energy F;
and |2) with energy Fy > FE;. The atom of mass M is moving with the speed ¥ in
the reference frame of the laboratory. If the electron is initially in the excited state |2),
it relaxes to the level |1) and emits a photon of frequency hv, and momentum Ee. The
lifetime of the excited state is 1 —100ns and the photon is emitted in a random direction.
The energy and momentum conservation leads to [118]

hve = hwy — Erec + hike - 7, (5.1)
with hwy = F9 — F1 and where
h2k2
Eree = IR (5.2)

is the recoil energy due to the emission of the photon. The term hk. - T has its origin in
the Doppler effect. Indeed, if one looks at the moving atom, the frequency of the emitted
photon is higher when the atom comes in one’s direction than when it moves away.
Symmetrically, if the electron is initially in the ground state |1), it can absorb a photon
of frequency hv, and momentum kq, and jump to the level |2). To be absorbed, the
photon frequency needs to satisfy

hvg = hwo + Eree + likq - T. (5.3)

Now we irradiate the atom with a laser beam at the frequency v, above. The atom
will absorb a photon Ea, relax from the excited state and emit a photon Ee, then ab-
sorb another photon Ea, emit a photon l% and so on...The atom performs the cycle of
absorption-emission at a high frequency, basically at 7= ~ 100 MHz. Because photons
are generated by a laser, they all have the same momentum Ea. In particular, they all
have the same direction whereas the emitted photons have the same probability to have
the momentum Ee and the opposite one —Ee. During a time ¢, t/7 cycles occur and the
atoms gain the momentum tT_lhE, equivalent to the so-called radiation pressure

Prog = @ (5.4)

TC
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In the case of Sodium atoms, this pressure is equivalent to an acceleration equal to 10° m.s™
which is 10° times the gravitational acceleration on Earth.

The radiation force is therefore very strong and can be used to slow down atoms. If a
laser beam is placed in front of the exit of the oven in which the alkali vapor is produced,
the radiation pressure is in the direction opposite to the one of the atoms. While the
atoms are slowed down, the frequency v, rises and the frequency of the laser needs to be
increased (another method is presented in Sec. 5.1.2.e¢). With this technique, a thermal
vapor of Sodium atoms at the temperature of 900 K (1km.s~!) can be “stopped” (actually
slowed down to ~ 30 < 103 m.s™!, i.e. 1K) in 1ms on a distance of 50 cm. At these low
velocities, atoms are slow enough to be trapped in a magnetic field.

5.1.1.b Dipole force

In addition to the radiation pressure due to absorption-emission cycles, there is a dipole
force originating from the Stark effect. Indeed, the coupling between the electric field
and the electron-nucleus dipole of the atom induces shifts in the energy levels. In the
dipole approximation and with a second order perturbation theory one can show that a
spatially varying electric field gives rise to a force on an atom

Fiip = go(w) VUE (7, 1)), (5.5)

where « is the polarizability of the atom and the time average is taken because the
frequency w of the laser is much higher than the inverse typical time of the atomic motion.
The force is parallel to the gradient of luminous intensity. In a classical approach, the
polarizability turns out to be

2
a(w) = ——5—+ (5.6)

me(wg —w?)’
Consequently, there are two different behaviors
e If w > wy (blue detuning) the atom is repelled from high luminous intensity regions.

o If w < wp (red detuning) the atom is attracted in high luminous intensity regions.

5.1.1.c Optical traps

By focusing a laser beam it is possible to create a radiation field whose intensity has
a maximum in space. If the frequency of the light is detuned to the red, the dipole
force pushes all atoms at this point. This constitutes the optical trap. Compared to
the magnetic traps described in the following section, optical traps have the advantage
not to depend on the magnetic state of the atom. Optical traps are also used when a
constant magnetic field is needed, because in this situation the magnetic field cannot
trap the atoms. It is particularly important in the context of Feshbach resonances [119].
These resonances have become an important tool in investigations of the basic atomic
physics of cold atoms, and, because they allow to tune the scattering length by adjusting
an external parameter such as the magnetic field [120].

2

i
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5.1.2 Influence of magnetic fields on an atom
5.1.2.a Zeeman effect

Alkali atoms have a simple electronic configuration, characterized by closed shells except
for the outermost, occupied by a single electron. The coupling between the spin of this
electron and the one of the nucleus gives rise to the hyperfine structure of the atom.
When a magnetic field is applied, it couples to the angular momentum of the atom and
breaks the degeneracy of the hyperfine levels. This lift of degeneracy under the influence
of a magnetic field is the Zeeman effect. At first approximation, the levels depend linearly
on the magnetic field B

E; = B} — wiB, (5.7)

where p; is the magnetic moment of the state. The magnetic field thus induces a po-
tential energy —u; B where u; can be positive or negative depending on the state. If
the magnetic field in inhomogeneous, the atoms are spatially trapped in a minimum
of B(7) for states with p; < 0. Because in a region devoid of charges and currents,
the strength of a quasistatic electric or magnetic field can have local minima but not
local maxima [121], the states with a positive magnetic moment cannot be trapped by
a magnetic field. Moreover, an atom moving in a spatially-dependent magnetic field
experience a time-dependent magnetic field that can induce transitions between Zeeman
levels (called Majorana transitions). If a transition from a state with u; < 0 to a state
with p; > 0 occurs, for instance in the case of a spin-flip, the atom is lost. However, the
frequency of the Majorana transitions being of order upB (up is the Bohr magneton),
the trap losses are appreciable in the vicinity of a zero-field point and hence, a node in
the field produces a hole in the trap. A magnetic trap is thus obtained with a magnetic
field having a non-zero minimum.

5.1.2.b Magnetic traps

Most of the magnetic traps used in experiments are based on the quadrupole trap, where
the magnetic field increases linearly in all directions from a zero minimum. It can be
produced by a pair of opposed Helmholtz coils with identical current circulating in the
opposite direction. To plug the hole at the center, one can apply a laser field in the
region of the node in the magnetic field [30]. Indeed, as remarked in the previous section,
the radiation force repels atoms from regions of high electric field at frequencies above
resonance. A blue-detuned laser beam passing through the quadrupole trap centre thus
prevent atoms from approaching the hole.

An alternative way to plug the hole is to superimpose on the quadrupole field a
rotating, spatially-uniform, magnetic field. This is the time-averaged orbiting potential
(TOP) trap [29]. The effect of the oscillating bias field is to move the instantaneous
position of the node in the magnetic field. If the frequency of the bias field is larger than
that of the atomic motions, an atom moves in an effective potential given by the time
average of the instantaneous potential. The important result is that the time-averaged
magnetic field is converted from a linear dependence with zero minimum to a quadratic
dependence with a shifted minimum, and consequently there is no longer a hole in the
trap.

An inhomogeneous magnetic field with a minimum at a non-zero value may be gen-
erated by a configuration based on two Helmholtz coils with additional currents carried
by conductors parallel to the symmetry axis. This trap is commonly referred to as the
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Ioffe-Pritchard trap [122, 123] and has the shape of a “magnetic bottle”. A convenient
feature of this trap is that in the bars it is possible to make field configurations with
different degrees of curvature in the axial and radial directions.

5.1.2.c Magneto-optical trap

In the magneto-optical trap (MOT), trapping is done with a combination of laser beams
and a spatially-varying magnetic field. The basic physical effect is that, because atomic
energy levels depend on the magnetic field, the radiation pressure depends on the po-
sition. With six correctly polarized lasers beam (two counter-propagating beams along
each axis), the radiative force on an atom escaping from the center of the trap is always
towards the origin, where the total radiation pressure vanishes. This schematic model is
however too simple to describe correctly MOTs. Indeed, because of the existence of sev-
eral hyperfine states in alkali atoms, off-resonant transitions occur. It is then necessary
to perform an optical repumping to populate the levels in resonance with the laser field.

Once trapped in the MOT, atoms can be cooled down using the laser cooling technique
based on the Doppler process (described in Sec. 5.1.3.a) or employing the evaporative
cooling technique (described in Sec. 5.1.3.b and implemented in Ref. [124] in the so-called
dark-spot MOT configuration).

5.1.2.d Piercing magnetic traps

Once atoms are trapped, one may want to extract some of them in a controlled way.
For example, in evaporative cooling the hottest atoms are chased away (Sec. 5.1.3.b),
in interference measurements atoms are released from two different parts of the trap
(Sec. 5.1.4.b) and a coherent beam of particle is extracted in an atom laser [125]. We
have seen in Sec. 5.1.2.b that only states with a positive magnetic momentum can be
trapped in a magnetic field. A way to release atoms is thus to change the sign of their
magnetic momentum, for instance with a Majorana transition which produces a spin
flip. Due to the Zeeman effect and to the inhomogeneous magnetic field in the trap,
these transitions depend on the position of the atoms. Let us consider a place where we
want to pierce the trap. This position corresponds to a value of the magnetic field By.
Taking into account the Zeeman effect, one can calculate the energy spectrum of the
atom at By and find a transition that changes the sign of the magnetic moment. Then,
if a radio frequency radiation is sent on the cloud in resonance with this transition, all
atoms subjected to the magnetic field By will escape from the trap. With this technique,
the position of the hole is determined by the radiation frequency.

5.1.2.e Zeeman slower

In Sec. 5.1.1.a we showed that it is possible to slow down an atomic cloud with a laser
beam. Since the Doppler shift of the atomic frequency changes when the atoms are
slowing down, it is necessary to adjust the laser frequency to keep it in resonance. Al-
ternatively, it is possible to use the Zeeman energy shift to compensate the variation of
the Doppler shift so that the atomic frequency does not change. The external magnetic
field is generated from a Zeeman slower, a solenoid with a varying coil thickness. Once
the specific geometry of the Zeeman slower is designed it is possible to slow down atoms
without changing the laser beam frequency.
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5.1.3 Techniques to cool down atoms
5.1.3.a Laser cooling

The laser cooling technique uses the radiation pressure combined with the Doppler effect
to reduce the atoms speed and hence their temperature. Let us consider a gas of trapped
alkali atoms. We shine the cloud with two laser beams having the same frequency w
and the same intensity with opposite directions (we denote them by left and right). The
lasers are tuned to be red-detuned, i.e. w < wp. Suppose now that an atom start moving
to the right. In its reference frame, due to the Doppler effect, the photons coming from
the right have a frequency higher than w (approaching resonance) and the ones coming
from the left have a frequency lower than w (moving away from resonance). The atom
thus absorbs more photons from the right than from the left and the mean momentum
transferred to the atom after many absorption-emission cycles points to the left. As a
consequence, the atom is slowed down. The situation is the same in the opposite direction
and also the same in all the directions if we use six lasers instead of two. The radiation
pressure of the laser beams thus acts as a strong frictional (or viscous) force f x —7
which prevents atoms from moving, like a spoon in a honey pot. The atom gas sticky
with photons is referred to as optical molasses. With laser cooling it is possible to cool
atoms down to 100 uK.

To reach lower temperatures more subtle techniques can be used, such as the Sisyphus
cooling [126] or the sub-recoil cooling [127]. The evaporative cooling remains the more
commonly used in experiments, and can cool down atoms below the nanoKelvin.

5.1.3.b Evaporative cooling

The temperature reached by laser cooling are impressively low, but they are not low
enough to produce Bose Einstein condensation in gases at densities that are realizable
experimentally. In the experiments performed to date, Bose Einstein condensation of
alkali gases is achieved by using evaporative cooling after laser cooling. The basic physical
effect in evaporative cooling is that, if particles escaping from a system have an energy
higher than the average energy of the particle in the system, the remaining particles
thermalize to a lower energy through two-body collisions, and hence are cooled [128].
This technique appropriates the natural reaction to blow on the soup to cool it down.
Evaporative cooling starts by piercing a hole in a magnetic trap away from the centre,
at an energy Fevap. Experimentally, one can make a hole in a magnetic trap by applying
a radio-frequency radiation that changes the sign of the magnetic momentum, thereby
expelling the atom from the trap, as described in Sec. 5.1.2.d. To go out of the trap,
atoms need to have a kinetic energy higher than FEeyap to reach the hole. After many
scattering events, most of the atoms with a temperature T > Eqyap/kp are out. As atoms
are lost from the trap and cooling proceeds, the frequency is steadily adjusted to allow
loss of atoms with lower and lower energy [129]. With the evaporative cooling technique
it is possible to cool atoms below 500 pK [130].

5.1.4 Probes for cold atoms

Cold gases of alkali atoms are dilute, neutral and metastable. With these peculiarities,
usual techniques of low temperature physics cannot be used and new methods have to
be developed to probe these systems. Here we present some of the techniques commonly
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Figure 5.1: Left panel: Time-of-flight expansion of a Bose condensate. Absorption im-
ages were taken after a variable delay time from the release. The earliest images show
the pencil-like shape of the initial cloud. When the cloud has expanded to many times
its original size, such time-of-flight images represent the velocity distribution of the re-
leased cloud, from Ref. [132]. Right panel: Direct observation of the formation of a
Bose-Einstein condensate using dispersive light scattering (phase contrast images). The
intensity of the scattered light is a measure of the density of atoms (integrated along the
line-of-sight), from Ref. [131].

used in experiments.

5.1.4.a Laser light absorption, time-of-flight technique and in-situ imaging

A first possibility to measure the density profile is absorption imaging. The cold gas is
shone with a laser beam in resonance with an atomic transition. The higher the density,
the more the photons are absorbed. The examination of the absorption profile thus
gives direct information on the density distribution of the atomic cloud. More precisely,
one obtains the integrated density over the direction of the beam light. The major
disadvantage of this technique is that it is destructive.

If the Bose gas is released from the trap before imaging, the cloud freely expands and
after a sufficiently long time the density profile becomes proportional to the momentum
distribution of the cloud before the expansion [37]. This exact correspondence between
velocity and coordinate-space distributions is true for an ideal gas, which is a good
approximation for experimental clouds after expansion. The expansion also improves the
spatial resolution of the measurement. Experimental density profile results are presented
on Figs. 1.10 and 5.1.

A second imaging technique is the in situ imaging. It exploits the fact that the
refractive index of the gas depends on its density, and hence the optical path length is
changed by the medium. These changes in optical path can be converted into intensity
variations if an off-resonance light beam passes through the cloud and then interferes
with a reference beam [131]. This method is almost non-destructive and can be used to
observe the time evolution of a cloud (see Fig. 5.1).
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Figure 5.2: Interference pattern of matter-
wave beams emitted from two spatially sep-
arated regions of a trapped Bose gas, from
Ref. [133]. For a temperature well be-
low T,, the spatially uniform phase of the
condensate results in a high-contrast inter-
ference pattern (¢). When the tempera-
ture is increased to just below T, the con-
trast of the interference pattern is reduced
(b), and it vanishes completely for temper-
atures above T, (a).
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Figure 5.3: Shown is the visibility of a mat-
ter wave interference pattern originating
from two regions separated by Az inside a
trapped cloud. By shock cooling the gas is
prepared in a highly nonequilibrium state
and then relaxes towards thermal equilib-
rium. Initially the correlations are short
ranged and thermal-like. The onset of
Bose-Einstein condensation is marked by
the appearance of long-range order, from
Ref. [134].

5.1.4.b Interference methods

The phase coherence of a cold gas can be measured with an interference experiment. The
cloud is initially trapped with a magnetic field and two holes are performed in the trap.
The two holes are created with two radiofrequency radiations, as described in Sec. 5.1.2.d.
Once released, the two matter waves originating from two different locations in the atom
trap interfere with each other. The resulting interference pattern can be measured with
a single atom counter. The visibility being proportional to the one-body density matrix,
it gives a direct access to the phase-phase correlations of the cloud and its temporal
evolution uncovers the formation of long-range order [133, 134] (see Figs. 5.2 and 5.3).

5.1.4.c Scattering methods

The inelastic scattering method gives access to the dynamic structure factor, which char-
acterizes the dynamic behavior of quantum many-body systems. The dynamic structure
factor is the Fourier transform of the density-density correlation function (see Sec. 5.4.6).
In a two-photon Bragg scattering experiment, the atomic cloud is exposed to two de-
tuned laser beams. Atoms can undergo a stimulated light scattering event by absorbing
a photon from one of the beams and emitting a photon into the other. After exposure
to these laser beam, the response of the system can be measure using a time-of-flight
experiment by determining the net momentum transferred to the gas [37]. This method
was used e.g. in the experiments of Refs. [135, 136].
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Figure 5.4: Dispersion relation of a free particle in the longitudinal direction of an
elongated confining potential with L, = 10L,. Transverse motion is frozen in the
transverse ground state n, = n, = 1 if the temperature is smaller than AFE .

5.2 Quantum systems in one-dimension

5.2.1 Confinement to 1D

The real world being three-dimensional, to obtain a one-dimensional system one needs to
freeze two spatial degrees of freedom. In the case of quantum particles, this is achieved
with confining potentials. Let us take the simple example of a free particle confined to
a parallelepipedic box (lengths L., L, and L;). Due to the boundary conditions, the
energy levels are quantized and characterized by three quantum numbers n;, n, and n.:

7_,_79_}_73
vt

22 [n2  n2 2
_ hEm [nw n ’ (5.8)
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where M is the mass of the particle and n; is a non-zero integer. Suppose now that the box
is elongated in the x direction (L, = L y>Ly=L,=1L 1). Starting from the ground

2 h2
state energy FEj 1.1, the particle needs to gain the energy AE, = AL to reach the
4
. 3r2h? . -
first transverse excited state and the energy AE, = M IZ to gain the first longitudinal
//

excited state. The confining potential of this elongated box yields AE, > AE,. It is
then straightforward to see that if the maximal available energy for the particle (e.g.
from thermal agitation) is less than AE |, the transverse degrees of freedom are frozen
in the transverse ground state and the particle is constraint to a one-dimensional motion
in the longitudinal direction, as depicted in Fig. 5.4. In the case of a Bose gas, one-
dimensionality is achieved if the temperature and the chemical potential are smaller
than AF|. In experiments, Bose gases are usually confined to the minima of a 2D
optical lattice [137-139]. In condensed-matter systems, one-dimensionality is obtained
e.g. in quantum wires [140] and carbon nanotubes [141].

The possibility to create one-dimensional quantum systems offers the possibility to
explore a novel physics [142]. Indeed, in a one-dimensional system, any individual motion
is converted into a collective one because a moving particle cannot spare its neighbors.
This peculiarity enhances the effect of interactions between particles and also strengthens
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Figure 5.5: A Bose gas behaves as a quasi-condensate in the case of nearly free bosons
(small interaction strength g) and as a Tonks-Girardeau gas in the case of impenetrable
bosons (infinite hard-core repulsion). The low energy physics between these two limiting
cases can be described within the Luttinger liquid formalism where the compressibility
of the fluid K goes from K = 1 for the Tonks gas to K = oo for the ideal Bose gas.

the role of quantum fluctuations. As a consequence, from the limit of free bosons to that
of impenetrable bosons, there exists a rich variety of interesting behaviors.

5.2.2 Interaction strength: from quasi-condensates to Tonks-Girardeau
gases

As we have seen in Sec. 1.4, two-body collisions in a dilute Bose gas are modeled with
a hard-core pseudopotential Vin () = gsp d(7) where gsp = 4nh%ag/m is the interaction
strength in a three dimensional gas. The presence of a transverse external confinement
changes the interaction strength between bosons. Indeed, for a harmonic confining po-
tential with the transverse “frequency” w, the size of the ground state of the transverse
Hamiltonian is a; = y/2h/mw . The one-dimensional scattering length is given by [143]

2
=—(C——-1 5.9
aw = 5 (22 -1). 5:9)
where C >~ 1.460. .., and the effective interaction strength of the confined bosons is
1 as -t
9=93D 5 (16) . (5.10)
Tay a |

Let us consider the state of the system as the one-dimensional interaction strength ¢
goes from g = 0 for free bosons to g = oo in the case of impenetrable bosons (see Fig. 5.5).
The regime of weak interactions induces phase fluctuations and the gas enters the regime
of quasi-condensates [144]. The physical picture of this regime consists of many conden-
sates with slightly different phases [145]. In the opposite limit of strong interactions, the
so-called Tonks-Girardeau regime, the interaction mimics Pauli’s exclusion principle and
bosons behave in many senses like fermions [146]. In a quasi-1D geometry, the phase
coherence properties of the gas are therefore drastically changed with respect to their 3D
counterparts.

To describe one-dimensional systems there are various methods. The Tonks-Girardeau
gas is integrable and can be solved exactly through a mapping onto a gas of free fermions
(see Sec. 5.2.5). In the case of homogeneous systems, one can solve the 1D Bose gas with
arbitrary contact interaction strength exactly with the Bethe ansatz [147]. The thermo-
dynamic limit was solved by Elliott H. Lieb and Werner Liniger [148, 149]. The case of
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arbitrary interaction and external confinement can be treated only by numerical meth-
ods. Finally, if one is interested in the low-energy properties of a one-dimensional Bose
gas, the Luttinger liquid approach is a powerful method to calculate correlators. In the
following, we will introduce the Luttinger liquid formalism and use it to describe a Bose
Josephson junction in a one-dimensional ring trap.

5.2.3 Luttinger-liquid description for bosonic field operators

In this section we consider a one-dimensional system of length L containing N particles
with arbitrary boundary conditions and construct the field operators of the gas. We start

with the density operator
N

ple) = b(a — ;). (5.11)

J=1

where x; is the position of the 4™ particle and introduce a “labeling” field ©(z) which
takes the value ©(z;) = jm at the position x;. Using the properties of the delta function
and Poisson’s formula, we get

p(z) = fa O(z Z e?mi®() (5.12)

m=—0oQ

The leading contribution 9,0 (z)/m of p(z) describes long wavelength fluctuations around
the mean density pg = N/L. We introduce the long wavelength density fluctuations
operator

M(r) = -0,0(x)  po (5.13)

and the final form of the density operator then reads

p(z) = (po + T(x Z ?mi(z) (5.14)

m=—00

We can then write the single-particle creation operator ¥'(z) in terms of the density
operator p(z) = UT(x)¥(z) and a phase operator ¢(z)

Uf(z) = /p(x) e @), (5.15)

Although the bosonic or fermionic nature of the particles does not enter into account
in the definition of the density operator, their fundamental differences show up in the
commutation rule satisfied by ¥(z). In the following we focus on the case of bosons, for
which the commutation relation reads

[\m«), \w(x/)} = 5(zx — ). (5.16)
At the level of the fields ¢(x) and II(z), a sufficient condition to satisfy the previous rule
is

[(z), ¢p(a")] = i6(z — 2'). (5.17)

Next, using Fermi’s trick

x) —nm) =A6(O(x) — nm), (5.18)
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where A is a constant that depends on the way the high energy fluctuations are cut off,
we can rewrite the square of the density operator. The bosonic creation field operators
finally reads

+o0
Ul(z) = Ay/po +II(x) Y &m0 i), (5.19)
m=—oo
The derivation of the bosonic field operators shows that the bosonic gas can be described

with two fields, namely the field O(x) that reflects the density fluctuations and the
field ¢(z) that conveys the phase fluctuations®.

5.2.4 Low-energy Hamiltonian

The general Hamiltonian of bosons interacting with a hard core potential reads

2 L L
H = ;n/o de\I/T(x)V\If(w)—i—g/O da p2 (). (5.21)

We are interested in the low energy description of the system. In this perspective we
will keep only the leading terms in the two parts of the general Hamiltonian (5.21) in
terms of the fields ¢(z) and

0(x) = O(z) — mpoz. (5.22)
At lowest order, VU (2)V¥(2) =~ po(Vo(x))? and p?(z) =~ (po + II(z))2. We obtain the
Luttinger liquid Hamiltonian [150, 151]

hog

H:27r

Ld K (V 2. L vo)? 5.23
| e |1 (ot + e (w00 (5.23)

where K is the Luttinger parameter and v, the sound velocity. The parameters K and vg
can be extracted from the Bethe-ansatz solution and expressed in terms of the reduced
interaction strength s = mg/h?pg and the Fermi velocity vy = Ampg/m. The asymptotic
results in the weak coupling regime » < 1 are

Ko % <1 ~ \2/f> o (5.24) V7 (1 ~ ﬁ>1/2 ., (5.25)

Vg = Vp——
s T 2

and in the strong coupling regime s > 1 they read

4

K=1+2, (5.26) vy = vp <1 - % . (5.27)
The various regimes are presented on Fig. 5.6. To obtain the Hamiltonian (5.23) we
have kept only the leading contribution from the field operators. The higher order terms
will not change the form of the Hamiltonian but only renormalize the coefficients vg
and K (see Ref. [142] for more details). The low-energy physics of the Bose gas is thus
governed by a quadratic Hamiltonian with a linear excitation spectrum w(k) = vgk and
is described with the two parameters vg and K which depend on g and pg.

"When the particle obeys the fermionic statistics, the commutation rule (5.16) reads
[\I/F(m),\I/fF(m’)} = §(z — z'), where [, ]+ is an anticommutator ([A, B]+ = AB + BA). The cor-
+

responding fermionic creation operator can be expressed in terms of the fields II(z), O(x) and ¢(x) as
follows

—+oo
Uh(z) = Av/po +1I(z) Y eBmHDieE) gmiol@), (5.20)

m=—0oo
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Figure 5.6: Luttinger parameter K and sound velocity vg (in units of the Fermi velocity
vr) as a function of the dimensionless coupling strength s = mg/h?pg. The dashed and
dotted lines correspond to the asymptotic results for small and large coupling respectively.
In the Tonks-Girardeau gas, the infinitely strong repulsive interaction between bosons
mimics the Pauli exclusion principle and the sound velocity is close to the Fermi velocity.
In the quasi-condensate limit, phase fluctuations are small and the sound velocity is
strongly suppressed.

5.2.5 Exact description in the Tonks-Girardeau limit

In the limit of infinitely strong repulsion between the bosons, which corresponds to the
value K =1 for the Luttinger liquid parameter, an exact solution exists for the bosonic
many-body wavefunction ¢ (x1,...zx) (in first quantization).

The solution, due to Marvin D. Girardeau [146], is obtained by mapping the bosons
onto a gas of noninteracting, spin-polarized fermions subject to the same external po-
tential. The bosonic many-body wavefunction (1, ...xx) is then obtained in terms of
the fermionic one as

v(x1,..xny) = A(z1, ...xn)Vp(z1...2N), (5.28)

where the mapping function A(x1,...xnx) = Hi<j<e<nsgn(z; — x,) ensures the proper
symmetry under exchange of two bosons. The fermionic wavefunction is given by

Yp(zy, ..an) = (1/VN!) det{w;(x1)} jk=1. N, (5.29)

1 (x) being the single particle orbitals for the given external potential. Note that ¢ van-
ishes every time two particles meet as required by Pauli’s principle, and hence describes
well the impenetrability condition g — oo for the bosons.

As a consequence of the Bose-Fermi mapping, all the bosonic properties which do not
depend on the sign of the many-body wavefunction coincide with the corresponding ones
of the mapped Fermi gas. This is the case e.g. for the particle density profile and for the
density-density correlation function. Other properties like the one-body density matrix
and the momentum distribution are instead markedly different for bosons as compared
to fermions. In particular, the calculation of the one-body density matrix requires in
principle the calculation of a (N-1)-dimensional integral, which is known to simplify in
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some cases. Examples are the homogeneous gas with periodic boundary conditions [152]
or the case of a harmonic confinement [153].

In the following, we will use the exact results for the Tonks-Girardeau gas to compare
them with our results and also to fix the non universal parameters of the theory.

5.3 Omne-dimensional trapping potentials for bosons

There are two kinds of trap to confine a Bose gas to one dimension: the cigar shape
potential and the ring shape potential.

5.3.1 Cigar-shape potential

The cigar shape potential is an elongated potential in a particular direction. This one-
dimensional trap can be obtained from a three dimensional magnetic harmonic trap
with a transverse trapping frequency higher than the temperature and if necessary the
characteristic energy of interactions. A common way to generate these magnetic fields
is to use atom chips, where electric and magnetic fields are created by microscopic wires
and electrodes micro-fabricated on a carrier substrate [154]. The precision and robust
alignment of the fabricated structures allow well controlled quantum manipulations of
ultracold neutral atoms (see Fig 5.7).

In the limit of weak interactions, the phase fluctuations [155] as well as the density
fluctuations [156] are measured using time-of-flight and in-situ absorption imaging. Finite
temperature experiments are performed to study the thermodynamics [157] and the
thermalization of the gas [158]. It is possible to superimpose a periodic optical lattice
onto the harmonic confinement and then study the resulting dynamics for bosons in
the Tonks-Girardeau regime. With this setup, one can observe the damping of dipole
oscillations [159] and the transition from a superfluid to a Mott insulator [137]. A random
magnetic potential can also be added to analyse the effect of disorder [160].

The one-dimensional gas can be cut into two with a radiofrequency field. Phase
fluctuations are then measured with absorption imaging [161]. With this geometry, it is
possible to study the relative phase fluctuations [162], the Josephson oscillations between
the two systems [163], the excitation spectrum of the coupled condensates [164] and the
loss of coherence between the two separated gases [165].

Cigar-shaped trapping potentials can also be obtained with optical lattices, by su-
perimposing two orthogonal standing waves (see Fig 5.8 and Ref. [166]). In this config-
uration, one can obtain an array of one dimensional tubes. By varying the tunneling
strength between the tubes, it is possible to study the transition between one and two
dimensional systems [167].

5.3.2 Ring-shape potential

The possibility to study Bose-Einstein condensates confined to ring traps constitutes one
of the frontiers of the experimental progress with ultracold atomic gases [138, 139]. The
nontrivial topology of these traps together with the uniformity of the potential along
the ring circumference makes them an ideal system for investigating persistent currents
and superfluid properties of the gas. There are various techniques to generate ring shape
potentials, namely with coaxial circular electromagnets [168], using the superposition of
a magnetic trapping field with a standing wave [169], or with a blue-detuned laser beam
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Figure 5.7: A single 1D quasi-condensate is
phase coherently split into two parts sepa-
rated using radiofrequency potentials on an
atom chip. After the separation, the sys-
tem is released from the trap and the re-

Figure 5.8:
formed by superimposing two orthogonal

Optical lattice potentials
standing waves. Atoms are confined to
an array of tightly confining 1D potential
tubes, from Ref. [166]

sulting interference pattern is imaged onto
a CCD camera, from Ref. [161].

to make a repulsive potential barrier in the middle of a harmonic magnetic trap [170].
The resulting size of the ring is of the order of the millimeter (0.5 — 3mm). Atoms are
cooled down to ~ 10 uK with evaporative cooling. Measurements of the density profile
and the momentum distribution are performed with the time-of-flight technique (see
Figs. 5.9 and 5.10). Interference methods to measure the two points phase correlations
have not been implemented on such traps yet.

5.4 Bosons in a quasi-one-dimensional ring trap with a lo-
calized infinite barrier

In this section we use the Luttinger-liquid approach to study the static properties of a
Bose gas confined to a quasi one-dimensional ring trap which contains an infinite localized
repulsive potential barrier. For the one-body density-matrix we obtain different power-
law decays depending on the location of the probe points with respect to the position of
the barrier. Using a regularized harmonic-fluid approach we also calculate the subleading
corrections due to the density fluctuations in the thermodynamic limit. We evaluate the
particle density profile as well as the density-density correlation function and show that
the presence of the barrier induces Friedel oscillations of the density. This section is
based on our papers [116, 117].

5.4.1 Mode expansion of the Luttinger fields with open boundary con-
ditions

We consider a Bose gas confined to a quasi-one-dimensional ring trap containing a lo-
calized repulsive potential which creates a “weak link” connecting the two ends of the
loop (see Fig. 5.11), a situation that may be viewed as a realization of a Bose-Josephson
junction [116]. We start by considering the case of an infinitely high barrier, which cor-
responds to a ring with open boundary conditions. In Sec. 5.5 we will treat the case of
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a large, finite barrier by considering the tunneling among the two sides of the barrier as
a perturbation.

In order to evaluate the first- and second-order correlation functions for the bosons
on the ring junction, we derive here the expansion of the fields II(x) = VO(x)/7 and ¢(z)
in terms of the canonical bosonic annihilation and creation operators by and b;rc satisfying
the commutation relations [bk,bz,] = 0y . Specifically, we expand the operators ¢(z)
and II(x) in Fourier modes for z € [0, L]:

+o0o

d)(x) = Z [qu eiijbkj + ¢;< e—ikﬂsz} , (5.30)
j=—o00
+o0o ' ‘
H(;c) — Z [Hj ezijbkj + H;f e—zijb};j} , (5_31)
j=—00

where we have set k; = %’ij . The constant p and the complex coefficients ¢; and II;
are determined by imposing three constraints:

i. Commutation rule [II(z), ¢(z’)] = i d(x — ).

ii. Reduction of the Hamiltonian to the diagonal form

1
H=> ho, [bijkj + 5} . (5.32)

k;

iii. Boundary conditions. The open boundary conditions imply vanishing current den-
sity, i.e. Vo(0) = Vo(L) = 0, VII(0) = VII(L) = 0.

In order to take into account that we are using an approximate, long wavelength theory,
we introduce a short distance cutoff a ~ pp~! in the sum over the modes. The final result
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Figure 5.11: Sketch of the Bose-Josephson junction on a ring studied in this work and
the corresponding trap.

reads
o(x) = Z cos(mjz/L) e~ 3 [bkj +sz], (5.33)
:1
\/> o0
I(x) =1y + 1 i Z jcos(mjz/L) e 3L [bkj - bL]} , (5.34)
the latter implying
0(x) = mllpx + Z\/>Z — sm (mjz/L) e 5 [bkj - b;j] , (5.35)

where k; = 7j/L (p = 1/2). The zero mode Iy is directly related to the particle number
operator through normalization: IIp = (N — Np)/L where Ny = (N) = poL. It is
conjugate to the zero-mode phase operator ¢g such that [Ty, 9] = i. Using this fact,
one can explicitly check the commutation rule between 6(z) and ¢(2’) from the mode
expansions (5.33) and (5.35); it turns out to be [#(x), ¢(2’)] = it Z(x — 2’), where = is
the unit step function, consistent with Eq. (5.17). Finally, inspection of the resulting
diagonalized form of the Hamiltonian yields the linear dispersion relation

wy,; = vsk; = jmvs/L, (5.36)

for the modes.

5.4.2 One-body density matrix for a finite ring

In this section we focus on the contribution from phase fluctuations of the one-body
density matrix with the aim of analyzing the differences with respect to the case of an
infinite system, as well as to the case of a ring in the absence of the barrier.

The one-body density matrix, defined as

G(z,7') = <xpf(x)\p(m')>, (5.37)

yields a measure of the coherence along the ring. It is possible to measure the one-
body density matrix and off-diagonal long range order experimentally by measuring the
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interference pattern of atomic matter waves coming from two holes in the trap (see e.g.
Ref. [134] for the case of a cigar-shaped 3D Bose gas). According to Eq. (5.19) the
bosonic field operator has three contributions:

i. The phase ¢(z).
ii. The density fluctuation II(x).
iii. The higher harmonics of order 2m#(z) of the density.

The most important contribution to the one-body density matrix at large distances is
the one due to the phase fluctuations which correspond to the lowest-energy modes of
the bosonic fluid in the ring (see e.g. Refs. [142, 145]), while the two latter contributions
give rise to subleading corrections which will be analyzed further in the next subsections.

To lowest order we approximate the bosonic field operator (5.19) as ¥(z) ~ A,/pg *@);
the problem then reduces to the computation of the quantum average

Go(z, ') = | A po (e 0@ eio(@)y (5.38)
Since the Luttinger-liquid Hamiltonian (5.23) is quadratic in the field ¢(x) we immedi-
ately obtain Go(z,2') = |A|?po exp (—% <[gb(ac) — gb(ac’)]2>). The phase-phase correlation
function is evaluated with the help of the mode expansion (5.33)
1
(p(x)p(x)) = ~1K In[(7/L)* (a® + d*(z — 2'|2L)) (a® + d*(x + 2/|2L))] ., (5.39)
d(z|L) = L|sin(mx/L)|/m being the cord function. This leads to
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Go(w, 2) = poboo [a? + d?(x — 2'|2L)] [a? + d?(x + 2'|2L)] ’ (5.40)
where we have introduced the nonuniversal constant byg = |A|2(p0a)§. The above

expression (5.40) yields the leading-order term for the one-body density matrix at large
distances. By taking the limit a — 0 we recover the result obtained in Ref. [171] using
the methods of conformal field theory.

If the distance among z and z’ is large compared to the cutoff length a, the one-body
density matrix displays a power-law decay of the form Gy(x,2’) o< |x — 2|77, where the
exponent v can be derived from the expression (5.40), and in particular depends on the
location of the probed points [171]. Indeed, if the two points are away from the edges one

finds v = K which corresponds to the result obtained in the thermodynamic limit [150]

1
whereas if they approach the edges (i.e. x < a and L — 2’ < a) the exponent is v = s

result known in the context of quantum phase fluctuations in a 1D superconducting wire
of length L [172]. In the case where one point is at one edge and the other in the bulk

we obtain v = K These three different behaviors are illustrated in Fig. 5.12, where we

plot the one-body density matrix Go(z,z’) as a function of 2’ for various choices of the
probe point x. In the same figure we display also the behavior for a homogeneous ring
in absence of the barrier, obtained by a procedure analogous to the one outlined above,

1
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a? + d?(xz — 2'|L) (541)
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Figure 5.12: Leftmost and middle panels: one-body density matrix in logarithmic scale
(arbitrary units) as a function of the coordinate z’ (in units of the ring circumference
L) for various choices of the coordinate x with respect to the position of the barrier,
located at * = 0: top panel z ~ 0, middle panel x = L/2. Rightmost panel: one-body
density matrix in logarithmic scale (arbitrary units) taken at x ~ 0 and 2/ ~ L as a
function of the length L of the ring (in units of the average interparticle distance a). In
each panel we plot three values of the parameter K (from bottom to top K =1, K =2
and K = 4); the solid lines correspond to the results from Eq. (5.40) and the dashed
lines are the solution (5.41) for a homogeneous ring (periodic boundary conditions). The
dotted line in the leftmost panel is the exact solution for a Tonks-Girardeau gas in the
thermodynamic limit. The linear behavior of Gy in logarithmic scale corresponds to the
predicted power law decays with various exponents v (leftmost panel, v = 1/2K, middle
panel v = 3/4K and rightmost panel v = 1/K).

Note that, as the coordinate 2’ runs along the ring, in the presence of the barrier the
coherence decreases monotonically, while if the barrier is absent coherence is recovered
as x’ approaches L — x.

The different power-law behaviors are in principle observable for a quasi-1D Bose gas
in a ring trap geometry; it is required to have a high barrier well localized on a length
scale a.

5.4.3 Regularized harmonic fluid approach in the thermodynamic limit

The contribution from the phase fluctuations to the one-body density matrix gives rise
to a power-law decay which depends only on the Luttinger parameter. In this section
we take into account the contribution from density fluctuations to the one-body density
matrix in the thermodynamic limit, that is to say for an infinitely long ring containing
an infinite number of bosons but with a finite mean density: N — oo, L — oo and
po = N/L finite.

The full calculation of the one-body density matrix for the 1D interacting Bose gas
has a long history, and we start by mentioning the known results. In the Tonks-Girardeau
limit where the exact many-body wavefunction is known by means of a mapping onto a
gas of spinless fermions [146, 173], the problem reduces to the evaluation of a (N — 1)-
dimensional integral. This mathematical challenge has been addressed first by Andrew
Lenard [174], and by several subsequent works (see e.g. Refs. [175-178]). The main
result is the evaluation of the large-distance behavior of the one-body density matrix in
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the form of a series expansion (from Ref. [178]),

g6 () = Popoc 4 11 lcos(2z) 3 sin(2z) n 33 1 | 93 cos(2z)
|2|1/2 3222 8 22 16 23 2048 24 256 24 Y

(5.42)

where the constant p., and the coefficients have been calculated exactly. In Eq. (5.42)

and in the following we express the one-body density matrix as a function of the scaled

relative coordinate z = wpg(z — ).

For the case of arbitrary interaction strength, the calculation of the correlation functions

remains a challenge (see e.g. Ref. [179]), although the model of bosons with contact

repulsive interactions is integrable by the Bethe-Ansatz technique [148, 149]. The power-

law decay at large distances can be inferred using a harmonic-fluid approach [150, 151,

180-183]. The resulting structure for the large-distance series of the one-body density

matrix reads (from Refs. [150, 151])

LL cos(2mz)
g |1/2KZ m 2m2K ’ (5.43)

where the coefficients B,,, are nonuniversal and cannot be obtained by the harmonic-
fluid approach. By noticing that the harmonic-fluid approach is valid also in the Tonks-
Girardeau regime and corresponds to the case of Luttinger parameter K = 1, one can
directly compare the predictions of the two methods. Specifically, this comparison shows
that the structure of Eq. (5.42) is richer than that of Eq. (5.43) obtained by the standard
harmonic-fluid approach.

The one-body density matrix is obtained from averaging the bosonic field opera-
tor (5.19) with respect to the quadratic low-energy Hamiltonian (5.23). We will keep to
full dependence of the space cutoff a and take into account the presence of the long-range
density fluctuations p(z). This constitutes the generalized harmonic-fluid approach. The
general expression of the one-body density matrix is then

g({L‘, IL‘/) _ ‘A‘Q Z <[PO + H(l’)]1/2 ei2m®(m)e—iqﬁ(m)eid)(x’)e—z?m’@(ac’)[po + H(IE’)]1/2>,
(m,m’)€Z?
(5.44)
where the only nonvanishing leading terms satisfy m = m' [142].

In order to display its dependence only on differences between fields, we re-write the
central term as

i2mO(z) i) yid(') 4 —i2mO(a') _ (i2m(O(z)~O(z’))~i((x)~b(z"))

em[@(z)-l-e(x/)a(b(x)_‘]ﬁ(x/)} (545)

9

where the commutator between the § and ¢ fields is computed in Eq. (5.51) below. We
then perform a series expansion of the square root terms [1 4 II/po]'/? in the one-body
density matrix. We define X = II(x)/po, Y = II(z')/po, and Z = i2m(0(x) — 0(x')) —

i(p(x)—p(2')). Using the fact that the fields X, Y and Z are Gaussian with zero average,
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we obtain from Wick’s theorem

oo min(k,l)

172 )1(21)!
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(X2) 5 (Y2 F (XYY Hk]<<XZ>) HH(W> (5.46)

(V202 j1(k — )I(1 — j)! 2(X2) 277

where H,,(z) are the Hermite polynomials. To second order in X and Y Eq. (5.46) reads

(VIFX AVIFY) = b @) [1 5 (XZ) +(27))
- é (X% + (V%) — 2(XY)) - é (XZ) - (ZY>)2] . (5.47)

Main expression (5.46), detailed in appendix D, requires then the calculation of the
various two-point correlation functions involving the three fields X, Y, and Z. All of
them can be obtained from the following correlators in the thermodynamic limit

N / 1 /
(p(@)p(a) = (n/L)*(Jj)za’ = = Clx = 2), (5.48)
0(2)0(2")) = 7> (M2 wa’ — gln C(z — 1), (5.49)
, 1 1 — e—2ma/L—i2r(z—a')/L
<9(CL')(,D($ )> - 1 In 1 — e—27a/L+i2m(z—a’)/L |’ (550)
[0(x), p(2)] = i%(ﬂf — ') +2(0(x) (")), (5.51)

where C(z) = 1—2cos(2rz/L) e >Z +e*T . In the thermodynamic limit, the boundary
conditions do not enter into account and for convenience we have used the case of periodic
boundary conditions to derive the preceding correlators. Notice that the effect of the
zero-modes Il and Jy is absent in the thermodynamic limit, because it scales as 1/L.
We are now in a position to calculate the correlators between the fields X, Y, and Z in
the thermodynamic limit. Using Egs. (5.48)—(5.50) we have

042 &—I—Km2
exp((Z2)/2) ~ <Z2+042> (5.52)
(XZ) = (Z2Y) ~ ;a w (5.53)
K o?—22
(XY) ~ ST (5.54)
K
(X% = (Y?) ~ 207" (5.55)

where o = mppa. Similarly, the commutator in Eq. (5.45) is obtained from Eq. (5.51) as

exp (m [0(z) + 0(2'), p(z) — @(a)]) ~ (a — zz) (5.56)

a+1z
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Figure 5.13: One-body density matrix in the Tonks-Girardeau limit K = 1 in units
of popeo as a function of the scaled relative coordinate z = mpo(z — 2’) (dimensionless).
The result of the generalized harmonic-fluid approximation Eq. (5.58) obtained without
taking into account the effect of the field II(z) (solid line) is compared to the exact
result Eq. (5.42) (dashed line) and to the usual harmonic-fluid approximation Eq. (5.43)
(dotted line), with By = 1, By = —1/2 and By,~1 = 0. The value chosen for the cutoff
parameter is o = 1/2. The inset shows the subleading behavior z'/2G(z) of the one-body
density matrix in the same notations and units as in the main graph.

The series expansion in II/py is valid for small fluctuations of the field II(z) compared
to the average density po, v/(X?) <1 i.e. for o 2 1/K/2. By combining the previous
equations we obtain the final result for the one-body density matrix, finding the structure:

o /
_ PoPo cos 2mz b,
o0 = {8 |1+ 3 o 30 (S )
n=0
sin(2mz) (= ¢
n
r> e (S k)] 657
n=0
. PoPoo do d04 cos(2z) cos(2z) sin(2z)
- |Zl/2K[ 22 A +di 22K tdia 2K+2 tdis o S2K+1 Tl

(5.58)

with ps = |A|2a1/ 2K do. Therefore, by defining a properly regularized harmonic-fluid
model the general structure of the one-body density matrix can be obtained for arbitrary
values of the Luttinger parameter K. All the coefficients al,, by, bl,, ¢m, ¢, and dy, m
are nonuniversal and need to be calculated by a fully microscopic theory (for possible
methods see e.g. Refs. [184, 185]). We note that Eq. (5.57)

i. generalizes Eq. (5.43).
ii. has the full structure of the exact result (5.42) in the Tonks-Girardeau limit.

As a direct consequence of the series structure (5.57) the momentum distribution will
display singularities in its derivatives for k = £2mmpyq.

A few comments are in order at this point. First, by taking the limit a — 0 in
Egs. (5.48)—(5.51) we recover the results of the standard harmonic-fluid approach, i.e.
Eq. (5.43). Moreover, the generalized harmonic-fluid method produces also the corre-
sponding coefficients of the series, namely to the order of approximation derived in this
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work, we have

1 K K o? 2K K?
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However, it should be noted that these coefficients do not necessarily coincide e.g. in the
limit K = 1 with the exact ones in Eq. (5.42). Our approach is still effective, as it suffers
from some limitations: first of all, we have just used a single-parameter regularization
which neglects the details of the spectrum of the Bose fluid. Second, our approach relies
on a hydrodynamic-like expression for the field operator (5.19) which implicitly assumes
that the fluctuations of the field II(x) are “small”, which is not always the case. On the
other hand, we see from our derivation that the corrections due to the II(x) fluctuations
renormalize the coefficients of the series to all orders, giving rise to the contributions in
square brackets to the d;; above, but do not change the series structure.

Figure 5.13 shows our results for the one-body density matrix (Eq. (5.58), solid lines)
for K = 1 and a specific choice of the cutoff parameter « = 1/2 as suggested by the
analysis of other correlation functions [116]. The comparison with the exact result for
the Tonks-Girardeau gas (Eq. (5.42), dashed lines) yields a reasonable agreement, the
difference being due to the fact that we have used for the sake of illustration the explicit
expression for the coefficients d; ; derived in the current work. It should be noted in
particular that our generalized harmonic-fluid approach restores the correct trend at
short distances as compared to the usual harmonic-fluid approach (Eq. (5.43), dotted
lines).

5.4.4 Momentum distribution

We proceed by studying the momentum distribution n(q), obtained by Fourier transfor-
mation of the one-body density matrix with respect to the relative variable,

L L
n(q) = / da / dz’ e @G (z, o). (5.63)
0 0

Here we take into account the effect of the fields ¢(z) and 6(x) on the one-body density
matrix. Including the field 8 leads to the following extension of Eq. (5.40)

Q(ac,x') _ PO’AF Z ei2ﬂ'po(mz—m’x’) ei2€B(m—m’) e[m@(x)—i—m’@(m’),¢(az)—¢>(x’)]/2

(m,m’)€Z>?

X exp [—; <(2m9(:c) —2m/'0(z") — p(x) + ¢(x’))2>] . (5.64)
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The new terms of G(x, ') involve the correlators (6(z)p(x')) = [0(x), #(z)]/2 and

(0(2)0(")) = m*(IF)aa’ —

Kln[a2+d2(ﬂc—m’|2L)] (5.65)

4|02 + (x4 2/|2L)

The resulting one-body density matrix reads
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" (02 + R@ep)] T [ (02 + @ (2r]2L))]

e (5:66)

with the nonuniversal coefficients by, ,,,y = \A\Q(poa)l/%(szrm/Q)K e20p(m=m"),

We have resorted to a numerical calculation for the evaluation of the momentum
distribution taking as input the one-body density matrix obtained in Eq. (5.66). This
allows us to estimate the main features of the momentum distribution at wavevectors
g smaller than the cutoff wavevector ¢. ~ 1/a. The behavior at large wavevectors
q > ¢. needs an accurate treatment of the short-distance behavior of the many-body
wavefunction [186, 187] and is beyond the regime of validity of the Luttinger-liquid
method. The result for the momentum distribution is illustrated in Fig. 5.14 for two
values of the boson number in the ring, and at varying interaction strength. As a general
feature (see the inset of Fig. 5.14), we observe that at intermediate values of ¢ the
momentum distribution displays a power-law behavior n(q) ~ ¢/ 2K)~1 with the same
power predicted for a homogeneous ring in the thermodynamic limit (see e.g. Refs. [142]
and [188] for a finite-size scaling analysis). This result is readily understood as the
different power laws described in Sec. 5.4.2 only occur at the edge of the integration region
with a negligible weight with respect to the bulk contribution. Still, by comparing the
details of the momentum distribution of the ring with the barrier with the momentum
distribution of a uniform ring, (see the main panel of Fig. 5.14), we find that in the
presence of the barrier the momentum distribution is decreased at small momenta. This
is in agreement with the fact that the barrier reduces the coherence along the ring. The
result is reminiscent of the one obtained for a 1D gas in presence of disorder [189], where
the reduction of the momentum distribution at small momenta is also observed.

5.4.5 Friedel oscillations in the particle density profile

Extending the quantum average techniques outlined in Sec. 5.4.2 to the limit of an in-
finitely high barrier, it is possible to evaluate also the inhomogeneous particle-density
profile and the density-density correlation functions. Interference between particles inci-
dent on and reflected by the barrier leads to the occurrence of Friedel-like oscillations in
the density profile and in its correlator, which are typical of strongly correlated 1D fluids.
We describe here these oscillations within the Luttinger liquid approach, for any value
of the coupling strength, finding that they are more and more marked as the coupling
strength increases. In the Tonks-Girardeau limit of infinite boson-boson repulsion we
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Figure 5.14: Momentum distribution n(g) in units of 27| A|?a as a function of the
wavevector ¢ in units of the cutoff momentum ¢. = 1/« for N = 10 bosons on a ring
with an infinite barrier (solid lines) and for a homogeneous ring in absence of the bar-
rier (dashed lines) for various values of the Luttinger parameter K (from top to bottom
K =4, 2, 1). The inset shows the same quantity (in logarithmic scale, arbitrary units,
same line conventions as the main figure) evaluated for N = 10® bosons. The dotted
lines indicate the predicted power law decays ¢/ (25)~1 in the thermodynamic limit.

compare the predictions of the Luttinger-liquid approach with the exact results, which
enables us to fix the nonuniversal parameters of the latter.

We compute the particle-density profile by taking the quantum average (p(x)) of the
density operator (5.69) on the ground state, namely

+oo
(@) /oo =3 ((1+TL()/po)emi¥(e)) e2mmoor+2imds, (5.67)

m=—00

To evaluate the quantum averages we exploit the fact that the Hamiltonian (5.23) is
quadratic in the field #(z) (and recall that II(z) = V6(z)/m). We use the property
that if X and Z are Gaussian variables then <X e? > = (XZ2) ez(Z?). Hence, we are left
with the evaluation of the (f(x)6(z’)) correlation function, to be taken at equal points
x = x’; the (II(x)6(z’)) correlation function is obtained from the previous one by taking
the derivative with respect to the variable x. Using the mode expansion (5.35) and a
procedure similar to the one outlined in Sec. 5.4.2 we obtain

K  d(x+2'|L) K  d(zx—2'|L)

N\ 2\ ./ il [
(I(2)0(2")) = () o f Bt a2L)  2ma® + E(r — /|21

sgn(z — 2’).

(5.68)
The final expression for the density profile reads
00 m2K/2
(p(x)) o
=142 _ 2 2

p + 7;_:1 o? - 2 (22]2L) cos(2mmpox + 2mbpg)

mK d(2x|L)
- 2 2 . .

TPo sin(2mmpoz + 2mé) o? 4 d?(2x|2L) (5.69)

The density profile is modulated by oscillations with wavevector multiples of 2wpy. No-
tice that in the case K = 1, where the system can be mapped onto a noninteracting
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spin-polarized Fermi gas, the wavevectors of the oscillation are multiples of 2kp, where
krp = mwpg is the Fermi wavevector, and hence correspond to the well-known Friedel os-
cillations [190]. For the case of generic K the m = 1 oscillations decay with the power
law =X (see e.g. Ref. [191]).

Let us now concentrate on the case K = 1. In the thermodynamic limit (L — oo,
N — o0, at fixed pg = N/L) the expression (5.69) for the density profile at short distances
(to O(1/x)) reduces to

<p£af)> ~1t acos(27rp0w:c + 20p) . (5.70)
0

This can be compared with the thermodynamic limit of the exact expression derived
using the Bose-Fermi mapping [153, 192]

{p(z))

sin(2mpox)

~1 5.71
Po 2mpo (5:71)
allowing us to fix the coefficients o and g to the values
1
= — 5.72
0= g (5.72)
and
T
0p = 1 (5.73)

Note that the latter choice for fp is in agreement with the condition 0 # 0, +7, +27. ..
obtained by imposing that the particle density profile should vanish at x = 0 and x =
L [171]. Once the constants a and fp are chosen, the constant A in Eq. (5.19) can
be fixed by comparing the expression for the coefficient byy entering Eq. (5.40) for the
one-body density matrix with the exact value b§5*t = 271/3 /e A% ~ 0.521 [152, 153]
where Ag = 1.282... is Glaisher’s constant. The result is

JA? = 21071 /2A8 ~ 1.307.... . (5.74)

This value has been used in plotting Fig. 5.12.

In Figure 5.15 we illustrate the density profiles for various values of K, obtained by
the Luttinger-liquid expression (5.69) using the above choice for « and 6p. In absence
of known results for the case of arbitrary K, we have adopted the same choice of param-
eters A, a and 6p for any value of K. The figure displays also the exact result for the
density profile obtained from the Bose-Fermi mapping, p®*2t(z) = Zé\; (). In our
specific case, the orbitals are

pi(x) = \/zsin(ﬂjx/L), (5.75)

with 7 = 1,...,00. The comparison shows how our choice of parameters o and 0p re-
produces extremely well the density profile oscillations even on a finite ring. The figure
also illustrates how the Friedel oscillations display maximal amplitude in the strongly
interacting limit K = 1.
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Figure 5.15: Particle density profile (p(x)) in units of the average particle density pg as
a function of the spatial coordinate = along the ring (in units of the ring circumference
L) for various values of the parameter K. Main figure, K =1 (solid line: result from the
Luttinger-liquid model, dotted line, exact result from the Bose-Fermi mapping); Inset,
K =2 (top green line) and K = 4 (bottom blue line).

5.4.6 Density-density correlation function from Luttinger-liquid theory

We turn now to the density-density correlation function S(x, z') = (p(z)p(z"))—{(p(z)){p(z')).
This quantity encodes the information on the structure of the fluid, i.e. on the correla-
tions between density modulations at different parts of the fluid, while it vanishes for an
ideal Bose gas. The Fourier transform of the density-density correlation function with
respect to the relative variable is directly accessible experimentally by light-scattering
methods (see e.g. [193] and references therein).

The density-density correlation function is obtained with the quantum average method
described in Sec. 5.4.2 and 5.4.5. One has to compute

~+o0
<,0(:E)p(x/)) _ Z e2z(m—m V0B ezZWpo(mac—m z')

m,m/=—00

x < (902 + po(TI(z) + TI(2)) + I(2)T1(2')] e2z‘<m9<m>—m’9<w’>>> . (5.76)

The average can be performed using the general result for Gaussian variables <X Ye? > =

(XY)+(XZ)(YZ)) ¢2(Z*) The novel correlator needed for the calculation in addition
to Egs. (5.65) and (5.68) is

n e KO d*(z — 2'|2L) — o cos(n(z — 2') /L)
<H(:c)H(a; )> - <HO> ) (a2 + d2($ . .%'/|2L))2
n d*(z + 2'|2L) — a? cos(n(x + 2') /L)

(a2 + d2(x + 2'|2L))*

(5.77)
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Figure 5.16: Density-density correlation function S(z,z’) (in units of p3) from the
Luttinger-liquid model as a function of the coordinate 2’ (in units of the ring circumfer-
ence L), with x = L/2 and for various values of the Luttinger parameter K (K = 1, top
red line, K = 2, middle green line, K = 4 bottom blue line). The dotted line corresponds
to the exact solution obtained from the Bose-Fermi mapping in the case K = 1.

The final result reads

+00
<,0(£L’)p(x’)> = Z (poa)(m2+m/2)[{ e?z(m_m')gB eZQWPO(mm—m’x’)

x [,03 + (I(2)I(2")) + 2ipo((z) + () (m(z) — m'0(a")))

— AI(z)(mb () — m'0(2"))) (T (2") (mb () — m'G(w’))ﬂ

" a? + d2(a: + 2/|2L) mm’ K L m*K/2 ,052 m/2K/2
a? + d?(z — 2'|2L) a? + d?(2z|2L) a? + d?(22'|2L) '

(5.78)

This equation displays the general structure of the density-density correlations to all
orders in m and m’, and by considering only the first terms of the expansion m, m’ = 0, +1
we recover the known results [142, 171].

We proceed by comparing the density-density correlation function S(z,z’) with the
exact result for K = 1. The latter is obtained from the Bose-Fermi mapping as [193]:

2

N
SexaCt(I‘,fL‘,) _ ij*(x)¢]($’) , (5.79)
=1

where the single-particle orbitals 1;(z) are defined in Eq. (5.75).

Figure 5.16 displays the results obtained from the Luttinger-liquid method at various
values of the Luttinger parameter K, using the choice of parameters « and 5 determined
from the density profile in Sec. 5.4.5 and compares to the exact ones in the case K = 1.
The agreement found is very good, even for the Friedel-like oscillations at wave vector
k ~ 2mwpg; this is at the boundary of the expected regime of validity of the Luttinger-
liquid theory and illustrates how a reasonable choice of the non-universal parameters in
the effective model allows for surprisingly accurate predictions.
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5.5 Bose Josephson junction in a ring trap

5.5.1 Josephson Hamiltonian

In this section we consider the effect of a large but finite barrier on the ring. Quantum
fluctuations tend to destroy the phase coherence along the ring, while the tunneling of
bosons between the ends of the loop favors a well-defined phase difference across the
barrier. We will study the interplay between these competing effects in the framework
of the Luttinger liquid formalism.

The barrier is realized with a localized magnetic or optical potential V},,(2) which
is non-zero only on a width a around x = 0 = L. We describe the tunneling of bosons
through the barrier with the following tunnel Hamiltonian

H;=—-T ¥ (L)¥(0) + h.c., (5.80)

where 7 is the tunneling strength that characterizes V;,,,. Hamiltonian (5.80) takes into
account the possibility for a boson to tunnel through the barrier potential from z = 0™
to z = L7, and h.c. refers to the Hermitian conjugate corresponding to tunneling events
in the opposite direction. In the hydrodynamic formulation for ¥'(z), the transfer of
one boson is ensured by the operator exp(—ip) where ¢ = ¢(L) — ¢(0). By neglecting
the density fluctuations in the field operator (5.19) we then recover the usual Josephson
Hamiltonian

Hy=—Ejcosy, (5.81)

where Ej = 2py7 is the Josephson energy of the junction.

5.5.2 Renormalization of the Josephson energy by quantum fluctua-
tions

Quantum fluctuations of the bosons in the ring on both sides of the barrier tend to
smear the phase ¢ and hence suppress the tunneling strength. Indeed, from the diagonal
Hamiltonian (5.32), the ring constitutes an oscillator bath for the junction with linear
spectrum fiwy,, = mwhvgj/L; the resulting model is very similar to the one describing a
superconducting Josephson junction coupled to a resistive environment [47]. The path
integral renormalization group approach is presented in appendix D.2. Tunneling events
thus induce excitations of the modes of the ring with energy between fuwy = mhvg/L and
the high energy cutoff Aw;, = mhvg/a.

When the Josephson energy is smaller than the lowest mode hwg, corresponding to
small rings L < L* ~ hvg/E}, the junction can be treated as a perturbation and every
mode modifies Ej (see Fig. 5.17, left panel). The effective Josephson energy results
from averaging Hy, Eq. (5.81), with respect to the ground state of the unperturbed
Hamiltonian (5.23): BT = (H;) with (H;)/E; = Go(L,a)/po. Then

B = B, (E)I/K for L < L*. (5.82)

2L
The Josephson energy decreases with the power law LYK of the one-body density for
probe points at the edges of the ring. This case includes the limit of an infinitely high
barrier, where E; — 0, L™ — o0, and which is illustrated in Fig. 5.12, rightmost panel.

When Ej is larger than hwg (with E; < hwp,), only the modes with energies larger
than E; contribute to the renormalization (see Fig. 5.17, right panel). Consequently,
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L <L L>L*
hawp, hawp,
W' fws
L I
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Figure 5.17: Renormalization schemes of the Josephson energy by quantum fluctuations
for a small ring (L < L*, left panel) and for a large ring (L > L*, right panel).
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0 Li_, Lo L5, 200

0

Figure 5.18: Renormalized Josephson energy as a function of the length of the ring. From
top to bottom K =4, 2, 1 with hwy, = 10 E;. E§ﬂ decreases as 1/L1/K and reaches a
constant value at L = L*.

to obtain the effective Josephson energy we need to average over wavelengths between a
and the characteristic length ¢ = mwhug/ ngf: Egﬂ = (H.)) with

ES/Ey = Go(L,a)/Go(¢t, a) ~ (/)" (5.83)

The effective Josephson energy in this case is obtained by solving the above self-consistent
equation with respect to £, with the result

2\ VE=1)
BT = |, (?mé) for L > L*. (5.84)

In this case EST is independent on the ring circumference L. Our results (5.82) and (5.84)
are summarized in Fig. 5.18. Quantum fluctuations dramatically reduce the tunnel am-
plitude with respect to its bare value entering the Hamiltonian (5.80), especially in the
case K = 1. Note however that the reduction saturates at a nonzero level for rings
larger than the so-called healing length L*. The continuity between the two regimes
L < L* and L > L* defines the healing length of the ring L* = wa/2(mhvg/aEy)%/(K=1),
As a final remark, we mention that our approach is equivalent to the renormalization
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group formalism [194] or the self-consistent harmonic approximation [47]. Egs. (5.82)
and (5.84) can be obtained from the flow equation Eq. (D.24), derived in appendix D.2
and also in Ref. [195].

Conclusion and perspectives

As a main conclusion, by taking into account the effect of quantum fluctuations we
find that the effective Josephson energy is reduced with respect to its bare value, in a
way which depends on the length of the ring with respect to a typical healing length, a
maximal reduction occurring for long rings.

The effect of the renormalization of the tunnel amplitude is expected to have strong
consequences on the dynamical evolution of the ring-trapped Bose gas with a Josephson
junction, especially for the study of quantum revivals resulting from a localized excitation
in the density distribution.
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L’effet Josephson dans un gaz bosonique
unidimensionnel

Résumé du chapitre

"EFFET Josephson apparait lorsque deux objets cohérents en phase sont approchés suff-
isamment pres I'un de I'autre pour que I’échange tunnel y soit effectif. C’est le cas
pour les métaux supraconducteurs mais aussi pour les gaz quantiques. Nous étudions
un gaz d’atomes ultra-froids piégé dans un potentiel circulaire comportant une barriere,
créant ainsi une jonction de Bose Josephson. Bien que les premieres expériences dans
cette géométrie restent dans la limite bidimensionnelle, nous considérons le cas unidi-
mensionnel. L’utilisation du formalisme du liquide de Luttinger nous permet de décrire
la physique a basse énergie du systeme a travers les fonctions de corrélation spatiale
pour une force d’interaction arbitraire. Ces propagateurs sont comparés aux résultats
exacts disponibles dans le régime des tres fortes interactions de Tonks Girardeau. Nous
obtenons des oscillations de Friedel dues a la barriere dans le profil de densité et les
corrélations densité-densité sont en bon accord avec les résultats exacts méme sur des
distances de 'ordre de la longueur inter-atomique moyenne. La cohérence de phase
du systeme est donnée par la matrice densité a un corps, qui décroit selon des lois de
puissance dépendant de la position des points de mesure vis-a-vis de la barriére, signa-
ture d’un quasi-ordre a longue distance. La distribution des impulsions, transformée de
Fourier de la matrice densité, présente en conséquence une décroissance en loi de puis-
sance dépendant de la force des interactions. Notre régularisation de la théorie effective
génere la série complete des corrections dans la limite thermodynamique et tient compte
des fluctuations de longue longueur d’onde. Enfin, nous montrons que les fluctuations
quantiques dans ’anneau induisent une renormalisation de la transparence tunnel de
la jonction, entrainant une réduction de I’énergie Josephson effective. Cette réduction
dépend de la longueur de la boucle et de la force des interactions, 'effet étant maximal

pour un gaz de Tonks Girardeau.
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CHAPTER

Conclusions and Perspectives

Conclusions

S a conclusion, we have studied four quantum mechanical systems with the appropriate
theoretical tools and, as far as possible, worked in collaboration with experimentalists to
compare our results with the measurements or design new setups. Our main results in
these different projects are the following

15¢ chapter: Presentation of the quantum-mechanical Josephson Hamiltonian.

2" chapter: Current-voltage characteristics of an underdamped Josephson junction,
from the classical to the low temperature regime; Quantum Smoluchowski equation
for the quasicharge dynamics.

3" chapter: Optimal line of the dc SQUID phase qubit for current noise; Escape rate
in the camel-back potential.

4 chapter: Temporal dynamics and output spectrum from the Lindbladian of a charge
qubit coupled to a cavity; Optimal parameters to observe the lasing effect for a
transmon coupled to two cavities.

5t chapter: Power law decays, Friedel oscillations and renormalization of the Joseph-
son energy by quantum fluctuations for a Bose Josephson junction realized with a
one-dimensional ring of cold atoms closed by a localized barrier; Subleading cor-
rections to the one-body density matrix of bosons in a homogeneous cigar shape
potential in the thermodynamic limit.

Research in the field of quantum mesoscopic systems is rich and prolific, and many
promising (not necessarily successful, unfortunately) ideas cross our mind. Some of
these perspectives are presented in the following section.

Perspectives
a  Quantum spectral function of an underdamped Josephson junction

The steady-state voltage is not sufficient to describe the measured signal of a Josephson
junction. A useful quantity is the voltage noise, i.e. the two point correlation function of
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the voltage operator. The voltage spectral function may be of particular interest in the

use of a Josephson junction as a current standard. The formalism used to calculate the

current-voltage characteristics of underdamped Josephson junctions can be extended to
+o0 .

obtain the voltage spectrum S(w) = / drp e 2T (V50 (1)V51(—75)). An Extended

—00

Nearest Neighbor Approximation is needed for analytical results. Primary results are
encouraging (see Fig. 6.1). The formalism can then be applied to the case of overdamped
Josephson junctions using the duality transformations.

Figure 6.1: Real part of the symmetrized voltage spectrum S(Shw) from an extended
analysis of Chap. 2 with pUy = 0.1, fhw. =10, ¢ = 0.1, I, = V. /R and s_; = —s.

B Possible amplification of the moments of a mesoscopic device

All the moments of a measured quantity, i.e. its many-point correlation functions, are
necessary to fully describe the observable. This idea was well summarized by Rolf Lan-
dauer in his famous expression “the noise is the signal” [196]. The amplitude of the third
and higher moments is tiny, as a consequence it is hardly possible to measure them. They
need to be amplified. We can take advantage of the nonlinear character of the Josephson
junction to amplify them. The basic idea comes from the analysis of Ref. [17], where
the spectral function of the voltage of an overdamped Josephson junction is found to be
Sv(w) = Y4 | Zk(w — kwy)|?Sr(w — kwy) in the classical limit. The terms |Zg(w — kwy)|?
amplify and downconvert the current spectral function S;(w) of a tunneling device (see
Fig. 6.2). This result can be generalized to the full counting statistics to understand if it
is possible to use the Josephson junction in experiments as an amplifier of the cumulants
of a tunneling device [80, 197].

v Phase dynamics of a closed one-dimensional Josephson junction array

Josephson junction arrays are used for instance to generate highly resistive environ-
ments, but their dynamics is complex and not fully understood [198, 199]. In this
project, we study the dynamics of the phases in a flux biased superconducting loop
interrupted by several Josephson junctions. The minimization of the Lagrangian £ =

N
2
[C,-gb?/Z + Ey; cos(goi)] + Cpn11 (Z @i) /2+ Ejnia cos(qS — Z <pi>, gives rise to
=1

7
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3
v
Ll
0 1 2 3 4 )
hw/2€eV,

Figure 6.2: The shot noise [81] S;(w) (blue line) of a tunneling device is amplified and
downconverted in the voltage spectral function Sy (w) (red line) of a Josephson junction.

different solutions differing by the number of phase-slips along the ring (see Fig. 6.3).
So as to understand the physics of this system, we analyse some of its features, includ-
ing the energy spectrum, the effective action, the Zener transitions and the continuum
limit. We use a group theory approach [200] to determine the energy level degeneracy.
This analysis may show how this chain could be used as an inductance and how it could
describe a superconducting nanowire. The study of this system has also applications in
the field of cold atoms in optical lattices, it can be seen as the discrete version of the
ring shape potential.

Pi

Figure 6.3: Phase distribution along the ring in the absence of phase-slip and in the
presence of one phase-slip. For a flux bias equal to m, these two configurations are
degenerated.

0 Quantum revivals of a Bose Josephson junction on a ring trap

The analysis of Chap. 5 deals with the static properties of the Bose Josephson junction
on a ring shape potential. The next step is the study of its temporal evolution. The
response to a local excitation in the density, for instance a population imbalance, is an
interesting project. Indeed it would explain if quantum revivals appear, as it is seen in
other similar systems [201]. The answer involves the calculation of two-time correlation
functions, which can be performed from our study in the stationary regime.
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APPENDIX

Josephson junction coupled to a strongly
dissipative environment
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Introduction

N this appendix we detail the derivation of various results for the underdamped Josephson
j junction studied in Chap. 2, such as the average over the bath and the I-V characteris-
tics.

A.1 Wick’s theorem in Keldysh formalism

To prove that (7p e ™) = e 25X with XX = (Te X X)), we expand the exponential
function in power series

@) =3 Ol mxm =3 Clm x), (A1)

n=0 n=0

The sum runs only on even exponents because the average value of an odd number of
bath operators vanishes. We then prove by mathematical induction that

wmeN  (Tx?y =% p (A.2)

- 9npl
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e Py is true.
e Let us suppose P, true at the order n. Then, according to Wick’s theorem,

(Te Xont2Xont1 XonXon—1... X2X1)
=(Tc XonyoXony1)(Te XonXon—1... X2X1)
+ (e Xony2Xon)(Te Xong1Xon—1 ... X2X7)
+...
+ (Te Xon2X1)(Te Xont1Xon ... X3X32)
—(2n+ 1)(Te Xons1 Xonso)(Te X1 Xa . .. Xon)

=(2n+ )XX (2") ST XX
NG G ) p—
Therefore P, = Ppy1-
The proposition P, is thus true on N.
We finally obtain
» (D" (20) e =1 [ XX\" _iwx
Too ¥y = S XX'=) —(-—=] = X A4
Tee ™) =3 G o X =0 () =TT

Actually, this simple demonstration does not depend on the representation for the Green’s
functions. One only needs to define the time ordering operator properly.

A.2 Bath spectral function

The equations of motion relative to the Hamiltonian
H = —Ugcos(mq/e — &) — dpolpd + Z <2+ 2), (A.5)

give the following relations

OH

7:h‘a:hwa s A.6
opa P A
0

8;—: = o = hwaTa — 2654V, (A7)

which lead to the differential equation

.. 2e

To + wima = gawaEV. (A.8)
To express the admittance Y in terms of the bath parameters, we connect the voltage V'
to the current I, = 2e ), oo through the relation V =Y I.

We define the differential operator D as follows

2

d
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which Fourier transform reads
TFD = —w? + 2. (A.10)
The Fourier transform of the retarded Green’s function of the linear differential equation

DgE(t) = 6(t) is then equal to gf(w) = ———5——. We obtain

(w+iv)?2—w?2

ralt) = (ol © V(1) (A1)
and then 5
L(t) = R—Z D Qwa(gl @ V)(1). (A.12)

The current I, is the convolution product of the voltage by the first temporal derivative
of the retarded Green’s function. Taking the Fourier transform gives the product of V(w)
by the admittance of the circuit

w
Y, = lim — —_— Al
ulg(l) Zga C“(w—i—w) — w2’ (A.13)

the real parl RGY( = 1/R of which reads
—_ = E :w05(|wl— |w0|) (A 14)
Q a : ‘ '

Eq. (A.13) constitutes the link between the environment and the circuit through the
admittance.

A.3 Bath correlation function

The Hamiltonian of the bath is

hwq 1
Hpath = %: 5 (02 + 22 Zhw (aaa > , (A.15)
with the bath annihilation operators
_ Za t+iPa

oy = ==
¢ V2

which satisfy the commutation rule [aq,ah] = 1, and have the average (ahaa) = ng =
1/(efma — 1), the Bose-Einstein distribution. Their temporal evolution reads

(A.16)

maagt(t) = [aa, Ha] = Twaaa(t) =  aa(t) = an(0)e . (A.17)
We have
—27T2§axa waga o + al), (A.18)
then
(&(t) — £(0))8(0) = =27y Z Sasar (aa(t) + al,(t) — aa(0) — a},(0))(aus (0) + al,(0))

Xa,a! (®)
(A.19)
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We expand xq,q/(t) in products of aq(t)

Kaw () = (aa(0)aw (0)) et + (as(0)al,(0)) et
=0 =(141a)d, o
+ (af,(0)aq(0)) €=t + (af,(0)al,(0)) et
S —
— (aa(0)aqs(0)) — (aa(0)a],(0)) (A.20)
=0 =(1+n0a)d4 o/
— (a},(0)an (0)) — (a},(0)a/, (0))
:(;T i,_/
= (coswat — 1) coth ﬂhg"" — isinwqt,

which leads to

J(t) = ((£(t) — £(0))£(0)) = 27 Zgo%((cos wat — 1) coth % —isinwat)  (A.21)
We define i
flwa) = wi((coswat — 1) coth L2a — isinwqt), (A.22)
an even function, and calculate f(wy) in terms of f(w)
flo) = [ dwdw-wa)f@) =5 [ dwb] - lwahs @) (4.23)

We can introduce the expression of the admittance

_ .2 2 _ S o phww .
J(t) =m Ea Cawa/ dw 0(|w| — wa)—((coswt — 1) coth 5 isinwt)

[e.9]
—0o0

—0o0

[P dw 9 phw . .
_/ o7 Za:gawaéﬂw |wa|)((coswt — 1) cothT isinwt)

=RgReY,

= RQ/ dUwRer((COS wt — 1) coth @ —isinwt). (A.24)

—0o0

The admittance is a R-L circuit, characterized by the cutoff frequency w. = R/L. Its
real part reads

1 1
Y, = —— ", A2
R = R T T (/) (4.25)
and we arrive at
(e}
1
J(t) = g/_oo %W((coswt -1) cothﬁThw —isinwt). (A.26)

This integral can be calculated using the residue theorem. The integrand can be

rewritten ) )
e*’Lwt -1 1— e'Lwt
[—e P 1 _obho
—_—— N —

=u(w) =v(w)

hw
(coswt — 1) coth ﬁT —isinwt = (A.27)
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Using v(—w) = —u(w), we get

00 1 WCQ e—iwt -1
J(t):2g/oodwww2+w621_e_ﬁﬁw. (A.28)
=f(w)
The function f(w) has three kinds of pole
it

P 1 = . frg 1. = ——.

e Polew =0 Res(0) wli%wf(w) ah
- ' 11— e:twct
e Poles w = ilwc H Res(iﬂx}c) = §m
. . (7 _ i wc2 wit

e Poles w =iwy :  Res(iwg) = 5 (1 —e“ro).

21k w2 — wy,

Depending on the sign of ¢, J(t) satisfies

1 oo
— 427 2g <2Res(0) + Res(—iw.) + Z Res(iw_k)> ift>0

J(t) = =

1 oo
+ 27 2g <2Res(0) + Res(+iw,) + ZRes(iw+k)> ift <0
k=1

B w|t| . 1—ewet _ 1 —etwet _ 11— e wrltl
=29 | =3 T | T e ) T T g =Y | i |
~ k=1 1— w’;)
=5i(t)
(A.29)
where =Z(t) is the unit step function. We use the relation
1 1 R
to obtain the expression of the function j(t)
hwe _
j(t) = sgn(t) (1 - e_%m) + i cot BT (1 —e ‘*’C‘”) . (A.31)
Finally
mlt] _w - Bhwe
H)=—2g(1_T (1 “’clt‘) ¢
J(t) (ﬂh 5 co
1l —eltl g ol

The time independent terms can be rewritten in terms of the cotangent and digamma
(noted W)functions

Tt w Bhwe =1 e sl T _
D= —9g [ xge ™ LT —welt] oot N~ e LT (1 _ wcm) "
J(t) g( +ﬂh+26 cot —5 kzlkl_(%ﬁ)2+22 e sgn(t) |,

(A.33)
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where we note
[o@)

s Bhw, 1 1
__T S A34
A 2cot 5 +;k1—(ffz)2 (A.34)
Use the power series of the cot(z) and ¥(z) [202] we reformulate A
Bhw,
LG . A.35
ﬁhw * ( 2 ( )

A.4 Continued fraction representation of the steady state
voltage

The steady state voltage reads

%4 1
V=3 IT a0, (A.36)
n=0 {f} k=1
with V. = nUp/e and
a(fk) _ % / dr sin(fk A(T))eiglfkakaM(T)’ (AS?)
0
where we note
J(7) = —isgn(r)A(T) — M (1) (A.38)
A(t)=myg (1 - e_wCM) (A.39)

1 —ewnlt

M(7) = 2g 722 — g <1 — —Wclt\) cot ﬂhw + i m

and a(n) = a,. This formulation involves the integers f; which have interesting proper-
ties

(A.40)

a(fy=0)=0 = Vke[l,2n+1] fu #0 Vk e [1,2n+1] fr >0,

Jfo= fony2 =0 = or

|free1 — fel =1 Vk e [1,2n+1] fr <O.
(A.41)

Moreover, a(—fi) = a*(fx). Then

v ZZQﬁl 222ﬁ1 (ZZQﬁl )

n=0 {f>0} k=1 n=0 {f<0} k=1 n=0{f>0} k=1
(A.42)
We define G, and G" as follows
2n+1
vreN® Gr= > ] alfe)
{r>ry k=1
Ji=fonq1=r

2n+1

=) G, = Z O Rt (A.43)
n=0 n=0 {f>r} k=1
fi=font1=r
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The voltage V can then be expressed in terms of G*
V/V. =ReG". (A.44)

To calculate G, the idea is to subdivide the graph G’ in subgraphs G”*1. To proceed,
it is convenient to define some ensembles

= {F: (fl,...,f2n+1) GNZTH—I | fezr fi=fopr1=r1 ‘fk—i—l _fk| = 1}7

(A.45)

VEeE, A={ke[l,2n+1]]| fp =7}, (A.46)
g=Card A -1, q € [1,n], (A.47)

R; = j"element of A (Ry =1, Ry =2n+1). (A.48)

The integer ¢ represents the number of subgraphs G7! contained in the graph G, and
Rj are the points which delimit two successive subgraphs G "!. We then define

q
E:L(Q):{F:(T7F177”,,Tqu7T)|FkEE;;j;1 ka:n—q}, (A49)
~ q
ET(q) = {F =(F,....,F) | Fre Ej}Y > mp=n-— q} . (A.50)
k=1

n
One obtains E; = U E; (q). We can then perform first the calculation of G,

2n+1
= > 1] el
FeE! k=1
2n+1
NP INCENIE
q=1 FeE}(q) ﬁ;lr
n q BRrpii—-1
=2 o™ 32 I 1 @
q=1 FEET(q)k 1Il=R;+1
n q Brp1-1
B SCCLED SRS S ol | 1 I
g=1 mi... mg=0 FEEH'l FeEntt k=11=R;+1
Y mi=n—q e
n Rpyq1—-1
S Y Y ] e
q=1 {m} k=1 pcpr+l I=R,+1
Yo mi=n—q -
=Gph!
n
= a(™ > Gl G S mgn—gs (A.51)
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and second G"

S NCATERNED 3 p3) | (C L L
n=0

g=1n=q {m} k=1

=a(r) 1+ZHZ G’”Jrl

q=1 k=1 my

=a(r) [ 1+ Z G’Tle

a(r)

= A.52
1—a(r)Grti ( )
This result can then be applied to the case r =1
1_ a(1)
G = - (D) a(®) . (A.53)
P OYIE)
T __a(3)a(d)
[ _a(d)a(5)
. a(5) a(6)
I—...
This finally yields the continued fraction formulation of the voltage
Vv a(l)
— =Re——m—F——, A.54
‘/c 1 + blb ( )
L2
where b, = —a(n)a(n + 1).
A.5 Classical limit
In the classical limit A = 0, and the coefficients a,, become
_ UO : —27n2\ > iZ Iytn—2gn? - |t|
an = — sin(nmg) e dte'e prM (A.55)
ih 0
i.e. .
o — z Sln(nﬂg)e72gn2)\’ (A.56)
m—+n nmg
1
with z = gUy, and n = g—hlb. In the low-g limit, we have a,, = —- ® __ The coefficients
g 2in+n
G" satisty G" = %. We write G™ in the form G" = ann:. From what
precedes, we deduce,
1 1 2 .
dianl + dn+1Dn+1 =—D,= Zf(n - Zn)Dn- (A57)
n Qp z
We choose d,, = —%, which induces

2
Dn—l — Dn+1 = ;(n - in)Dn. (A58)
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This equation is the characteristic relation of modified Bessel functions I,,(z)

D,, =1,_in(2), (A.59)
and thus .
an = An=in(2) (A.60)
L—1-in(2)
Then we have )
Vv 1171' z
— =1 1 . A.61
=) S

We use the following property of Bessel functions (Iy(z))* = Ix«(2), implying |I,(z)* =
In(2) In«(2). Then

I (Z)> Ly (2)Lig (2) — Ioaqin(2)1=in(2) | m
Im< d = ! T4 2 (A.62)
on(2) 2T () 2
We can use the Wronskian of Bessel functions [202] to obtain
21
Li—in(2)Lin(2) — Ioa4in (2)1-in(2) = - sinh(7n), (A.63)
and hence - .
n sinh 7 1
—=—-|1- . A.64
et o) o0
Finally, the voltage in the classical regime reads
kpT sinh
V = RI, — 5= 2000 (A.65)
e |Liy(2)|

A.6 Limit of very low temperatures

We consider first the low temperatures limit Shiw. — oo where the functions A and M
can be approximated with

A(t) = g, (A.66)

_ Bhwe
)\—'y—}—ln( o ), (A.67)
Bhwe
T

M(t) = 2g (w +1n ( sh(wt/ﬂh))) . (A.68)

The coefficients a,, become

_ ;B ~2gyn? (WL‘“) 297 sin(nmg) sin(nmg(n + in)) [T (ng(n + in))|?

A.69
27 27 sin(2n?mg) I'(2n%g) ( )

Ay =

To first order in (Bhw.)~!, we obtain the expression of the voltage at very low tempera-

tures 19

Vo LUy (Bhwe) % [D(g(1 +im)/?
-0 L e h —_— A.
AT e 5 sinh(mwgn) ) (A.70)
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Second, in the zero-temperature limit, we rewrite the time-independent terms of the
autocorrelation function J(t)

t hiw X 1 e —wklt]
J(t) = —2g ()\ + il + T emweltl ot Phwe _ S zg (1 - e_“’Cw) sgn(t) |,

Bh 2 2 k:1%1—(%§)2
(A.71)
where Bh
i
= U ° . A.T2
A 7—1—6th+ <27r> (A.72)

The zero-temperature limit corresponds to § — oco. We use the asymptotic expression
of the digamma function for large arguments [202]

1
U(2) "%z — — A.
() me - (A.73)
to obtain Bt
B—00 c
AT~ 1 A.74
v+, (A.74)
and then to

— hw
J(t) e —2g <’y + Inw.|t| + gef“’“m cot % + zg (1 - e*“’C't') sgn(t)) . (A.75)
which can be approximated for long times compared to w_ ! by
J(t) =0 —2g ('y + Inw,|t] + zg sgn(t)) ) (A.76)

We use the expression for the voltage reduced to the first coefficient a;

Uy, Uy [ n
vV =""CRe" sin(A(t)) et Tot=M®) (A.77)

e 1 0
This equation can be rewritten in the form

2U2 1 60 . )
V= 77260 h/ dt efzsgn(t) A(t)*M(t)+g%t7 (A78)

—0o0

which is precisely the dual expression of the current calculated within the P(FE) theory
in the overdamped regime. Indeed, let us place in the case dual to the system studied
in details in Ref. [48]. The function P(E) is the probability for the system to exchange
the energy E' with the environment. In the regime F; < E¢ and R < R, the energy
exchange F corresponds to the tunneling of one Cooper pair. In the underdamped limit,
the energy E can be interpreted as the the energy exchanged for a phase slip event in the
washboard potential: ¢, initially well defined around the minimum 27n, is transferred
to the minimum 27 (n + 1).

1 [tee j
P(E) = / dt exp <J(t) + ZEt) . (A.79)

h . h

+oo
Moreover, the normalization relation for P(E) is / dE P(E) = 1. It is possible to
express the law V(I) as follows B
7T2U2

V = —Y9(P(®o]}) — P(—BoI})) . (A.80)

2e
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For negative values of the energy E, P(FE) is the probability that the system receives
the energy |F| from the environment. At zero temperature, the environment cannot give
energy to the system and the I-V characteristic takes the form

v — 7r2Ug

P(Do1). (A.81)

The P(FE) law has two interesting properties that can be exploited to plot the I-V
characteristics

e Power law for small values of the current:

v 7r2Ug I 1 72g hly 29 (A.82)
~ h T(29) I \ e eEyL '
e Recurrence relation:
2g [T 1
VL) =2 [ dI V(D). (A.83)
Ib wgh 2
0 1+<26%L(Ib—f))

To plot the I-V characteristic, we start with very low bias currents and use the asymptotic
expansion (A.82). These points are then used as initial conditions for the recurrence
relation (A.83) to obtain the full I-V characteristic.
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The instantons formalism

Contents
Introduction . . . . . . . . . L e e e 143
B.1 Tunneling rate through a potential barrier . . ... ... ... 143
B.2 Application to a polynomial potential . . . ... ... ... .. 155
Introduction

E use the instantons technique of Ref. [94] to calculate the escape rate from the metastable
state of a general quartic potential.

B.1 Tunneling rate through a potential barrier

B.1.1 Path integral formulation

We consider a particle of mass M moving in a one-dimensional potential U (z) with
momentum p = M ‘é—f according to the Hamiltonian:

2
p
H=—+U(z). B.1
L () (B.1)
The probability amplitude for the particle to go from a point x; at time ¢; to the point
xy at time ¢y corresponds to the propagator

K(zi ty;zp,ty) = (wp| e w0 |2) (B.2)

where |z; ) are position eigenstates.

In order to obtain this probability amplitude, we can sum the contributions of all
possible trajectories from x; to xy. The phase of the contribution from a given path is
the action S in the unit of the quantum action # [95]

s— " [M <dx>2 ~ U(x)

dz B.3
. 2 \at (B:3)

143
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We cut the interval [t;,tf] into N > 1 infinitesimal domains of length d§t. The
propagator is then the product of propagators on these smaller domains

K (i, tis g, ty) = (wple 571000 )
= /da;l codey Kz, tis e, t +60t) K (en—1,typ — 0ty ty), (B.4)
For each infinitesimal time ¢, at first order,
o LM _ AT (p) o 1 01U() o= S5 [T U] o o= E0LT (p) o LotU(x) (B.5)
At infinitesimally short times, physics becomes classical. Then,

K(zj41,t25,t + 0t) = / da(wy 1€ OO |3) (2] #OT B 5)

:e25tu(xj+1)/dpj+1 (@jalpjan)e #T @D (p, o)

21h

— o 0tU(T 1) dpj+1 o 50T (Pj41) g pPi+1 (X1 —25)
2mh

— e—%(stu(xj+1) / dpj+1 e—%ﬁtp§+1/2M+%5ti‘j+1pj+1
21h

M i .
=4/ FT(T (&541)—U(w541))
2rhot ’ B (B.6)

This leads to the total propagator

M N/2 ; N )
Ktz ty) = ( ) [ ooy e ST

i2whot
M\ LT

= wJo At'(T(2)-U(x))

<i27rh6t> /dxl codenopend - (BD)

The path integral formulation of the propagator is then
x(tf):xf i g
K(z tiswy,ty) :/\// Dxen”, (B.8)
I(ti)zxi

where A is a normalization factor and Dx denotes the integration over all functions z(t)
obeying the boundary conditions x(t;) = x; and x(t5) = x.

If z is any function satisfying the boundary conditions, then a general function x can
be written as

w(t) = 2(t) +y(1),  y(r) =) cuzalt), (B.9)

were {z,,} is a complete set of orthonormal functions vanishing at the boundaries:

/_ z A (V) am(T) = Snm, (B.10)
Zn (ij;) ~0. (B.11)

We define the measure Dx by

1
Da =] dey. (B.12)
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B.1.2 Escape rate

Let us consider the temporal behavior of a wave-function with energy £ = Er — iEy

which is given by U(z,t) = ¢(x) e " = ¢(x) e Frth e=Frth The norm of the state
/da: W (z, 1) = e 2E0t/h (B.13)

decays exponentially with a decay rate I' = 2E} /A, i.e.

2
I=--ImE. (B.14)

The lifetime of the state is T L.

B.1.3 Euclidean action in terms of functional determinants

We focus on potentials containing an unstable quantum state like the one sketched on
Fig. B.1. The classical version of this system possesses a stable equilibrium state in
which the particle is at rest at x = 0. However, quantum corrections render this state
unstable: it is a false ground state. Let’s perform a Wick rotation: time ¢ is replace by

Ja) /
\ SN

Figure B.1: Potential containing an un- Figure B.2: Inverted potential.
stable state at z = 0.

the imaginary time 7 = ¢¢. Then the action S becomes the Euclidean action S
T M
2
S —/ dr [2¢2+U(a¢)] : (B.15)
T
—7

where ~ = 37 and we define it; = —T/2, ity = T/2. We see that the effect of the Wick
rotation on the action is to invert the potential.
In other words, in the part of space between z = 0 and x = ¢, the momentum of the
particle is imaginary: p?> = —2MU < 0. But if we choose the time variable t as an
imaginary variable 7 = it, then the motion is possible in the sense of classical dynamics
in the inverted potential —U(q) (see Fig. B.2).

Using the method of the previous section, the Euclidean version of Feynman’s sum
over histories reads

zy
(g e w T |z;) = N/ D e S/M, (B.16)

On the one hand, the left-hand side of Eq. (B.16) can be expanded on a complete set
of energy eigenstates {|n)}:

e 7T o) = 3 e h BT () (). (B.17)
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Thus, the leading term in this expression for large T tells us the energy and wave-function
of the lowest-lying energy eigenstates. This shows the interest of the Wick rotation to
study the “ground state” properties.

On the other hand, the left-hand side of Eq. (B.16) can be evaluated in the semiclas-
sical limit. In this case, the functional integral is dominated by the stationary point Z of
S. IfS= fT/2 drL(&,z,7), then its functional derivative with respect to x(7) is

—T/2
0S d /0L oL
Salr) 4 <8m> + e (B.18)
Thus, T satisfies
oS .
e —Mz+U'(z) =0, (B.19)

which is the equation of motion of a particle of mass M moving in the potential —U ().
The corresponding energy is

Bo= (Y _um (B.20)
072 \dr ' ’
Let us {z,} be the eigenfunctions of the second variational derivative of S at z,
528 d?
—=-M— +U"(z
dx? dr2 +U(),
— M, +U"(T) 2 = A\pTn- (B.21)

Then, in the small-A limit, we calculate the integral with the method of steepest descent
where the integral is evaluated around the stationary point

T T
|2 M., _ 2 Moo 1, 9
5_/g dr [233 +U($):| —1—/5 dr [Qy +§Z/l(az)y

S 1 %d Md2 Uz
—0+2/_T T?J[ @* (fﬂ)}y

M

1 2
=So+ 5 Zn: AncZ, (B.22)

where linear terms in y in the Taylor expansion gives vanishing integrals and Sy is the
action related to the path z

So = /j dr [A;:ﬂ - Z/{(:E)] . (B.23)

The functional integral becomes a product of Gaussian integrals

zf 1 1 1 1 2
/ Dre 7% = 750 H / de,, e~ 2w M
_ [2mh
=/

1
=e 5[] = (B.24)

and we find )
1 1 — =
(wple”w " |2;) = Nem w0 (det[-M} +U"(2)]) 2, (B.25)

because the determinant of the product of all eigenvalues.
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B.1.4 Calculation of functional determinants: the Gelfand-Yaglom for-
mula

In this subsection we present the Gelfand-Yaglom formula, used to calculate the func-
tional determinants with the wavefunctions. We start from the eigenvalue equation of a
particle of mass M in the potential W

d2
[—Mde + W} = M. (B.26)

Let us define 1) (7) as a solution of this equation with the boundary conditions

OA(=T/2) =0,  Oa(-T/2) =1 (B.27)

The operator —M % + W, acting on the space of functions vanishing at :l:%, has an
eigenvalue A, if and only if

¥x, (T/2) = 0. (B.28)

We define the determinant as the product of all eigenvalues
det[-M7 + W] =[] M- (B.29)

Now let ¢§\1) and @Df) be the wavefunctions solution of Eq. (B.26) for the potentials 17 (1)
and W) respectively. Then [94]

det[- M2 + WD — 2] ¢{(1/2) (B.30)
det MR+ WO N 4O (1)2) |

This result reveals that the ratio of two determinants of the same particle with the
same energy in two different potentials is equal to the ration of the corresponding wave-
functions. In practice, it is sufficient to know the asymptotic expression of the wavefunc-
tions for long times.

B.1.5 Determination of the prefactor N/
2.1.5.a Free particle

We calculate the propagator in the case of a free particle (U = 0) and in real time ¢:

H=T@p) =L (B.31)

Then, from calculation (B.7),

N—-1 M Z%((JC —x )2
Kfp(-’r'“ tz, .Tf, tf) = H 2Z7Th5t d.’ljne Shet \Tn+1 n
n=2

2

% 22':;1& /dxleizjggt(@?“l)%r(‘“10)2)- (B.32)
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Using the initial identity

2
M i (wa—21)°+(21—20)°) M igrid (x2—x0)°
\/ = _cimmem B.
2imhot /dxle o 2i7r7i(25t)e ’ (B.33)

and the recursive property

M . M 2 M i M (o _20)?
da, etsnst @n+1—an)” o [ U 3h(no7) (Tn—T0)
V 2iwh6tt/“ An@ et Skt €

M i (i1 —0)>
— e 2R((nt1)ot) \Tn+1770 B.34
\/2i7rh((n+1)5t)e , (B34)

we finally obtain

M M (z—a’)2

7
Keo(zi, tiixs, ty) = | ———e 2PC~0) B.
fp(xza is Tf, f) 22'71'71(75]‘ _ti) ‘ ( 35)

The propagator in this simple case permits to calculate directly the prefactor.

2.1.5.b Particle in a smooth potential

We consider now a particle of mass M moving in a smooth potential U(z). A path
starting at x(t;) = x; and ending at x(tf) = xy can be decomposed as follows:

() =3 +y <tic_—ttii + ;) - g apsin(kr(t —t;)/(ty — t:) = & + 6x(t),  (B.36)

T+ Ty
2 )

I =

y=x; — Ty (B.37)

We expand the smooth potential at the second order in dx :

- - M
U(x(t)) =U+U'Sx(t) + 7925:5(75)2, (B.38)
where we note

U=UZ), U =0UT), Q=+/02U(T)/M. (B.39)

Using the relations

1 = 1 = 1 1
cotz = ; + 22; m, ; k27['2 = 6, <B40>
1 1 = (—=1)F 2 (—1)k 1

=-42 —_— =—— B.41
sinz =z * ZZ 22 — k22’ Z k272 12’ ( )

k=1 k=1
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one finds
My? MQ2y?T
= —UT —
S=5p U 24
M & T2 204 (1 — (—=1)%) + MQ2y(1 + (=1)F)\”
o k2 2 Q2T2 _
T ;( i A ke (k212 — Q2772)

MQ (v 2U? 2 2U”? 1
(e vor+ (L -
T (( > Tarar ) T\ T aeal ) smar

My? . 027172 UT (B.42)
2T 12 2MO2° '
The propagator reads
x(tf):a:f i
K(x;, tiszyp,ty) = / Dzxehn
z(ti)::pi
i My? i i MQ2T
=C'en o~ UT— 5 %51
i MQ 2 o2 2 a2 1 i My? 272 i U'2T
" e%T((%er) cot QTJF(%*W) smm)*%%O* ") )Jr% Yoy
2
0o i M 72 2’ (1—(-DF)+ M2y (1+(—=1)F)
X H /OO day e%ﬁ(kQWLQQTQ)(aFW kﬂ(k2w2—92?2>
k=17~
o) A i _ 12 i y 2 <12 2 -2
=C H i4rhT _ET(U_ 21%[/192)"'% To o ((y?"’ 1&5794) cos QT-I—(%—%IZ;QZI))
- M (k22— 0272) ¢ '
k=1
(B.43)

The propagator of a free particle (U=0) being (Eq. (B.35))

M imy?
Kip(@i, tiswp, ty) = \/Eeﬁ o (B.44)

and using
= k22 QT
IE K272 — O2T2  sin QT (B.45)
we obtain
MQ
K@ ts 20 t) =\ srhsmor
i (- Uu? i MQ > 2U”? v 2U”
“irlu - z Yo 2 VeosQr+ (L - :
XGXP{ h <u 2MQ2> T R 2sineT << > " M2Q4) costHF < 2 M2Q4>)]

(B.46)
The propagator for a smooth potential can then be applied to the case of a harmonic
oscillator.
2.1.5.c Harmonic oscillator

We focus on the case x; = zy = 0. As a simple example, we can consider the case
o — 00. We define the bottom well pulsation wy by Mw3 = U"(0). It is obvious that
the only solution obeying the boundary condition is £ = 0. For this solution &y = 0.
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If we define the prefactor N by det [—MB,? + W] = QLMH./\/Qwo(Tﬂ), where 1) is the
eigenfunction of Sec. B.1.4, then

N (det[-MOF + W) 3 _ <M¢0(T/2)> ’) (B.47)

If W = Mw, the eigenfunction of Eq. (B.21) is

T—>ooe wol'

Yolt) = - sinhwo(t +T/2),  wo(T/2)

. B.48
wo 2wo ( )

Therefore
_1 M
N (det[-M} + Mug]) "2 = | —2e 0T/2, (B.49)
7T

which gives the correct semiclassical shift in the ground-state energy Ey = %hwo.

Actually, this definition of N is equivalent to the definition of Dz from Feynman
path integrals. Indeed, if we apply the general result (B.46) to a harmonic oscillator in
imaginary time, we find

_i Mwy Tooo [Mwy _
Ole wHMT|0) = )/ —— 0 2, [0 H0 o—wol/2 B.50
(O ™ 7 27h sinh woT mh ¢ ’ ( )

with (0] e”#"70) = A (det[~ M7 + Muwg]) 2.
Finally,

-

1
2 (= 2
(0] e+ 1) — F Moy wyrjo-soym (At [-MOF +U"(D)] (B.51)
7h det [~ MO} + Mwi]

We will see in the following that it is easier to calculate the ratio of such determinants.

B.1.6 Multibounce configurations

Now we consider the case o finite (see Fig. B.1). There are nontrivial solutions of

Eq. (B.19): the particle can begin on the top of the hill, bounce off the potential wall on

the right at * = o, and return to the top of the hill. For T'— oo, we call this form “the
dz

bounce”. The bounce has an energy Ey = 0, thus £ = \/ZU(Z). The bounce action

reads

SO_M/+OOdT< _> _2M/ dx—2/00dx\/m. (B.52)

We define “the center of the bounce” the time when z = 0 or equivalently Z = . For
large T', a bounce centered anywhere in the interval of integration is an approximated
stationary point of the functional integrand. So also are n separated bounces, with
centers at ti,...,t, where T/2 > t; > --- > t, > —T/2. We propose to evaluate the
functional integral by summing over all these configurations.

1. The action for n bounces is nSy.

2. We obtain \/@e*w‘ﬁ/ 2™ where K is determined by demanding that this ex-

pression gives the right answer for one bounce.
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3. We must integrate over the location of the centers:

Z
2
/ dtq /
T
2

We can perform the summation:

_ _ T wo _ —So/h
0l e~ #HT 0) Muwo o—woT/2)cn nSO/FL woT/2+Ke=50/"T g sy
(0] #7 |0) Z\/ =\ e (B.54)

Thus the inclusion of the multibounce configuration has modified the ground-state en-
ergy:

tn—1 TTL
dts .. / dt, = — . (B.53)

T n!
2

MH

1
= yhwo — hK e~ So/h, (B.55)

Hence, from Eq. (B.14),the decay probability per unit time of the unstable state is given
by

=25/ "mK. (B.56)
From Eq. (B.51) and Eq. (B.54) with n =1 it yields
1
1 (det[-Md? +U"(z)]\ *?
oo L (detl & (562)] : (B.57)
T \ det[—Md} + Mwj]

when there is no vanishing eigenvalues. But we will see that it is not the case in our
situation.

B.1.7 Multibounce configurations with a double escape path

We perform the calculations of the previous section in the case where the potential has
two escape paths as represented on Fig. B.3. In this configuration, there are two types

—U(z)
\UL Q OR

Figure B.3: Inverted potential with double escape path.

right bounce
left bounce

of bounce: the

where the particle starts at the top of the hill, bounces off

on the right at z=0gr
on the left at x=0o7,

the potential and returns on the top of the hill. The bounce actions

read

OR oL
SE=2 / dzv/2MU(z)  and  SE=2 / daz/2MU (). (B.58)
0 0
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The multibounce configurations consist of n right bounces and m left bounces. The
corresponding action writes nSé% + mSé: . The resulting element of the propagator is
1

\/%e_WOTﬂK% 7', where
det[~M} +U"(Zr1)] ) 2

P B.59
ol T< det[~ M} + Mw?] (B.59)

Now we sum over all possible positions of the bounce centers in two steps.

1. We enumerate the number of configurations of n right bounces and m left bounces:

n+1 ky
S = () =k (B.60)

k1=1ko=1 km—1=1

2. For a given order between right and left bounces, we integrate over the location of

the centers:
t'n+m 1 Tn+m
/ dty dtg / dtpim = (7 (B.61)

T _r T n+m)!
2 2 2

Then we sum over the number of right and left bounces:

(0]e™ ﬁHTIO U wo emwoT2icncm o= (n Sf4msfy/p_2 T
(n+m)!

nOmO

M
- ‘7‘;0 exp(—on/Q FKpe ST 4 Koy e_SOL/hT> . (B.62)
T

The ground-state energy of the double-multibounce configuration then reads
1
= hwo — FKr e S0/ _ piCp e So /M, (B.63)
This leads to the total decay rate
_ _ 5 =SBLp
I'=Tr+1y, FR’L—QG 0 ImICR’L. (B.64)

As a conclusion, in the limit of a dilute gas of instantons, the total escape rate is simply
the sum of the tunneling rates in each barrier. In the following subsections we treat on
of the two escape paths for simplicity.

B.1.8 Propagator of one bounce

To determine K, we study Eq. (B.21) for one bounce z. Using

T =/—UT), = MU’(:E), = —U"(z)x, (B.65)
we find that x1 « T is an eigenvector of Eq. (B.21) with a vanishing eigenvalue. Using
the definition of Sy and the normalization condition, we obtain

M.

= S—Oa: (B.66)
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The corresponding integration over c; in the determinant gives rise to a disaster. How-
ever, noting that de = \/Sp/Mx1dr and z1 = d , we have (27h)~Y2de; = \/Sp/2Mrhdr.
The integration over ¢; corresponds actually to the integration over ¢;, which has already
been done in Eq. (B.53). Therefore, in evaluating the determinant, we should not include
the zero eigenvalue, but we should include in IC a factor of \/Sy/2MnhT.

We note that z has a maximum at the center of the bounce. Thus z; has a node.
Consequently, it does not correspond to the lowest eigenvalue. In other words, there
is a negative eigenvalue, A\g. The resulting determinant, and hence K, is imaginary. It
guarantees a finite lifetime or equivalently a non-zero escape rate. This eigenvalue thus
characterizes the possibility for the particle to tunnel.

The eigenvalue Ag being negative, the integration over cg, (2wh)~ f dcg exp[ é—%cg} ,

has to be performed separately. In the semiclassical limit (the hlgh—ﬁ limit) we can use
the steepest-descent method. It consists of evaluating the integral on a modified contour
which goes across a saddle point from the two neighboring valleys'. Here, the saddle
point is located in ¢y = 0 and the direction of the two valleys is ¢ = +7/2. When
co reaches the saddle point, the contour then goes to +ioco. The integration is thus
performed on one half of the Gaussian peak:

_1 )\0 1 . 1 1 1
2mh)” 2 / deg ex [ 02} = —3 = — . B.67

Therefore, the determinant has to be divided by two:

0
1 T Ve
! <N/O e e_%‘s)l bounce 7N e_SO/h % ’det/ [_ a72' + Z/[//(jj)] ‘_%’ (B68)

where det’ indicates that the zero eigenvalue is to be omitted. Actually, this is the
result (B.25) with a primed determinant and multiplied by the factor & x \/So/2M7hT.
The presence of the coefficient % can be interpreted in two different ways.
The first one is to consider that, to escape, the particle needs to go beyond the point
x = 0. Only one half of all the possible paths satisfies this condition.
From the second point of view we note that, due to ¢y, the path x acquires an imaginary
part co = icgr. Focusing on the distance |z| = \/(Re(x))? + co,12, we see that all possi-
bilities are taken into account if ¢o ; travels on RT or R™. Consequently, the integration
is performed only on one half of the Gaussian peak.
Comparing this to the definition of X (Eq. (B.54) with the term n = 1), we find

1
det'[—Md2 +U"(z)] | *
Imic = L,/ S0 |de [-MO; +U"(7)] (B.69)
2V 2M~h | det[—MO2 + Mw3)]
Hence, the tunneling rate is given by
1
_ 8 _so/n |det' [-MOZ +U"(Z)] | * (B.70)
~Vonmn© det[-M82 + Mwd)] '

1To calculate the integral I = /dz eaf(z)7 where « is positive and large, it is possible to use the
c

D) .
saddle-point method. The approximate result reads I = ZT gorf (20) e'?, where zo is the position of the
V ap

saddle-point (supposed to be unique) of the function f(z), f”(z0) = pe'’ and ¢ = —0/2 & 7/2 is the
direction of the valley.
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B.1.9 Explicit expression using the bounce orbit

So as to calculate the ratio of the two determinants, we use the result of section B.1.4. We
note W) = ¢"(z) and W® = Mw?. We already know the solution zpé2) (T/2) TR e

2wo

We define the constant o through the relation x(7) T ae 907 or equivalently

with (1) "~ ay/So/M Jwye 7. To construct the solution w(()g)(T) we need another
independent solution, y (7)

T 1 —zo0 -
n(r) scoa(r) [ ar'- o AT ae (B.71)
1
Then,
1
¢(()2)(7_) =5 (eon/2x1(7_) i e’“oT/2y1(7)> 7 (B.72)

and w(()z) (T/2) = wp~!. To find the lowest eigenvalue, we must find v (7) for small .
At first order in A, this can be obtained with the formula

A
P AN
2Mwyor?

/_TT dr' [y (D1 (r) — 21 () ()] 0 (), (B.73)

which becomes, for large T',

1 A
Ua(T)2) = S0 <1 — Wew0T> : (B.74)

Then the condition ¥y,(7/2) = 0 gives
Ao = 4Mwga? e=oT (B.75)

which tends to zero for large time 7'. This yields,

det'[—MO? + U (z 1
[ (2)] = . (B.76)
det[-Md2 + Muw})]  2Mwpa
Finally, if we define Cy = /2/wpa, i.e.
_ T—100 SO —woT]
z(r) — Cy Moo e , (B.77)

the escape rate reads

T = woCo/ ;—Oh e~S0/h, (B.78)

The coefficient C is a real number depending on the shape of the potential between
=0 and x = 0. It can be determined from the asymptotic behavior of Z:

T—+00 — T—=300 1 _ 1
s oye “oT = S Inz+ n(ov)’ (B.79)
wo wo
. 2 g M 1 1 x
RN T N _ [ q S (7) B.80
2] M (7) 7| /ac o 2U (x) wox] wo . o ( )
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We get
M wg 1

WU(z) =

(B.81)

g
v =el, I:/dw
0

As a conclusion, the tunneling rate of a particle of mass M from an unstable state at
x = 0 to the exit point at 2 = o through the barrier potential I/ (x) with the bottom-well
frequency wg reads

= Ae B/h (B.82)
A= wp Mwo oet (B.83)
mh
B = 2/ dz/2MU(z) (B.84)
0
Y Mw2 1
I—/O dz (x) x] (B.85)

This general result can be applied to the case of a quartic potential, as we will see in
Sec. B.2.

B.1.10 Decay rate of metastable excited states
We consider the escape rate of the n'® excited state with energy F,. Noting &, = %,

from Ref. [203] we have

VAR
Ty=Age B/ g, =D ( - ) Aot

T, (sn—l). 0
~L)

where T}, is the period of oscillation in the well of the n'® state.

(B.86)

e In the case of an harmonic potential we have £, =2n+1 and T,, = % This leads
to

n! \we?

T, = A,e B/l Aﬁl(%>AWﬂ (B.87)

e In the case of an anharmonic potential with level spacing depending on the anhar-
monicity A according to E, — Fy,—1 = hwo(1 —nA) we have §, = 2n+1—n(n+1)A

and, at zeroth order, T, = i—’; This leads to

A_ 1 2 n—n(n+1)4 A 2n+1-n(nt1)A (B.53)
" (n—n(n+1)A/2)! \we? 0 ' '

B.2 Application to a polynomial potential

B.2.1 General quartic potential

We consider a particle of mass M tunneling through the potential

1
Up(z) = §Mw§$2 (1 — bz —az?), (B.89)
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%5 U(z)

I'r

</ qr \ “9 qr 3 \

oL OR

Figure B.4: The total tunneling rate is the sum of the tunneling rate in each barrier.

where a > 0 (see Fig. B.4). This potential has a minimum at = 0, two barriers Vg
and Vy, located respectively at z = gg > 0 and ¢, < 0 and two exit points at x = or < 0
and o;, < 0. The total tunneling rate of a particle in the ground state of the minimum is
the sum of the tunneling rate through the right and the left barrier: ' = I'gr + I',. We

define
\/ (B.90)
_ 2 64a2 (B.91)
Vo = Up(qp), (B.92)
and
Ty = Aye Bo/h, (B.93)
Ay = wo ]\fr;;o op e, (B.94)

B, — 2 /0 " de/2MU(), (B.95)

op M 2 1
Iy = / dx i ] ,
0

Wy(z) =
such that op = 0y, o = —0_p, qr = @, L. = —q—p, Vo = Vg, V4 = V1, I'r = T,
I'o=T_pand I' =Ty +T_,.

We note R(x) =1 — bx — az? and use the results

(B.96)

x R(z)3 b+ 2azx b2 +4a . { b+ 2ax
dzzR(z) = — —-b R(z) —b——= — B.97
/ zzR(x) ” S22 () NG arcsin NeEwrik ( )

/m da [ijl@) - i] — 1n(2 — bz + 2@) : (B.98)
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together with R(0) = 1 and R(0}) = 0 to find

2 —
T, = — 1n< 460”) : (B.99)
MUJ(] gp
=4 B.1
Ap = dwo mh 2 —boy’ (B.100)
2Mwo (1 B> b? +4a b
_ 1,00 rtda 2 ). B.101
B=—, (3 T8 603 N\ VR 1 da (B.101)

The total escape rate from the potential Eq. (B.89) is finally
=Ty + 1T, (B.102)

with the tunneling rate for each barrier

M 2Mwy [1 b2 244
'y = 4wy Ho_ 9% exp <— 0 [ + L — bm arccos(b)]> .

“7h 2—boy ah |3 8a 16a3/2 Vb2 + 4a
(B.103)
Parameters a and b can be expressed in terms of the barrier height V} and its position
dp:
1 6
a= ( V” 1> , (B.104)
g \Mwiq;
2 4
b= (1 Ve > . (B.105)
db Mwoqb

The general result for the escape rate can be applied to the symmetric camel back
potential and the cubic potential.

B.2.2 Symmetric camel-back potential

In the limit b — 0, from Eq. (B.103), the tunneling rate reads

27 VR, L, -1 VER L
wo . B.106
i o (B.106)

Actually, in the case b = 0 it is possible to determine the bounce orbit from Eq. (B.19).
Indeed, when b = 0 we have 0 = a /2, V = Mw302/8 and the potential becomes
U(z) = %ZL‘Q(O‘Q — z%). The bounce orbit Z satisfies the differential equation

I'=I'r+1y, FRL—8f

(B.107)

T

I

&
(=) )

Kl
N

—

|

[\)
Q ‘&l
Do (3]
~_

which solution is proportional to the Jacobi elliptic function dn(wo, 1) = cosh(wor) ™!
(see Fig. 3.7):

o

T(T) = ————. B.108

#(7) cosh(wpT) ( )

The asymptotic behavior z(7) T 9g ewolrl gives the correct prefactor Cy = v/12. If
the potential is symmetric, the tunneling rate reads

wo [27V 16 YV
=16—4/ — —— . B.1
627r hwg exp[ 3 hwo] (B.109)



158 The instantons formalism §B.2

B.2.3 Cubic potential

In the limit @ — 0, depending on the sign of b, one of the barrier disappears: its position
is shifted to +o00 and its height becomes infinite. Therefore, only one direction of escape
is allowed.

Indeed,
- L + 1 (1 —sgn(b)) (B.110)
4 3|0
=—+—(1- b)) . B.111
0= g5+ g (L sE(b) (B111)

Moreover, using the Taylor series

arccos( ! ) Ve (1 “ 4 m2> (B.112)
~yell—-=+—), .
V1+e 3 5

coefficients A, and B, become

MU)O 4w0
~ =0 B.113
A wh |b]’ (B-113)
8Mwy 1 b
~ b —+— ] (1= b)). B.114
= Satsen() + (o + gz ) (1 seal) (B.114
Therefore
_ 1
R = [ Ar = 55
Ifo>0 R = 3 Br = 81]\;5;0 (B.115)
or,qr, — + FL — 0
_ 1 “
L=y Ap = Mgt
Ifo<0 aw = 3 B, = 811\5/;’;210 (B.116)
OR,qr — —O0 I'r — 0
Finally, let us note V the barrier height. Then
wo 6TV 36 V
'=12—4/— —— . B.117
21\ o eXp[ 5 huwo (B-117)

This result is well-know in MQT studies.

B.2.4 Effect of the periodicity of the camel-back potential on the tun-
neling rate

2.2.4.a Periodic configuration

We consider the case of the symmetric and periodic camel-back potential and build a
simple model to understand its dynamics. Each period is composed of two different wells
(see Fig. B.5):

e A small well with a quartic shape corresponding to the well between the two humps
of the camel. It is characterized by the bottom well frequency wq, the total escape
rate 2I'yyt and the total entrance rate 2T,.
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Figure B.5: Scheme of the symmetric periodic camel-back potential with the correspond-
ing levels and rates.

e A large well supposed here to be quadratic which corresponds to the well of the
neck or the tail of the camel. This harmonic potential, characterized by the bottom
well frequency wp, contains a lot of states. We assume that one of these states, the

E|y—3hwp

hwp

Due to dissipation, this state has a finite lifetime. Indeed, if we note ~ the relaxation

rate of a state |m) to the state |m — 1) of the harmonic oscillator, one can show

that the lifetime of the state |n) is (ny)~!. This state will finally relax to the lowest
energy level |0).

n* state |n), is in resonance with the state in the quartic well |c) <n =

From the preceding sections, we know the escape rate I'gyt. Then we can evaluate
roughly the entrance rate I';,. Let us call 7 the transparency of the quartic barrier
(T do not depend on the tunneling direction). The escape rate from the quartic well,
with the bottom well frequency wy, is equal to the transparency of the barrier times the
attempting rate: I'gyy = wo7 . Similarly, I'ty = w,7 . This gives I'j, = %Fout.

We consider that this relaxation rate 7 is huge compared to I'oyt. Therefore we look
at the effect of double tunneling only, which is equivalent to the first order correction in
1/~ of the escape rate.

Let us focus now on the k™ period starting with a quartic well and look at the
evolution of the population of the different states:

e The population of the state |¢)y

— decreases with the rate 2oy due to the escape towards the state [n)g or |n)g_1,

— increases with the rate 2T'j, due to the entrance from the state |n)j or [n)g_1.
e The population of the state |n)y,

— decreases with the rate ny due to the relaxation towards the state |0),
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— decreases with the rate 2Ty, due to the escape towards the state |c); or |¢)k11,

— increases with the rate 2T, due to the entrance from the state |¢) or |¢)g1.

We start at t = 0 with the particle in one of the quartic well. We want to determine
the escape rate of the particle taking into account that it can jump to another quartic
well via the states |n). If the lifetime ny of the state |n) was zero (y — o0), this
rate would be simply 2Ty:. We call P i(t), Py r(t) and Py (t) the probability of the
particle to be in the state |c)g, |n)r and |0), respectively. The preceding discussion can
be traduced into the following set of differential equations:

Pc,k(t) = _2Foutpc,k(t) + FinPn,k(t) + FinPn,kfl(t)a (B118)
Poi(t) = —nyPy i (t) — 20in P g (t) 4 Tout Pe g (t) + Tout Pegr1 (t), (B.119)
Pog(t) = nyPi(t). (B.120)

Because of the periodicity, we are interested in the probability for the particle to be
in one of the states |¢) or |n). Defining P.(t) = >, Pei(t), Pu(t) = >, Pok(t), and
summing all the differential equations we get

o(min )= (Rl ) =t ™, ). @

The eigenvalues of the matrix M give rise to the escape rates. One of them is dominated
by the rate ny > T'oy and, consequently, won’t participate. At first order in 1/, the

other one reads

f—or,, - Loulin
ny

(B.122)
Due to the non-zero lifetime of the state |n), the escape probability 2Ty is reduced by
4T out n% I'jn. This result corresponds to the four possibilities of double tunneling: the
particle escapes with rate I'oys, stays at the state |n) with lifetime 1/nvy and enters with
rate I'iy,.

Explicitly,

= Yy 15y wowp, Vo 32V
I'=16 3w — 1622 3o, B.123
wo 21wy ¢ ’ ny 2mhwy ¢ ’ ( )

Due to retrapping, the escape rate is decreased.

2.2.4.b Quasi-periodic configuration

We consider the case of the quasi-periodic camel-back potential and calculate the re-
trapping rate. In this situation, the right and left tunneling rates are different (T'Z,,
L. TE TL). A state |c)y is coupled in resonance to the n'! state |n)j on its right and
to the m' state |m)y on its left. At zero temperature, the double tunneling from the
state |c)j to the state |c);_1 is forbidden. The lifetime of the state |n) is (ny)~! because
it is the higher level of the harmonic well. The occupation probability of a state |m < n)

decreases exponentially with all rates m~, (m —1)y... ny. If v is large, we can keep the
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leading rate m~y. The system of differential equations reads

k() = —(Dd + D) Pek(t) + Ti Pk (8) + T P i1 (1), (B.124)
P i(t) = —(ny + T Pu(t) + Thy P, (t), (B.125)
P k() = —(my + ) P i (1) + Ty Pega () + ny P i (t), (B.126)
Poi(t) = myPp i(t). (B.127)

To get the escape rate from one of the states |c), we sum up all the differential equations
to get

Pc(t) Pc(t) _F(IJ%ut Fgut Ff‘l Flllll
| P.(t) | =M P.(t) |, M= Ik, —ny—TE 0
Pm(t) P, (t) Fgut nry —my — Fﬁl
(B.128)

At first order in 1/, the effective rate reads

ForR. 4L <F£futFR L Tl | Ff?utFL)
ny mry mry

The correcting rate corresponds to the three possibilities of double tunneling.
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N this appendix we detail the calculations used in Chap. 4. We derive first the Lindblad

j equation of the reduced density matrix for a free field that leads to Eq. (4.14). Then we
give the general result for the evolution equation of the density matrix elements. Finally
we detail how we construct the semiclassical dynamical equations.

C.1 Lindblad master equation for a free field

C.1.1 General free field

We consider the interaction of a free field (e.g. photons spontaneously emitted from
the relaxation of the qubit or the light mode in the cavity) with a heatbath at the
temperature 7' [100, 101]. The Hamiltonian H of the system is composed of

e The Hamiltonian of the free field Hp = hwc'e. The operator ¢ corresponds to 0ij
in the case of a qubit transition |j) — |i) with w = (g; — &;)/h or to a, in the case
of the mode of the cavity a with w = wq.

e The Hamiltonian of the bath is composed of an infinite number of harmonic oscil-
lators Hp =), ﬁwlb;bl where the operators b; and b;r are the annihilation and the
creation operator, respectively, in the mode [ of the bath.

163



164 Quantum dynamics of the Josephson atom 6C.1

e The coupling Hamiltonian Hp_p = ih> ), gi(c + ') (b — bzr) where g; is the cou-
pling strength between the free field and the mode [ of the bath. To simplify the
calculations we define the operator C; = ¢, Cy = ¢/ and B; = By = iy 91(b— b;)

The density matrix of the total system obeys the equation

dptot
dt

It is convenient to proceed in the interaction picture with respect to the Hamiltonian
Ho = Hr+Hp: O(t) = expliHot/h] O exp[—iHot/h] for an operator O in the Schrédinger
picture. The interaction Hamiltonian has the form Hr_pg(t) = h)_, Ci(t)Bj(t) with

_ % M, prog] (1)

Cha(t) = O eTiAt, (C.2)

In the interaction picture, the evolution equation for the density matrix reads

onlt) = = [Ftr(t), pn(t)] (€3)

Noting pg = ptot(0), we get from the first derivative

e 1 t T1 Tm—1
ﬁo(t):po-F ; m/ d7'1/ dTQ.../ dTm
o mzzl (@h)™ Jo 0 0

x [ﬂF_B(n), [ﬂF_B(TQ), [ o [ﬂF_B(Tm),po} m . (C.4)

At second order (m = 2) it yields

i
1 t T1 - ~ ~ ~
72 / dm d7 {HF—B(Tl)HF—B(T2)po — Hr_p(11)poHr—B(T2)
0 0
—Hp_p(m)poHr_p(T) + pOﬂF—B(TQ)ﬂF—B(TI)} .
(C.5)

We eliminate the heatbath variables by tracing over the heatbath
ﬁ = TrBﬁtot- (06)
To proceed, we use four approximations

i. Born approximation. We assume that at time ¢ = 0 the total density matrix factor-
izes in that of the free field p(0) and that of the heatbath pp, which also factorizes
into the density matrices of the individual baths:

po = p(0)pB. (C.7)
The bath is at thermal equilibrium at the temperature T,

pp = Z~ " exp(—BHp),
Z =Trpexp(—FGHp),

—~
Q Q
© oo
~— ~—
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where 3 = 1/kpT. The first order term being linear in the bath operators, its average
vanishes. Concerning the second order term, we find

p(t) = p(0) — /Ot dr /OT2 dry Y [C'kl (11)Ciy (72)p(0) Tr (Bh(Tl)Bkz(TQ)pB)

k1,k2

— Ciu (11)p(0)Ciy (72) T ( By (1) By (72)

= O (12)p(0)Ciy (1) Tr s (B (r2)p Bra(71))

+ p(0)Ci, (12)C, (1) Trs (PBBk1 (72) B, (71))] :
(C.10)

We define

K, gy (11, 72) =Trp [Bkl (Tl)Bkg(TZ)PB} = Ky, ko (11 — T2), (C.11)

for a stationary interaction. Let us focus, for example, on the first of the four terms.
With the time transformation 7 = 19 — 71 we get

/Ot dm /072 daCr, (11)Ciy (72)p(0) Tr (Bkl (71) B, (Tz)PB>

ZCk10k2p(0)/() drm el(Awk1+Awk2)Tl/D dTe_ZAkaTKkLkQ(T). (C.l?)

We now make three further essential assumptions

ii. Markov approrimation. We assume that the heatbath has a short memory so that
K, i, (7) is only nonvanishing for 7 < 9. In the following we consider times ¢ which
are large compared to the correlation time 7. Then we may replace the upper limit
71 by 00.

iii. We assume that the interaction with the heatbath is so small that during the time ¢
the density matrix has changed very little. This allows us to make the replacement

At) = 5(0) _ dp(t)
; i (C.13)

iv. We consider only terms satisfying the condition Awy, + Awy, = 0 because otherwise
the temporal integration in Eq. (C.12) vanishes. Consequently the integral becomes

t
/ dTl ei(Awk1+Awk2)T1 = t.
0
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Using the cyclic property of traces, we obtain

dﬁ(t * —iAwg, T 9,
dt) = Z [_Cklckzp(o)/o dre A k2 TI"B< kl Bk2 pB) (0.14)
k1,ka
+ Ck, p(0)Ci, / dre Ak Try (B’k2 pB) (C.15)
0
+Ck1p(0)Ck2/ dTefiAwleTI‘B (Bkz ,OB> (Clﬁ)
0
—p(0)C, Ch, / dr e Ak T Ty (Bkl ) By, (T pB>:| (C.17)
0

If we note k = k; and k' = ko in Egs. (C.14) and (C.17) and vice versa in Egs. (C.15)
and (C.16) we obtain

(T:;;([C’f’ﬁ(t)’ck] A i + [Crr, p(E)CK] Af ) (C.18)

where A and A’ are defined by
OO . ~ ~
Ay = / dr e~ e (By(r) By (0)ps) (C.19)
0

;::,k’ = / dr e_iAwkTTI‘B (Bk(O)Bk/ (T)pB> . (C.20)
0

Under the assumption that B;L = By, which is needed to ensure that the coupling
Hamiltonian is Hermitian, we have

?i‘,k" — A;:‘,k" (C21)

Then we evaluate the trace over the heatbath in the energy representation of the heatbath
alone. We denote the energy of the state n by hQ,. Using (n|pp|m) = e Mg, . and
(n|By(1)|m) = e/n=m)7 (| By |m), this yields

App =271 / dr e AT N (0| Bilm) (m| Bf n) /()7 =5 (C.22)
0

n,m

1
— Z*l B 2 —BhQy, n— QO — , .
Z|<n! klm)|“e 7o(Q, — Q Awk)+ZPQn—Qm—Awk/ ,

(C.23)
where P is the principal value operator and
1
Ak’,k = Z_l Z ‘(n’BHmMQ e_ﬂmm (W&(Qn — Qm + AWk) + ZPQm — Qn — Awk) .
(C.24)

From these equations we get the detailed balance relation (see Ref. [204])

Re Ak,k” = Re Ak’,k eﬁhAwk/ . (025)
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Finally, we may transform p (interaction representation) into p (Schrodinger repre-
sentation). We obtain

dp(t 1 _ _ _ _ .
’(’é) = o [Mr.pl+ Y ([Crp. Co] Ak + [Cu. pCr] Af o) . (C.26)
kK’
where ' 4
C«k _ e—iHFT/th ezHFT/h = () e:l:zAwt' (0'27)

The time evolution of p is now explicitly determined by two different terms: the com-
mutator between Hr and p describes the coherent evolution of the system whereas the
other terms under the sum describe the incoherent processes.

C.1.2 Application to qubit transitions

In the case of a qubit transition, the Hamiltonian of the field is Hr = ), ;04. This
implies that Cy = 05, C2 = 0;; and also Aw; = —(g; —¢€;)/h = —Aws. Eq. (C.26) leads
to do(t)
p(t ) €; *
3 = ! > gj 055,01+ > (0510, 0i5) A ji + 03 pois) ATy i) - (C.28)
J 2%

To understand the physical meaning of the coefficients A, we derive the evolution equation
for the average of the operator o;:

d(ok)
de¢

= Z % ({oroyj) — (ojj0m1))
J

+ Z Aijji (oijorogi) — (Oroijoji))
i

+ ) A i ((0sjom0gi) — (0405i0k)) - (C.29)
i7j

This expression can be simplified

W) — (o) o + i — o) B (C.30)
W) — 5™ (s — s ). (©31)
J
where
Vit = Ajk i + Ak g (C.32)
b = Z Re (Agiik + Afi ) = % Z (Ve + i) 5 (C.33)
Awy = Z Im (Apiir + A1) - (C.34)

The parameter v;; is straightforwardly identified with the transition rate between the
state |i) and the state |j), while ¢;; is the phase halfwidth. From now on we consider
the coefficient A to be real and equal to the transition rate A;;j; = vi;/2.
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The Lindbladian equation in the interaction picture is thus

ﬁ(t) = ZL'Yijﬁ<t)7 (C.35)
ij

where L., is the Lindblad operator associated to the transition |i) — |j) with the rate
Yij
Vi

9 (2Ujipaij — O4pP — pO’ii) . (C.36)

L'Yijp =
There are two kinds of transition

e i > j Spontaneous emission: The photon generated by the transition from |i) to
|7) is lost in the environment with a rate v;; and is not kept by the cavity. In a
three-level qubit there are three types of spontaneous emissions

Loyp= % (2012p091 — 022p — po22), (C.37)
Lop = % (2001p010 — 0119 — po11) (C.38)
Loygop = 120 (2002p020 — 022p — po22) . (C.39)

e i < j Incoherent pumping: The qubit is incoherently pumped from the state |i) to
the state |j) with the pumping rate 7;;. In practice the pumping occurs from the
state |0) to the state |2) at a rate I' = ~yp2 to ensure the population imbalance. The
corresponding Lindblad operator Lp = L., reads

r
Lpp = 5 (20’20/)0‘02 — O0o0pP — pO‘O()) . (040)

C.1.3 Application to a cavity mode

In the case of the coupling between a transition in the qubit and the bath, Hp = hwa&aa.
We make the following identifications C7 = ao, Co = al and Awi; = —wa, Aws = Wq.
Eq. (C.18) then takes the form

(Li’;iw = [aaﬁ(t), aL] A+ [alﬁ(t)’aa] A+ [aa,ﬁ(t)al} A+ [ag,ﬁ(t)aa} A%y, (C.A41)

Since the imaginary parts of A give rise to mere frequency shift which can be absorbed
into the frequency of the actual oscillator we keep only the real part and put

A21 = 5, A12 =0= fe_ﬁhw. (042)
In the Schrodinger representation we have

d[()igt) = — 1w [aLaa,p} +¢& ([aap, GL] + [aa,paTaD +9 ([al{p, aa} + [cﬂ;,paa])
T

= —w (agaap — paaaa)

+¢ <2aapal — al aap — paLaa> +0 <2alpaa —aqalp— paaaw . (C.43)
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To get some insight into the meaning of the constants ¢ and &, we derive an equation
for the average value (ahaq): 0 (ahaq) = Tr{ p'a&aa}. We obtain

d<a3aa)

o =20-2(6-9) (al ag), (C.44)

this allows us to identify 2(¢ — §) with the decay rate k.. Finally, noting nt" the Bose-
Einstein distribution, we obtain 2§ = kon® and 2¢ = k4 (1 +ntt). As a consequence

dp(t
ﬂ = —iw (aLaap — pa&aa>

dt
K K
+ ?a(l + ) <2aapaL — al aap — pafxaa) + ?antah (Qa};paa — agalp— paaa];) .
(C.45)

In the interaction picture and at very low temperature (kpT < hw = n'' = 0) the
Lindblad equation reads

dp(t -
2 S L), (C.40)
(0%
with the Lindblad operator of the cavities
K
Leo,p = ?O‘ <2aapaL — alaap — paLaa) . (C.47)

This general result can be applied to the calculation of the steady state density matrix
and the output spectrum.

C.2 Incoherently pumped qubit coupled to one cavity

C.2.1 Temporal evolution and steady state of the density matrix

We study the population dynamics of a three-level qubit coupled to one cavity using the
density matrix time-evolution. We consider the case of an incoherent pumping (rate I')
with the presence of non-radiative relaxations |i) — |j) (rate 7;;). We take also into
account the presence of a detuning d = wyy — wy between the lasing transition and the
cavity mode. The temporal derivative of a general matrix element reads

(i, nlp(t)|j.m) = wv/n+ 1TVm + 10, n+ 1|p(t)]j,m + 1) — g(n +m){i,n|p(t)|j,m)

. r. .
+ F<07 n‘p(t)‘ov m> 5i7j12 - 5(17 n’p(t) ’j7 m) (6’i,0 + 5‘,0)

- N
+) [(k‘, nlp(t) |k, m) 80 — 5 (& nlp(t)]7,m) (B + Gj1)
ol

+ g\/ﬁ<17n - 1|ﬁ(t)|]7m> e_iét 51',0 + gm<lvn|ﬁ(t)’1>m - 1> eiét 5j,0

— gV + 1{0,n + 1|p(t) |4, m) €t 8,1 — gv/m + 1(i,n|p(t)[0,m + 1) e 0 §;4.
(C.48)

We restrict the cavity states to |0) — |M). To determine the diagonal elements (i, n|p(t)|i, n)

we need six auxiliary matrix elements. We build the column matrix B(t) = (b, (15))Z {1,..M)
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with
(0,m[p(t)[0,m)
(L,n[p(t)[1,n) (0,0[p(1)[0, 0)
bn>o(t) = (2,n[p(t)|2,m) » bo(t) = | (1,0|p(2)[1,0) | . (C.49)

Re{(0,n|p(t)[1,n —1) '} (2,0[p(t)[2,0)
Im{(0, n|p(t)|1,n — 1) ¥}

The time-derivative B(t) is linked to B(t) through the matrix M
B(t) = M - B(t), (C.50)

with
MG Mg
Mp MY MT
M= - (C.51)
M /\7\%—1 /\j\/l]\R%—l
M M

The submatrices of M are equal to

M = — diag{xn + T + o1, kn + Y10 + Y12, K1 + Y21 + Y20,
k(n —1/2) + (I +v10)/2,6(n — 1/2) + (I +710)/2,
0 70 Y20 29v/n 0

Yo1 0 721 0 0
+ T Y12 0 01, (C.52)

0
—gyn 0 0 0 -6
o 0 0 & 0

where diag{. ..} represents the element of a diagonal matrix,

ML = (C.53)

oo o oo
NS
o%ooo
3
oo o oo
oo oo o
(== olol)

and

) 0 0 0 0
k(n+1) 0 —2gv/n+1 0

0

0

k(n +
0

ME = 0 0 w(n+1) 0
0
0

n (C.54)
0 0 ky/n(n+1)
0 0 0 ky/n(n+1)

The top left hand side M, Mg and /\/lf have to be adapted in accordance with the
elements of by(t). The time evolution is then obtained using a Runge Kutta method to
integrate the system from the initial condition corresponding to the qubit in the ground
state and an empty cavity.
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To find the steady state, we set the time derivatives to zero and solve the system
using the property of the trace of the density matrix

2 M
S i nlp)lisn) = 1. (C.55)
=0 n=0
To include the closure condition in the system we express the element (0,0|5(¢)|0,0) in
terms of the other diagonal elements. As a consequence,

M§ ME MBEE . MER
My MP ME

)

_((1,005()[1,0) _ |
bo(t)_<<2,0|ﬁ(t)!2,0> o oand M= [
MM—I MM—l MM—l

My MG
(C.56)
where the submatrices corresponding to n = 0 are modified as follows
00
Y01 + Y10 T B gt 00
MC — (0 10 12 01 — Y21 ’ L_|o of, C.57
( I'— 2 '+ 721 + 720 ! ( )
g 0
00
R_ (Y1 Y1—k Y1 29 0
MO_(F r T—-x 0 0)’ (C-58)
with the new submatrix
00
MPER — (’Ylgl 731 7121 0 0> _ (C.59)
The solution is then simply
701
r
B(tss)=M~"-| 0 [, (C.60)
0

and,

(0,0]p(55)10,0) = (710(1,0[p(ts5)|1,0) + 720(2, 0|p(ts5)[2, 0) + #(0, 1]5(ts5)]0,1)) -

(C.61)

In this specific configuration of incoherent pumping a small number of matrix elements

1
'+ 01

1S non-zero.

C.2.2 Output spectrum

oo
The output spectrum S(w) = 2Re/ dr e’“’T<aL(O)aH(7)>, where 7 =t — tgg, is equal
0
to

2 oo
S(w)=2Re > > Vn+1(i,n+ 1|A(w — wo)li,n), (C.62)

=0 n=0
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where

A[(T) = L(7)[Ar(7)], (C.63)
A(0) = pr(0)a}(0). (C.64)

From Eq. C.48, six auxiliary matrix elements are necessary to find (i,n + 1|A7(7)|i, n),
contained in the matrix B(t) = (bo(t),...,bn(t), ... ,bM(t))t where

(0,m + 1|A7(7)]0,n)

(I,n+ 1|A7(7)|1,n)

bu(T) = (2,n+1|A7(7)|2,n)
(0,n +2|Af(7) 7|1, n)

(1,n|Ar(T)e™7|0,n)

(0, M|A;(7)[0, M —1)
b (,7_) _ <17M|AI(T)‘17M_ 1)
M <2¢M|AI(7—)|2aM_ 1>
(1, M —1|A;(t) e 7|0, M — 1)
(C.65)
Then, the derivatives (i, n+1|Af(7)[i,n) are linked linearly to (i,n+1|A;(7)[i, n) through
the matrix W: B(t) = W - B(7) with
Co DE
DL ¢, DE
W = : (C.66)
Dﬁ,g Cy—2 DJ@%
D][\I/[—l Cnm-1

where the submatrices read

WS = — diag{x

K

—

n+1/2) + T+ yo1,6(n + 1/2) + 10 + 712, K(n + 1/2) + 721 + 720,
n+1) + (I' 4 y10)/2 — i6, kn + (T + y10) /2 + 6}

—~

0 Y10 Y20 0 gvn+1
Yo1 712 Y21 —gvn+2 0
+ r 0 0 0 o |, (C.67)
0 gyn+2 0 0 0
—gvn+1 0 0 0 0
and
0 0 0 g/n 0
0 0 0 0 0
WEk=10 0o 0o o0 of, (C.68)
0 0 0 0 0
0 gymn 0 0 0
and with
Wi =diag{n/(n +1)(n + 2), ky/(n + 1)+ 2),5y/(n + D)0 +2),
ﬂ\/(n+1)(n+3),ﬁ(n+l)}
0 0 0 0 0
0 00 0 —gvn+1
+ 0 00 0 0 (C.69)
—gvn+1 0 0 O 0
0 0 0 0 0
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The matrices W§, |, WE_, and WE_, have to be resized in accordance with bys_1(7).
The temporal spectral function reads

M-1 2
S(7) = e~ woT Z Z V1 + 1 Bsyy (7). (C.70)
n=0 j—0

Next, noting B(w) = TL{B(7)}(w), and using the property TL{f'(7)}(w) = —iwTL{f(7) }(w)—
£(0), we get

iwA(w) + L [z(w)] = —A7(0), (C.71)

or equivalently
B(w)=—(W +iwl)"" - B(0), (C.72)

where the elements of B(0) read

(0,n 4 1[p(tss)[0,n + 1)
(Ln+1[p(tss)[1,n+ 1)
ba(0)= v+ 1| (2n+1ptss)|2n+1)  |. (C.73)
(0,n +2|p(tss) eOtss|1,n + 1)
(1I,n|p(tss) e_i5t55|0, n+1)

These matrix elements can be obtained directly by the procedure of the previous section.
Finally, the relation

M-1 2
S(wo+Aw) =2Re Y > v+ 1 Bsnri(Aw), (C.74)
n=0 j5=0

leads directly to the spectrum.

The case of a coherent pumping can be easily obtained with the same method. In
this case, 9 elements are needed in b,,.

C.3 Semiclassical model

We consider the general case of two cavities and try to find a simplified description to
calculate the photon number n, = aLaa in each cavity. We note A;, the frequency
difference between the transition |i + 1) — |i) and the cavity modes w,. To proceed, we
consider the dynamical equation of n,

d<§ta> z% <[na,7'~(1}> + Tr{naLj} (C.75)

= — Ka(Na)

t 910 <001aj’“ 'Sl + o100 e_mlat> + 924 <‘712ajl eB2l | 5o1a, e_imat> .
(C.76)
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The differential equations for the photon numbers give rise to auxiliary correlators. Their
derivative can be obtained with

d(oj-1,4ah) _

1
dt 2

Ko+ 1051+ Z’Ykl@k,j + 5k,j1)] (oj—15ab)
k>l

+E {<021a£> 81 — (o10al) 53',2}

2
+ Z [(92,3 eiAQ,ﬁt 6j,1 — 15 eiALBt 6j,2) <0_02a:&a;{3>
B=1

+gj5 e_iAJ'w@t (<(Ujj — O’jflyjfl)a];a/g> + <O‘jj> 5a,ﬁ)} . (077)

Among the new auxiliary fields, some are of the same kind

d(oj-1ab) _ 1

dt 2

Fa+T 00+ w0k, + 5k,j1)] (7 -10L)
k>1

+E [<0126LL> 8j1 — (ooal,) 5]',2}
+> [gjﬁ ¢8558 {(0j; = 0j-14-1)akal)
p=1

+ (928 e 20l 51 — gge ALt Jj2) (o20alag)

+goge 220N 590) 8 100,4] - (C.78)

The time-evolution of the qubit operators is needed

d(o%)
de¢

1
= — 5 F((Sk’() + (55,0) + Z%j(éi’k + 52'71) <Uk,l> + I_‘<0'00> 5k:,l,2 + Z%’j<aii> 516,5»]'

i>j i>j

+ E [(ok2) 610 — (o01) Ok,2 — (0k0) 01,2 + (021) Ok 0]

2
iAL1 ot N
+> [gm,a(ak,maiy)e’ el — gpalok-1,al,) €

a=1

+0k+1,0(0k+1,100) e iBkt1al _ 91,0(0k1—10a) efiA”“t] . (C.79)
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Correlators with three operators are also generated

d(aklaLa(T)> 1
= = 5 [ka R + T (B0 + 610) + 121 (B + 612)] (omalaf))

+ D{ogoal, (T)> Ok1.2 + Y21 {0220, G(T)> Ok,1.0

+ F |:<0'k2a ag)> 91,0 — <c701aJr ag)> Ok — <ak0a};ag)) 012 + <02la2ag)> 5;670}

2
+ Z [ng’v oL l+1aT ag)a’r> (ZAVAR 1o 2 gm<0k ”aL Ta (T)> iAg At
y=1
(1)

—91,7<C’k,l—1al¢ag)a7>e_ml”t+9k+1, (ok1104alay’) e ’A’““”t}-
(C.80)

Up to now the calculations are exact but every time we calculate the time evolution
of an auxiliary correlator, correlators with one more cavity operator are generated by
the coupling Hamiltonian. The expectation value of these operators corresponds to the
coherence between states more and more far from the diagonal terms. In the following, we
will consider only off-diagonal terms with differing by maximum two cavity states in each
cavity: (i,n1,na|plj,n1 £2,n9), (i,n1,n2|p|j, n1,ne £2), and (i, n1,na|plj,n1 £1,ne +1).
Consequently terms such as <aklaLaLaTﬁ) and <Jkla2a3a5¢a> will be ignores and set to
zero. The others terms will be factorized to express them in terms of known correlators

(onalaca]’) ~(ne)(onal), (C.81)
and,
(onalapagza) ~(akag)(onag). (C.82)

The last derivative necessary to complete the set of equations is

d(alas) _

G = [m o+ 2] (afan)

2
+ 3 giaos102) A+ ga(ay jal) €] (C.83)
=1

This semiclassical model can be improved to take into account more multi-transition
processes.
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APPENDIX

Quantum fluctuations of a Bose gas in a
ring trap

Contents
Introduction . . . . . . . . .. e 177
D.1 Effect of the field II on the one-body density matrix ... .. 177
D.2 Renormalization of the Josephson energy . . . ... ... ... 178
Introduction

E detail the derivation of two main results presented in Chap. 5. First, we show our
method to take into account the long range density fluctuations in the one-body density
matrix. Second, we treat the renormalization of the Josephson energy with a functional
integral approach.

D.1 Effect of the field II on the one-body density matrix

In the expression of the bosonic field operator Eq. (5.19), the field II(z) is present. In
the Luttinger liquid literature however, this field is not usually taken into account in
the calculation of the one-body density matrix. In this section we propose a method
to include the effect of the long range density fluctuations in G(z,2’). We note 0(z) =
(O(x)), 0(z) = O(z) — 0(x), ¢(x) = (¢p(z)), and p(x) = ¢(z) — ¢(x). We also define
X =T1(x)/po, Y = I(x')/po, and Z = 2imb(x) — 2im'0(z’) — ip(x) + ie(x’). In these

notations, it follows

G(z,2') = po Y Dypr(,2") <\/1 T XAV T Y> , (D.1)

m,m/’

where D,, m/($,$,) _ |A|2€2im§(ac)—Zim’é(x’)—i(g(x)-f—i(?)(a:’) e[mG(m)—l—m’@(w’),gp(z)—L,o(x’)]‘ Suppos-
ing that the density fluctuations II(x) are much smaller than the average density pg, we
expand the square root in power series of II(x)/pg. This expansion generates correlators

177
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of the type (X*eZY!), where k and [ are two integers. This average can be performed
using the generating function

(I)(X17X2) — <eX1X eZ e><2Y> ’ (D2)

which gives
ok o
8x1 6

The generating function can be reformulated as follows

(x1 = 0,x2 = 0) = (XFe?y"). (D.3)

Bl xa) = exp | 5000 + a2 + (X 2) + () +xalXY) + 5(2)

(D.4)
The derivatives of ® can then be expressed in terms of Hermite polynomials Hy,(x)

kool k z
aﬁ){}f@& ®(x1,x2) = P(x1, x2) <Z <X22>> (z (3;2>>

Min(k,l) k‘l' ( —2<XY> )j
X
= M=\ V(X2 (Y?)
< Hy_; (X%)x1 + <XY>X2 +(X7) H,_. (XY)x1+ (Yx2 4 (2Y) . (D5)
! 2(X?) ! 2(X?)

The noise being Gaussian, the expression of ¥(0,0) = (e?) is derived with Wick’s the-
orem, which leads to (e?) = el? /2, From the series expansion of the square root

) n+1(2n)!
function, Vo €] — 1,1 V1+z = Z

2—%", it is then straightforward to
n!%(2n — 1)22n
obtain Eq. (5.46).

D.2 Renormalization of the Josephson energy

We study the effect of quantum fluctuations on the Josephson junction with a different
viewpoint from the one presented in Sec. 5.5. Here we make use of the path integral
method to obtain the flow equation of the renormalization (see, e.g., Ref. [195]).

D.2.1 Effective action

Instead of using the Hamiltonian to describe the Luttinger liquid, we adopt the Euclidean
action alternative. This description involve the time dependence of the fluctuations of
the various fields. We concentrate on the symmetric phase difference across the barrier,
which defines the new field

o(x,t) = ¢(L — x,t) — o(x,t). (D.6)

The total action S is composed of the Luttinger liquid action

MWS/M@/‘m[ammw) 7 (O3 1)° (D.7)
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Bh
and the tunneling part —E; / dtcos p(0,t). The goal is to find an effective action

0
in terms of the phase difference at the barrier ¢(t) = ©(0,t) by averaging out all the
fluctuations in the ring. It is more convenient to switch to the double Fourier transform

o(z,t) hﬁ Z ( volwy) + ngn wy cos(27mm/L)> etvt, (D.8)

n>0

where w,, = 27v/h are the Matsubara frequencies. In terms of @, (w, ), the action reads

mugK 1( Lw, \* - o L2W2\ . ~
So = AL Z !2 <27TUS> Po(wy)Po(—wy) + nt+ 47r2v§ Pn(wy)Pn(—wy)
wy n>0
(D.9)
The definition of the phase difference at the barrier ¢(t) becomes

7900 + Z@n - ) (D.lO)

n>0

We now turn to the calculation of the effective action S§f. We use the path integral
formulation to integrate out the fluctuations @, (w,). To express the resulting effective
action in terms of the field p(w) we introduce Lagrange multipliers -,

e = { Him HH/D@L(WV)} 5o { lim H/D’Yw,,} 12, Yow [ Brlwn)—plwn)]

(D.11)
7.[.n/2

/| det M|

The result for the Gaussian integral is /Dx e tMata] _ etM7Y 1y our

case M~t = M and |detM| = 1. We get

-1
s ﬂ'vsK 1 B
¢ o exp 413 Z (Lw /277115) + T;) n? + (Lwy,/27vg)? Plwv)p(—wr)

(D.12)
Upon performing the sums, one gets
h K +00 d 2
s 2 B K do  wlp)” (D.13)
2271 J_o 2w coth(Lw/2vg)
In the limit of a large ring Lw/vg > 1, we finally have
h [Td K
Sl = 3 /_OO %a(w)]ap(w)ﬁ, where o(w) = %]w\ (D.14)

The effective action will be used to find the two-point correlation function of the field .

D.2.2 Coarse-graining

Now we average the action S5 over the fast modes of the field ¢. We introduce a running
cut-off energy A < A, A being the initial cut-off energy of the system. In the case of the
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ring, the high energy cutoff is A = whvg/a. We then divide the field into slow and fast
modes relative to A

pw) = wslw) + prlw) . (D.15)
S—~— S~—~—
#0 for Aw<A  #0 for Aw>A
Then, averaging the tunneling action over p¢(w) yields

hB hg
<EJ/ dt cos(ps(t) + g0f(t))> = Ej (cos p¢(t)) / dt cos ps(t). (D.16)
0 0
The average of the cosine is
(cos p¢(t)) = e alet ) = e_%G(O) (D.17)

where G(t) is the two-point correlation function [195

dw _ iw dw cos(w
60 = (a0 = [ o e (|2]) = £ [* 20Dy,
_\ &T

(D.18)
where W (z) is a function which separates the slow from the fast modes. For instance,

we can use W(z) = %, \/%, E(z)... and, in the case A > A, we get

2

G(0) = Eln(A/)\). (D.19)

Consequently
A\ VE
(cos pt(t)) = (A) . (D.20)
This is the power-law decay that we obtained with a direct use of the one-body density
matrix in Sec. 5.5. Finally the total effective action reads,

hK [T dw 9 A 1/K g
29m ) op @lles@)T = Es(d) (A> /0 dt cos s (t). (D.21)

This effective action gives rise to the renormalization group flow equation of the Joseph-
son energy.

Seff —

D.2.3 Flow equation

If we match the two tunneling actions

A\ VK phs hg
By (A) <A> / dt cos pu(t) = Ey(\) / dt cos (1), (D.22)
0 0
where E;()) is the renormalized Josephson energy. We find the relation
E;(\) = (A) Ej(A). (D.23)
This renormalization group approach leads to the flow equation of the system [195]
OFE; 1\ -
—=(1—-= | E;y(\ D.24
= (1- %) B (D.24)

where E;(\) = Ej()\)/) is the reduced Josephson energy and df = —du/u. This flow
equation can be integrated and, depending on the length of the ring compared to the
healing length L*, the renormalization reaches two different fixed points, as explained in
Sec. 5.5.
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Abstract — The effect of quantum fluctuations on the current-voltage characteristics of Josephson
junctions and superconducting nanowires is studied in the underdamped limit. Quantum
fluctuations induce transitions between a Coulomb blockade and a supercurrent branch, and can
significantly modify the shape of current-voltage characteristics in the case of a highly resistive
environment. Owing to the phase-charge duality, our results can be directly extended to the

opposite overdamped limit.
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Introduction. — A small-capacitance Josephson
junction is a quantum system with rich dynamics. The
two conjugate variables are the superconducting phase
difference ¢ across the junction and the charge @ on
its electrodes. Correspondingly, at low temperatures the
behavior of the junction is determined by the competition
between the Josephson energy F; and the charging energy
Ec = (2€)?/2C, where C is the junction capacitance [1].
If E;>FEq, ¢ is well defined and a phase-coherent
Cooper-pair current can flow through the junction in
the absence of an external voltage V. In the opposite
limit F; < E¢ an insulating state with a well-defined
charge @@ on the electrodes is possible. At the same
time, the dynamics of ¢ and @Q is crucially influenced by
dissipation caused by the electromagnetic environment
surrounding the junction. Because of the mutual interplay
of quantum mechanics, nonlinearity and dissipation, the
consistent theoretical description of Josephson junctions
still remains far from being complete.

The dc current-voltage (I-V ) characteristics of a
Josephson junction embedded in a circuit of resistance R
have been well studied in the so-called overdamped [1] case
corresponding to small values of R/R¢q (Rg = h/4€? is the
resistance quantum) and the ratio E;/E¢ [2-8]. For small
R < Rg, the supercurrent peak at zero voltage acquires
a finite width. With increasing R, quantum fluctuations
of the phase become more important and the super-
current peak gradually moves to higher voltages. This
corresponds to the transition (driven by the environment)

from superconducting behavior found for small R to
a complete Coulomb blockade when R > Rg. Mean-
while, the opposite underdamped regime, which has
been extremely difficult to achieve experimentally, has
attracted less attention. However, recently experiments
were performed [9,10] on junctions with Ej;/Ec >1,
embedded in a tunable, highly resistive environment,
R> Rg, enabling the study of the same junction in
different environments. In particular, a voltage peak near
zero current followed by a back-bending to lower voltages
at higher currents was observed. This is the so-called
Bloch nose [11] which, in accordance with a duality
property [4,12-14], resembles the I-V characteristic of
an overdamped junction but with the role of voltage and
current interchanged. A quantitative comparison between
theory and experiment has been made in the classical
limit where thermal fluctuations dominate [10,15].

In this letter we study for the first time the influence
of quantum fluctuations on the I-V characteristics of
an underdamped Josephson junction. We show that
the quantum-mechanical nature of the electromagnetic
environment can strongly modify the crossover from
Coulomb blockade to superconducting behavior. Without
fluctuations the I-V characteristic contains a sharp cusp
that connects two distinct branches: a zero-current finite-
voltage branch corresponding to Coulomb blockade and a
supercurrent branch corresponding to Bloch oscillations
of the voltage. Thermal fluctuations induce transitions
between these branches thereby smearing the cusp. This
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Fig. 1: I-V characteristics for ¢=0.1 and BUy=0.1. The
dashed line corresponds to the classical expression (28) while
the dotted line gives the quasiclassical solution from (29) for
Bhw. = 1. Solid lines depict the result from (17) with Shw. = 10
for the rounded I-V characteristic and Shw.=0.1 for the
sharp one. Inset: (from right to left) the classical limit without
fluctuations (6), the result (28), and the solution from (17) for
g=0.1, BU, = 0.5, and Bhw. = 50.

thermal smearing can be described using a Fokker-Planck
approach [15]. Quantum effects show up at temperatures
comparable with the characteristic cutoff frequency w.
of the environmental modes. As we will detail below, at
intermediate temperatures kpT < hiw., a quasiclassical
regime exists. In this regime small quantum corrections
to the thermal smearing are found, described by the
so-called quantum Smoluchowski equation. In the limit of
low temperatures kT < hw., quantum fluctuations not
only smear the cusp but also shift its position. Specifically,
with increasing dissipation strength the voltage peak shifts
to nonzero current: quantum fluctuations induce tunneling
events of flux quanta that disrupt the Bloch oscillations.

Due to the duality symmetry, our results can be directly
mapped to the case of an overdamped junction, where
we have found that the role of quantum fluctuations
has not been adequately studied, for instance, in the
quantum Smoluchowski regime (see eq. (29) and discussion
below). Finally, we demonstrate that all our results also
apply to the case of the recently proposed quantum
phase-slip junctions which are realized in superconducting
nanowires [16].

Model. — We start our analysis by considering a
current-biased Josephson junction (see inset a) of fig. 2).
The junction is shunted by a resistance R and biased by an
external dc current I,. As long as quasiparticle excitations
are neglected, the system is described by the following
Hamiltonian:
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Fig. 2: I-V characteristics at T'=0 for Aw.=100Up. From
top to bottom, solid lines represent (34) with g =100, 5, 1,
0.5 and 0.1. Dashed lines are the corresponding curves for
the solution from (17) with SUy =0.5 and Bhw. =50. While
decreasing R the Bloch nose is shifted to the finite current
I=%®,/2L, where the tunneling of a flux quantum requires
an energy exchange with the bath. Insets: equivalent circuits
of current-biased Josephson junction (a) and nanowire-based
QPS (b) with the diamond symbol representing the phase-slip
process.

where the operators Q and ¢ obey the commutation rela-
tion [¢, Q] = 2ei. The fluctuating charge @, is associated
with the current I, =Q, flowing through the shunting
resistor. The latter is modeled by a bath of harmonic
oscillators with frequencies {w,}, which is described by
Hyarn =), hwa (pi +xi) /2. In this model, @, is repre-
sented by a weighted sum of oscillator coordinates {z, },
Qz=2€e), AaZq, while the influence of the bath on the
junction dynamics is entirely determined by the weigh-
ted spectral function, K(w)=(7/2)Y A2d(jw|—wa).
As follows from the equations of motion generated by
H, the choice K(w)=RgReY (w)/2nw with Y'(0)=1/R
reproduces the linear response (Ohm’s law) of current
I, to the voltage drop V =(h/2e)¢ on the resistor,
I.(w) =Y (w)V(w) (for Fourier transforms). In the case
of interest here, E; > E¢, it is advantageous to switch to
the Bloch-band description of the Josephson junction [11].
Assuming that the junction dynamics is confined to the
lowest energy band ey(q) = —Upcos(mg/e), we arrive at
the tight-binding (TB) model of our system with the
Hamiltonian:

Hyrg =—Ugcos(mg/e — x) — (h/2e)Iyd + Hpatn,  (2)

where ¢ is the operator corresponding to the quasicharge
and Uy=4+/2/1Ec(2E;/Ec)*/*exp(—4+/2E;/Ec) is
the Bloch bandwidth. The reduced fluctuating charge

X =27 Z AaZa (3)
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((x(r) =

gives rise to the bath correlation function J(7) =
x(0))x(0)), or explicitly,

J(r) = 2Rq /

— 00

—+oo
dw

—lwT 1

ReY (w) e
w 1 — e Phw’

(4)

where 8 =1/kgpT is the inverse temperature.

Hamiltonian (2) describes the quasicharge dynamics
in the lowest Bloch band under the influence of the
current I =1, —I,. The group velocity associated with
the quasicharge, deg/dq = (nUy/e)sin(mq/e), corresponds
to the voltage across the junction. Hence for a resistive
environment Ohm’s law yields I, = (V./R)sin(mq/e),
where V. =nUp/e is the maximal (critical) voltage the
junction can sustain. Classically, the problem is equivalent
to the equation of motion [11],

(Ve/R) sin(mg/e), (5)

describing overdamped quasicharge diffusion with
damping rate wV./eR. A stationary solution ¢ =0 exists
if I, <V./R: all the current flows through the resistor,
while the junction stays in a zero-current Coulomb
blockade state with a voltage drop V = RI,. If I, > V.. /R,
¢+# 0 and a dynamical state exists at finite current with
Bloch oscillations of the voltage. From eq. (5) one finds
the frequency of the oscillations to be fp=1/2¢e; by
direct integration of eq. (5) over one period one obtains
the dc voltage [11]

Gg=1Ip—

V =RI, —\/(RL,)* - V2. (6)

The resulting I-V characteristic corresponds to the afore-
mentioned Bloch nose and is depicted in fig. 1, inset.

We now turn to the effect of fluctuations and intro-
duce a cutoff of the bath spectrum at frequency w., chosen
to be smaller than the gap wy = +/2E;Ec/h between the
lowest Bloch bands but higher than the Bloch bandwidth.
Furthermore, the competition between the cutoff energy
and the temperature determines the nature, rather clas-
sical or quantum, of the environment. Indeed, starting
from a classical thermal bath when kT ~ hw., quantum
fluctuations appear in the quasiclassical region kT < fw,
and become dominant at low temperatures kpT < hw,.
Assuming that the effective impedance seen by the junc-
tion is given by a resistance R in series with an inductance
L, we can set Y(w)=1/(R—iwL), leading to w. = R/L.
Then, from evaluating the integral (4) one obtains

J(1) = —isign(r) A(T) — M(7), (7)

with
A(r) =mg(1—e ), (8)
M(r) = 7;[;;' - % cot (ﬁzhwc) {1 _“’CM}

(9)

where g = Rg/R is the dimensionless conductance, and
v, = 2wk/hS is a Matsubara frequency.

Before proceeding, we want to comment on the
magnitude of the effective inductance L which has been
associated with the cutoff w.. The restriction w. <wy
imposes a lower boundary on the values of L to be
consistent with our assumption of single-band charge
dynamics:

2mg !

>——— 1Ly,
V2Ec/E;

where L; = (®¢/27)?/E is the Josephson inductance and
®y = h/2e is the flux quantum. For relatively large g > 1,
the condition (10) can be satisfied even for an autonomous
Josephson junction, where L~ Lj corresponds to the
Bloch inductance [17]. In the opposite limit of small g < 1,
an experimental realization of this model would be the
use of an environment composed of Josephson junction
SQUID arrays, whose effective inductance can be tuned
to relatively large values by magnetic flux [18]. Another
option includes the use of a quantum phase-slip junction
where there is no limitation on w,, as discussed at the end
of the paper.

(10)

Current-voltage characteristics. — To determine
the I-V characteristics, we calculate the average of the
operator for the voltage across the junction

V(t)=

Ve (Uc(t,0) sind(t)), (11)

where § = (7/e) ¢ — x. The time evolution operator (in the
interaction picture),
)}7 (12)

is defined along the Keldysh contour with the Keldysh
index s =+/— refering to the forward/backward branch
of the contour, and T denotes the Keldysh time-ordering.
Expanding U¢ in Uy, averaging over the bath and perform-
ing summation over the Keldysh indices yield

Uc(t,0) = Tcexp{lUO/h /dT Zscos@s

s==+

“+oo
V(t) = (Ve/2) Y _(=1)" (Uo/B)™" "
n=0
t Ton 2n+1
X/dTl / dT2n+1 Z <H SinGk> an’
0 0 {fe} \ k=1
(13)
where for given n the discrete variables f. satisfy
|[fer1— ful=1 (14)
with the constraint fo = fanp+2 =0 [5,19], and
k—1
Gr=App-1fr+ Z O0Akk fr—nrs (15)
k=1
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2n+1
T, =—i(r/e)l, Y (mh —mh-1) fi
k=1

2n+1

=) Mpsafi+
k=1

2n+1 k-1

> Mg fufr-

k=2 k'=1

(16)

Here OMpyp = My + M1 -1 — My—1 10 — My 1,
5Akk’ = Ak,k,klfl - Ak,kfk/a with the shorthand notation
App = A(mp — 1), and similar for Myg. The above
equations are in a form suitable to apply the “nearest-
neighbor approximation” (NNA), where one assumes
that 0 My =~ 0 and A ~0 [5] on the relevant time
scale 7>1/w.. Then, in the limit ¢— oo, the expres-
sion (13) can be evaluated exactly, and one obtains for
the dc voltage V' across the junction:

V =V.Im (W1/Wy), (17)

where W,, obey the following recurrent relation (n>1 ):

iay, (anl - WnJrl) =W, (18)

ik
Equations (17)—(19) constitute the central result of this
letter. The quantities W,, should be identified with the

Fourier transform of the quasicharge distribution function
W (q) in the steady state,

an, dr sin (nA(7)) el /) Tyn—n*M(r) (19)

+oo

>

n=—oo

Wi(q) = e~inma/e W, (20)

with the property W_,, = W. This becomes obvious by
noticing that eq. (17) can be viewed as a result of averaging
the voltage operator with the quasicharge distribution

W(q),

“+e
V/V.=Wy" dg W(q)sin (wq/e).

—e

(21)

Quasiclassical limit. — To shed light on the range of
applicability of the NNA for our system, we first study
the quasiclassical limit where the typical time scale of the
quasicharge dynamics, determined by the damping rate
gUp/h and the frequency of Bloch oscillations fp (see
eq. (5)), is slow. Indeed, if

gUO/h) fB < 1/77’/8,

one can neglect the terms O(e™*7, e~ “<7) in eqs. (8)
and (9). We thus approximate (©(7) is the unit step
function)

(22)

wC?

A(r) =mg O(|7] - 1/we), (23)

and
M(7) = (gn|r|+A) O(|7]| = 1/wc), (24)

with
)\:29[7-1-57; +¢<ﬂ§‘7‘r’c>], (25)

where v=0.577... is the Euler constant and t(x) is
the digamma function. Introducing the short-time cutoff
for the approximated A(7) and M(7) is the simplest
way to provide that they vanish at 7=0 (see the exact
expressions (8) and (9)), which is necessary for the
consistency of the applied NNA. Assuming also g < 1, one
obtains for a,, entering the recurrent relation (18),

2
Py efAn

n — 5. 5 2
R T (26)

where z = Uy, n= (e/7)BRI}, and [20]

2T Bhw,
A=2 .
opo (50
Inspection of the terms dropped in the NNA reveals that
in the range (22), where A(7) and M(7) can be simplified
by their asymptotic expressions, the NNA becomes exact
in the quasiclassical region where A is small. Note that

for small g, the NNA can be applicable even at low
temperature.

(27)

Quantum Smoluchowski equation. — The crossover
between the classical and quantum limit is controlled by
the parameter \ which is related to quantum corrections
to the position dispersion of a fictitious Brownian particle
in the harmonic potential [21]. The classical limit corre-
sponds to Bhw. ~1 and g < 1, or equivalently A\, A — 0.
The recurrences (18) can then be solved analytically in
terms of the modified Bessel functions, W, =I,,_i,(2),
resulting in the I-V characteristics obtained in ref. [15]:

sinh (7))
e [l (2)|*

Now expanding a,, in eq. (26) to the first order in A to
include quantum corrections, one can derive from eq. (18)
a differential equation for the quasicharge distribution

W(q),

0y | £a,05) = A(e/m)* U™ (q) 2| W (@) =0,

V =RI,— (28)

(29)

where U(q) = —Ujy cos(wg/e) — RIpq is a washboard poten-
tial in the charge variable, U’(¢) = 0,U. The corresponding
Smoluchowski differential operator,

L(g,0,) = Ulsr(q) + 87" D(q) 9, (30)

is renormalized by quantum fluctuations through both the
effective potential

Uert(q) =U(q) + A(e/m)? U (q) (31)
and the g-dependent diffusion coefficient
D(q) =1+28A(e/m)* U"(q)- (32)

Equation (29) is the so-called Quantum Smoluchowski
Equation (QSE) [20,21] and constitutes the other main
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result of this letter. Equation (29) describes the leading
quantum corrections to the charge dynamics which origi-
nate from the quantum nature of the bath. According to
eq. (27), the influence of quantum fluctuations becomes
more substantial with increasing parameter GhAw.. The
I-V characteristics, parametrically dependent on the bias
I, and calculated for different Shw., are shown in fig. 1.
For Shw. > 1, quantum fluctuations reduce the blockade
voltage and facilitate a crossover to the Bloch oscillations.
Interestingly, for small Shw, < 1, the influence of thermal
fluctuations becomes suppressed by the inertia effect of the
“heavy” Brownian particle with an effective mass scaled
as w_ 1. For a wide range of I, the junction is locked in
the insulating state because of the lack of energy exchange
with the environment, which results in a sharp crossover to
the Bloch oscillations. In other words, reducing the cutoff
energy below the temperature is equivalent to decoupling
the junction from the environment (see fig. 1).

We note in passing that the structure of the QSE
obtained here from the series expansion (17) is different
from the one derived in ref. [21] for a Brownian particle
in a slightly anharmonic potential and later applied to an
overdamped junction [20]. Therefore we cannot exploit the
duality property (see below) to treat the Smoluchowski
range for underdamped junctions using the results of
ref. [20]. Another approximation consists of evaluating
expression (13) using the asymptotes for long times (23)
and (24) [12]. Such an approach leads to coeflicients
an, = Uy e M2 exp(—2mgn? / fhw.) /2i(n — in), which tend
towards the result (26) in the quasiclassical region. As a
consequence, a QSE equivalent to the solution (29) is also
recovered.

Low temperatures. — We proceed by studying
eqs. (17)—(19) in the low-temperature limit, beyond
the quasiclassical region (22). At very low temperature,
Bhw. > 1, the I-V characteristics are entirely determined
by the first coeflicient a;, eq. (19), consistent with the
fact that the NNA is exact to the lowest order in Ug.
Closed-form analytical expressions can be obtained in
several cases. For instance, at finite temperatures and for
small values of g, the I-V characteristic can be written as

ID(g +ihB1,/2¢)|?

Vive= I'(29)

sinh (whG1,/2e), (33)

where u = (U /A7) (Bhw.e? /27) * and T'(z) is the
Gamma-function. The resulting linear resistance R
varies as a power law with temperature, R oc 729~1  in
agreement with the asymptotic analysis of ref. [4]. At
zero-temperature one recovers
V/Ve=(nUo/2) P(hly/2e), (34)
where P(E)=1/h [ dtexp[J(t) +iEt/h], dual to the well-
known result for the I-V characteristic for incoherent
Cooper pair tunneling in an overdamped junction [2]. In
fig. 2, we plot I-V characteristics for different g, both

at zero and at finite temperatures. As g increases, the
voltage peak shifts to finite values of the supercurrent.
This behavior can be interpreted in terms of incoherent
tunneling of the phase [22]. Indeed, for small values of
g, few environmental modes are available. Consequently,
only elastic tunneling is allowed and a flat Bloch nose is
recovered. When g is large, the equivalent circuit consists
of a loop containing the junction closed by the inductance
L. A phase-slip event occurs when the energy to be
released @I, corresponds to the energy ®2/2L to add
one flux quantum @, in the loop, i.e., when I, = ®y/2L.
At this finite current, phase tunneling disrupts the Bloch
oscillations and gives rise to a voltage peak.

Overdamped Josephson junctions. — A similar
analysis within the Keldysh formalism can be achieved
in the case of a voltage-biased overdamped Josephson
junction in series with a resistance R. This circuit is
conventionally described by the Hamiltonian H = (Q +
Q:)%/2C — Ej cosp — VyQy + Hpatn, where Q, is a fluctu-
ating charge on the junction capacitor and V; is the bias
voltage. Using an analysis of the equations of motion simi-
lar to the one preceding eq. (2) and performing canonical
transformations, one can show that the model description
of the junction is equivalently given by the weak-binding
(WB) Hamiltonian

Hwg =—FEjcos (¢_X/27r)+vbQ+Hbath7 (35)
with x the bath variable defined as before, eq. (3). In this
representation, the junction capacitance C is encoded in
terms of the bath parameters, C~! = (Rq/2m) Y., Nwa,
while the weighted spectral function of the bath is given by
Kwg(w) =2mReZ(w)/Row, with Z7'(w)=1/R—iwC.
The operator for the current flowing through the junction
is given by I = I.sin(¢ — x/27), where I, =2eE;/h is the
critical current. The Hamiltonians Hrg and Hwpg are
related by the following transformation:

(7‘((]/6, ¢) < (¢7 _'/TQ/e) ’

36
Uo(—>EJ, IbH‘/E,/RQ, X<—>X/27T. ( )
Consequently, the series expansions for V/V, in the TB
model and for I/I. in the WB model are dual: we
can transpose our results obtained for the quasicharge
dynamics in an underdamped junction onto the dual
case of the phase dynamics in an overdamped junction.
A unified approach is thus provided, as well as new results
such as the series expansion for I/, (see footnote ) and
the quantum Smoluchowski equation.

Superconducting nanowires. — We conclude by
considering quantum phase-slip (QPS) dynamics in super-
conducting nanowires. Based on a duality argument,

1The WB expansion for I/I., which is dual to (13), is similar but
not identical to the one obtained in ref. [7] using a different kind of
approximation (not the NNA).
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ref. [16] suggests the following model Hamiltonian to
describe QPS events:

Hqps(¢,Q) = Er, (¢/21)" — Escos (nQfe),  (37)

where FEg is an energy associated with the phase-slip
process which changes the phase difference ¢ over the
nanowire by 27, and E;, = ®3/2L is an inductive energy of
the wire with a kinetic inductance L. Correspondingly, the
Hamiltonian of a current-biased QPS junction (see inset b)
of fig. 2) can be written as

H:HQPS(¢+¢JMQ)+(h/2e)lb¢a:+Hbath7 (38)

where a fluctuating phase across the junction ¢, is
related to the voltage drop Vg = R(Q — I;) on the resistor,
b2 = (2¢/h)Vg. Tt is straightforward to see that the Hamil-
tonian (38) is exactly dual to the Hamiltonian of a voltage-
biased Josephson junction, and can correspondingly be
mapped onto the Hamiltonian (2) with Uy replaced by
FEg, while the inductance L of nanowire is encoded in
terms of the bath parameters, L™ = (2n/Rg) Y., AN2wa.
With this device, the frequency w. = R/L results from the
physical resistance and inductance of the wire, providing
a natural cutoff of the bath. Our previous analysis for an
underdamped Josephson junction, and thus the I-V char-
acteristics, can be directly applied to a superconducting
nanowire (not being restricted by the TB limit). A typi-
cal case of nanowire inductance L ~ 1nH corresponds to
We/2m ~ g~! x 1 THz. Assuming Eg/h > 10 GHz [16] and
T ~ 1K, as follows from eq. (21), we estimate that the QSE
range for nanowires is relevant for ¢ <0.1. Note from the
parameters used in fig. 1 that the quantum fluctuations in
QPS junctions should be substantial.

Summary. — To summarize, we have studied the influ-
ence of quantum fluctuations on the I-V characteristics of
an underdamped Josephson junction. We have applied a
unifying approach based on the Keldysh formalism that
enables us to obtain quantitative results for a wide range
of parameters. Using the NNA approximation, we show
the significant role of quantum fluctuations revealed both
in the quasiclassical Smoluchowski regime and in the
low-temperature quantum regime. In the Smoluchowski
regime, compared to the case of thermal fluctuations,
quantum fluctuations mainly lead to a renormalization of
the parameters describing the quasicharge dynamics of the
junction [12]. The NNA becomes exact in the case of inco-
herent phase-slip events at low temperatures. In this limit,
phase tunneling disrupts the Bloch oscillations, leading
to a voltage peak at finite current. The quantum effects
are sensitive to both the dissipation strength and cutoff
frequency, and could be observed in experiments as in
refs. [9,10] with a tunable environment. Besides Josephson

junctions, our results are also relevant for superconduct-
ing nanowires modeled as quantum phase-slip junctions at
low temperature.
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Quantum Dynamics in a Camelback Potential of a dc SQUID
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We investigate a quadratic-quartic anharmonic oscillator formed by a potential well between two
potential barriers. We realize this novel potential with a dc SQUID at near-zero current bias and flux bias
near half a flux quantum. Escape out of the central well can occur via tunneling through either of the two
barriers. We find good agreement with a generalized double-path macroscopic quantum tunneling theory.
We also demonstrate an “optimal line” in current and flux bias along which the oscillator, which can be
operated as a phase qubit, is insensitive to decoherence due to low-frequency current fluctuations.

DOI: 10.1103/PhysRevLett.102.097004

Superconducting devices, based on the nonlinearity of
the Josephson junction (JJ), exhibit a wide variety quantum
phenomena. During the last decade, inspired by macro-
scopic quantum tunneling (MQT) studies [1], quantum
dynamics of the current biased JJ, dc SQUID and the
rf SQUID phase qubit have been extensively studied [2—
6]. In each of these devices, dynamics are analogous to
those of a quantum particle in a quadratic-cubic potential.
The flux qubit [7], realized by three or four JJs in a loop, is
described by a double well potential.

We study a new potential shape called hereafter a ““‘cam-
elback” double barrier potential, shown in Fig. 1(c). This
potential is obtained using the dc SQUID circuit shown in
Fig. 1(a) in a new way. Characteristics including depth and
relative barrier height are controlled by the SQUID current
bias I, and flux bias ®,,,. There is an “optimal line” in the
plane (I, ®.,,) along which the barrier heights are equal
and anharmonicity is quartic. We investigate the dynamics
of the quantum system formed from the two lowest energy
levels of the central well.

A dc SQUID circuit has 2 degrees of freedom corre-
sponding to the phase differences ¢ and ¢, across its two
JJs. Dynamics are analogous to those of a particle of mass
m = 2C(®,/21)? in the 2D potential [8,9]

U(x, y) = Uy[— cosxcosy — sx + b(y — y,)?
— asinxsiny — nsy]. €))

Here x= (¢, + ¢2)/2, y=(d1—¢2)/2, Us=
ICCI)O/27T’ b= (I)O/WLIC’ a = (102 - Icl)/Ic’ n= (L2 -
Ly)/L,1, =1, + 1., 1., and I, are the critical currents
of the two junctions, L; and L, are the geometric induc-
tances of the arms of the SQUID loop, L = L + L,, Cis
the capacitance of each junction, and ®, = h/2e is the
quantum of flux. The external control parameters enter
through y, = 7®.,./®, and s = I;,/1.. For our sample,

0031-9007/09/102(9)/097004(4)
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I, =11.22 pA, C =250.3 fF, b = 3.05, n = 0.72, and
a = 0.0072.

Stable, stationary states correspond to minima of
U(x, y). There can exist one or more minima families
corresponding to distinct fluxoid states [nd,]. For
each, when s exceeds a flux dependent critical value
s [n®y](y,), the related minima disappear. For small b,
the parabolic term in U(x, y) is shallow, and there can be
many fluxoid states. For b > 1/, as in our case, the para-
bolic term is steep and there is only one stable fluxoid state
except in a small region around ®.,,/P, = 0.5 (mod 1)
where there are two states with opposite circulating cur-
rents. Hereafter we focus on this region.

In general, dynamics is described by 2D motion in the
potential. In our device, motion is well approximated as 1D
along the minimum energy path which connects minima
and saddle points [black line in Fig. 1(b)]. A large cur-
vature in the orthogonal direction confines the system to
this path. For example, at the [0®,] minima in Fig. 1(b),

the oscillation frequency along the path is w, =

V(9?U/0x?)/m = 2a X 15.4 GHz, whereas w ,, = 27 X
104 GHz. We parametrize the path with the phase length z.
U(z) in Fig. 1(c) depicts the camelback potential shape we
are investigating. In a typical experiment, the system is
initialized in the central well ([0, ] state). The system can
escape via tunneling through the barriers in either of the
two physically distinct directions to the [ —1®,] state.

In the symmetric case, the potential near the central
minimum will be harmonic with a quartic perturbation.
More generally, the Hamiltonian for small oscillations in
Uz) is H=how,(P*+272%/2 - chow,2® — shw 2.

Here w, is the zero amplitude oscillation frequency in

the direction of minimum curvature, and 7= z,/mw » /h

and P = p/Jhw pm are the reduced position and corre-
sponding momentum operators. Treating the anharmonic

© 2009 The American Physical Society
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Phase pathlength z/n

FIG. 1 (color online). Experimental setup. (a) Circuit layout.
The two small white squares in the central loop are the SQUID
JJs. Connected on the right are current bias and voltage leads.
These are heavily filtered at various stages of the cryostat,
including the on-chip low-pass filter formed by L,. = 10 nH
and C,. = 200 pF [14]. Fast flux pulses 6P inductively couple
via the on-chip loop to the left of the SQUID. Microwave
excitation is applied via an on-chip loop which couples induc-
tively to the current bias leads [15]. An off-chip coil provides a
dc flux bias ®g4. The total externally applied flux is @ =
Dy + 6. The SQUID chip is enclosed in a copper box
thermally anchored to the mixing chamber of a dilution refrig-
erator with a 30 mK base temperature. The cryostat is sur-
rounded by superconducting Pb, u metal, and soft iron
shielding. (b) Full 2D potential for b = 3.05, n = 0.72, a =
0, &, = —0.508d, I, = 0, showing the families of minima
associated with the [0®,] and [ —1®,] fluxoid states. The black
line follows the minimum energy path. Note the difference in the
x and y scales. (c) Potential along the minimum energy path,
parametrized by the path length.

terms as perturbations, to second order the transition en-
ergy between levels n — 1 and n is hv,_;, = hw,(1 —
nA), where the anharmonicity is A = % o? + 36.

We have calculated the escape probability for the camel-
back potential with a double escape path in the quantum
limit using the instanton formalism [10]. For a duration At,
it reads P (I, @) = 1 — e TrHTA - \where T, =
Ag 1@ p\[Ng exp[—Bg Ng ] Here R and L refer to the
right and left barriers. N, = AUy 1 /how p are the normal-
ized barrier heights. The general expressions for Ag ;, and
B depend on the potential shape. In the symmetric case
where (1), ®.) = 0, the potential is quadratic quartic,
Apy = 227712 and By, = 16/3. Far from this sym-
metric line the potential is quadratic cubic, the escape rate
through one barrier is dominant (e.g., I'; = 0), and we
retrieve the standard MQT situation (6 = 0): Ap =
6277 1/2 and B = 36/5 [1].

A schematic of our experimental setup is shown in
Fig. 1(a). Our sample was fabricated at Physikalisch-

Technische Bundesanstalt using a Nb/AlO,/Nb trilayer
process with SiO, dielectric [11]. The two 5 um? junc-
tions are embedded in a 10 X 10 wm? square loop.
Figure 2(a) shows the escape lines, I5yq versus @D,.
These data were obtained with a standard technique in
which I, pulses of varying amplitude are applied and a
dc voltage detected across the SQUID when it switches to
its voltage state. With this scheme there is no direct in-
dication of multiply stable flux states. In Fig. 2(b) we use a
novel technique to measure the overlapping escape lines of

-0.55 -0.5 1 2

D0, (@) AD (M)

FIG. 2 (color online). Ground-state escape. (a) Escape lines of
three fluxoid states as measured by Is5yq, the amplitude of a
60 ws I, pulse that yields P.. = 50% to the voltage state of the
SQUID. Data (symbols), and standard MQT theory fit (solid
lines). Here 6® = 0, ®; = Py.. The calculated optimal line
17 (D) for the [0D,] state is indicated by the dash-dotted line.
(b) Overlapping escape lines in the region @, ~ —®,/2. Data
(symbols), and generalized MQT theory fit (solid lines), as
measured by ®sqq, where @, is the total applied flux &gy =
Dy + SO that yields Poy. = x% from the [—1D;] to the [0D]
state (right cusp) or vice versa (left cusp). 6P is the amplitude of
a 100 ns flux pulse. The cusps occur at a nonzero current bias
[P =~ *al. = =81 nA due to the critical current asymmetry
«. The horizontal separation of the cusps scales precisely with
1/b. The upper (lower) dash-dotted line indicates the calculated
I[P (D) for the [0Dg] ([—1D,]) state. The points S, W, M, and
R indicate the starting, working, quantum measurement, and
readout points for a typical camelback phase qubit experiment.
(¢) Width A® = |Bgyq, — Pygg| of the [0Py] — [—1D]
ground-state escape, measurements (points + lines), and gener-
alized MQT theory with (solid line) and without (dash-dotted
line) 9 nA rms low-frequency current noise. The location of the
dip near the maximum A® (see inset) corresponds to the point
where symmetry leads to a reduction in sensitivity to noise.
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the [0®y] and [—1d,] flux states close to P /Dy =
—0.5. For |I,,| less than about 0.5 wA, these two interior
escape lines represent transitions between the two flux
states, rather than transitions to the voltage state.

We illustrate our escape measurement method by de-
scribing a sequence used to measure P, at a point, noted
M, near the left cusp of Fig. 2(b). The sequence starts at
point S, with current bias [, and ®_ = Pg4.. Here the
system is initialized in the [0®, ] fluxoid state, if necessary
with an adiabatic pulse on the fast flux line. A flux pulse
6@ is then applied via the fast line for a fixed nanosecond-
scale duration, bringing the total externally applied flux
D, = Dy + 6P to point M close to the critical line. This
has the effect of reducing the heights AUy of the two
potential barriers, greatly enhancing P, and the system
may escape to the [ —1®d,] fluxoid state. ®,, drops back to
d,. (point S), where both fluxoid states are stable. The
fluxoid state is then read out via a slow (~10 us) I, pulse
which brings the system to point R outside the critical line
of fluxoid state [ —1®, ] but well within that of [0D]. If the
system is in state [—1®,], the SQUID will switch, pro-
ducing a voltage which is detected [12]. If it is in state
[0, ], it will not switch. We achieve a one-shot discrimi-
nation between flux states of 100%. The process is com-
pleted by bringing I, to zero for 100 ws where retrapping
occurs and heat generated by a switching event dissipates.
Multiple repetitions, at a rate of 5 kHz, yield P, at point
M. By varying points S, M, R, and the initial fluxoid state,
we are able to measure P, for each of the two fluxoid
states at any (I,, ®.,) point in this region. For |I;| >
0.5 nA, the system escapes directly to the voltage state
at point M, rendering point R unnecessary.

As shown by the fit in Fig. 2(b), our generalized MQT
theory is accurately able to reproduce the data. Of the
parameters that go into this theory, b and « are treated as
free parameters in this fit, /.., n, and the ® 4, calibration are
determined by the fit in Fig. 2(a), the fast flux pulse
calibration is determined by matching P...(®P.,) curves
obtained with different values of ®@g4., and C is determined
by a fit to spectroscopic data.

Along the escape line of a given fluxoid state, for 1,
above or below the value I;"", the potential [Fig. 1(c)] is
tilted to the right or to the left, and escape occurs prefer-
entially in that direction. At /;"", the camelback potential
is symmetric around the minimum (o = 0), the two po-
tential barrier heights are equal, and escape occurs with
equal probability in either direction. The cusps in Fig. 2(b)
correspond therefore to a double-path escape.

The width of the escape process contains additional in-
formation about the dependence of the potential on the bias
parameters, and on fluctuations in the bias parameters [13].
In Fig. 2(c), we plot the width as a function of I,. This plot
peaks around I, 7, except that at this point there is a sharp
dip (see inset). This behavior is explained by double-path
MQT if we include low-frequency current fluctuations. In

this circuit thermal fluctuations are expected in /,, which
we estimate to be on the order of 10 nA rms by the equi-
partition theorem JkT =1L I3\, Where k is Boltzmann’s
constant, 7 = 40 mK is the circuit temperature, and L. =
10 nH is the series isolating inductance. Because of this
noise, P (I;, Pey) is convolved with the probability dis-
tribution of I,, which we assume to be Gaussian with
standard deviation Igys. As shown in Fig. 2(c), Ixms =
9 nA is accurately able to explain both the increase in the
overall width, and the presence of a distinctive dip at I, ",
a result of symmetry in escape direction. The presence of
the dip and our ability to reproduce it with MQT theory is a
striking confirmation of double-path escape and low-
frequency I, fluctuations in our sample.

In Fig. 3 we investigate the operation of a phase qubit
composed of the |0) and |1) levels of the anharmonic
central well of the camelback potential. We use the same
procedure as for the ground-state escape measurements,
except 6 is split into two steps. The first takes the system
from point S to W, where the qubit is manipulated by
microwave (MW) pulses applied to the fast current line.
The system is then taken to point M for 5 ns, which projects
the qubit state onto the flux state of the SQUID. This is
possible because P, depends exponentially on the exci-
tation level of the qubit. The flux coordinate of M is tuned
such that escape will occur with high probability if the
qubit is excited, and low probability if it is not. This
measurement step thus projects the quantum states |0)
and |1) of the qubit onto the classical fluxoid states

16

v (GHz)

151

14_{ 4 80 120 5

MW duration (ns)

Avg, (MHz)

FIG. 3. Camelback phase qubit dynamics. (a) Spectroscopy
P (I, v) at @ = —0.503P, in the [0D,] fluxoid state.
Dark and bright gray scale correspond to high and small P.
P, is enhanced when v matches v,. Inset: Rabi oscillations on
the optimal line. (b) Width of the v, resonance on a semilog
scale. The dashed line is the predicted contribution due to 9 nA
rms low-frequency current noise. The dotted line is for 40u®,
rms low-frequency flux noise. The sum of these two contribu-
tions, the solid line, accurately reproduces the data (symbols).
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[0D,] and [ 1D ] of the SQUID, which are stable at point
S. Readout of the fluxoid state at point R reveals the
projected qubit state. Repetition yields P, giving the
probability of finding the qubit in its excited state, with a
contrast of about 50%.

P.,. was measured as a function of [, and the frequency
v of a single 800 ns duration MW pulse applied to the
qubit. Because the duration is much longer that the relaxa-
tion time 7'} = 100 ns, the qubit reaches a steady state. P
is enhanced when v matches the qubit transition frequency
vo, [Fig. 3(a)]. The maximum in vy occurs at " (Dey,),
which corresponds to the camelback potential symmetric
point. Apparent in this spectroscopic image are avoided
level crossings with what are likely microscopic two-level
fluctuators, as first observed in Ref. [3]. We observe on
average 20 crossings per GHz. In Fig. 3(b), the spectro-
scopic width Ay, of the vy, transition, obtained from
Fig. 3(a), is plotted as a function of /,. A sharp minimum
is observed at I, = 108 nA, corresponding to the flat
maximum in v;.

We can accurately model Awy,(I,) with a combina-
tion of low-frequency current and flux fluctuations.
Because v, depends on the bias parameters, fluctuations
cause v, to vary from repetition to repetition, smearing
out the observed resonance. Assuming a Gaussian fluc-
tuation distribution, the predicted variance in vy is
(Av;/2)* = (9;,v)Ijys + (0] ¥)*Igys/2, for current
fluctuations alone, and (Avg/2)* = (dg  v)* PRy for
flux fluctuations alone. Here 9,v = dvy/dx. Av; has
been expanded to second order in Igyg since 9y, v is zero
at the optimal line. In Fig. 3(b), the predicted A v, is plotted
as a dashed line for Ixys = 9 nA, precisely the same value
used in Fig. 2(c). The dotted line plots Avg, for Prys =
40 Dy. The solid line is the combined prediction Ay =

JAvj + Avj. The dashed line is obscured behind the

solid line except in a small region around the optimal
current. This plot vividly demonstrates the idea of the
optimal line: the effects of current bias fluctuations, which
accurately account for the spectral width away from the
optimal line, are rendered negligible on the optimal line.
The residual width, about 15 MHz, can be explained by a
flux noise of 40u®, rms.

Since the decoherence time 7, scales inversely with
Awyy, I, () is optimal for qubit operations. We mea-
sured Rabi oscillations on this line by varying the duration
of a resonant MW excitation pulse, as shown in the inset to
Fig. 3(a). We find a typical Rabi decay time of Ty, =
67 ns for this sample. The anharmonicity is large enough

and the applied power small enough that excitation beyond
the first excited state is negligible, as we have verified by
the linearity of Rabi frequency versus power. The system is
confined to its lowest two levels and can therefore be
considered a qubit.

In conclusion, we have studied the quantum dynamics of
a novel quadratic-quartic camelback potential. Ground-
state escape exhibits critical line cusps and a dip in the
escape width versus bias current. We explain these two
effects with a generalized double-path MQT escape theory.
Because of symmetry, quantum dynamics are insensitive in
first order to current fluctuations along an optimal line
IP(®.,,). Along this line, the dc SQUID can be used as a
phase qubit whose main decoherence source is residual
flux noise. Future optimization and exploitation of the
unique properties of this system will aid in the understand-
ing of decoherence mechanisms in quantum circuits and
has the potential to yield a competitive phase qubit.

This work was supported by two ACI programs, by
the EuroSQIP and INTAS (Ref. No. 05-1000008-7923)
projects.
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duces a strong tunable coupling with the dc SQUID which is used to realize entangled
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quantum transfer. We have measured the current—phase relations of different rhombi
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1 Introduction

This review paper summarizes the results of a series of experiments on Josephson
junction-based superconducting nanocircuits performed in Grenoble during the past
six years. Our first experiments have mainly focused on the dynamics of a current-
biased dc SQUID, in the limit where it behaves as a quantum mechanical anharmonic
oscillator. We will discuss the quantum measurement procedure we have developed
[2,3,7], and present results for the dynamics of the SQUID in the presence of coherent
microwave (uw) field [6]. The number of quantum states involved in the dynamics
depends on the pw amplitude and we will discuss the transition from quantum two-
level behavior (phase qubit) at low amplitudes to classical multi-level behavior at
larger amplitude [9]. We will also present results for a more complicated circuit in
which a charge qubit is coupled to a phase qubit [15]. The charge qubit is realized
by an asymmetric Cooper pair transistor (ACTP) which ensures a new optimal point
where the coupling is very strong. The phase qubit is obtained by a SQUID in its two-
level limit. We demonstrate tunability of the coupling over a large frequency range.
Whenever appropriate, we will comment on various sources of decoherence [8,20].

Our more recent work [31] deals with Josephson junction (JJ) chains that are made
out of rhombi with each rhombus containing four Josephson junctions. The rhombi
are threaded by a magnetic flux. Arrays possessing this distinct topology have been
discussed in the context of fault-tolerant quantum computation as they can produce
quantum states that are relatively insensitive to local noise. Here we will focus on the
ground-state properties of rhombi chains, presenting measurements of the current—
phase relation at various flux frustrations. Our experimental findings concerning the
periodicity and the amplitude of the current—phase relation reveal various features that
are characteristic for the complex ground state of rhombi chains, in agreement with
theoretical predictions.

This paper is organized as follows. In Sect.2, we will discuss the results of the
dc SQUID operating as a multilevel system and as a phase qubit. In Sect. 3, we will
present the asymmetric Cooper pair transistor and will concentrate on the properties
of a new optimal point. In Sect. 4, we will discuss the coupling between the ACPT and
the dc SQUID. In Sect. 5, recent results on rhombi chains will be described. Section 6
will describe briefly the set-up used for the quantum experiments.

2 DC SQUID as a driven quantum anharmonic oscillator

The current-biased dc SQUID is a basic quantum circuit, the dynamics of which can be
described in terms of the quantum anharmonic oscillator driven by an external mono-
chromatic force. In the past years we have studied some properties of its quantum
dynamics which reveals very rich and complex physics. These efforts were motivated
by the need to be able to control and manipulate the quantum states either in its two-
level limit as a phase qubit or in its multilevel limit. In the same period, a variety
of phase qubits were realized using a single current-biased Josephson junction [40],
rf-SQUID [34], large inductance rf-SQUID [27] and dc SQUID [13]. Below we will
discuss different quantum properties of a dc SQUID: the two-dimensional effect of
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Fig.1 a SEM image of an aluminum dc SQUID with the uw control line at the left. b Electrical schematic
of the dc SQUID. ¢ The quantum states under study are oscillator states within the potential well

MQT escape [2], the quantum measurement procedure and its performance [3,7] and
also the coherent oscillations in a multilevel system [6]. We will consider the decoher-
ence processes in this quantum circuit [8] and mention recent results obtained at zero
bias current where the half-flux-quantum biased SQUID behaves as a phase qubit [20].

2.1 Device and model

The dc SQUID (Fig. 1a) consists of two nominally identical Josephson junctions (JJ),
each with a critical current /o and a capacitance Cy. The junctions are embedded in
a superconducting loop of total inductance Ly which is unequally distributed among
the two arms. The inductance asymmetry is characterized by the parameter n = (L1 —
Ly)/Lg, where L1 and L are the inductance of the first and second arm, respectively.
In our circuit, the Josephson energy E; = (®y/2m)1y is more than three orders of
magnitude larger than the Cooper pair Coulomb energy E. = (2¢)?/2Co (&g = h/2e
is the superconducting flux quantum). In this limit, the two superconducting phase
differences ¢ and ¢, across the two Josephson junctions are the natural variables to
describe the dynamics of the system.

The corresponding two-dimensional phase dynamics can be treated as that of a
fictitious particle of mass m = 2Co(®o/27)? moving in a two-dimensional potential
[24,36]

Iy D 2
Ux,y)=2E; —(2—10)(x+ny)—cosxcosy+b(y—nao) , (1)
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where x = % (p1+¢2)and y = % (¢1 —¢2). The shape of the potential, which contains
valleys and mountains, is experimentally controlled through the bias current 7, and
the bias flux ®; threading the superconducting loop. Here, the inductance coupling
parameter b = ®¢ /(2w L 1) 1s of order unity. With the values of I, and ®; used in
our experiments, the potential surface displays only one type of local minimum. They
are separated from each other by saddle points, where the particle can escape [24].
Along the escape direction, which makes an angle 6 with the x-axis, the potential is
cubic and is completely characterized by the frequency v, at the bottom of the well and
barrier height AU (Fig. 1c). These two quantities depend on the magnetic flux and van-
ish at the SQUID’s critical current /.(®;). When small oscillations are considered,
we assume complete separation of the variables along the escape direction and the
transverse one by neglecting the coupling terms between these two directions. In this
approximation, the phase dynamics of the SQUID along the escape direction is similar
to that of a current-biased single Josephson junction. The parameters AU and v, are
renormalized, thereby taking into account the two-dimensional nature of the potential.

For bias currents I, < I, the particle is trapped in a local minimum and its quantum
dynamics is described by the Hamiltonian

o1 52, v2] o3
Hy = 2hvp P+ X ohv,X". (2)

Here, X = Qm /mv,/ h)q3 represents the reduced phase operator, associated with the

phase (/3 = cos fx+sin 0y along the escape direction. P is the reduced momentum con-
jugate to X. The relative magnitude o of the cubic term compared to the harmonic term
is related to the barrier height AU = hv,/ 5402, For Ij, below 1., several low-lying
quantum states are found near the local minimum. These states, describing the oscilla-
tory motion within the anharmonic potential, are denoted |n) for the nth level, withn =
0, 1,2, ... The corresponding energies E, were calculated in Refs. [22,23]. The tran-
sition frequency associated with the transition n — k is denoted v, in the following.

A microwave flux pulse characterized by its frequency v and amplitude ®,,,, can be
used to manipulate the quantum state of the system. It induces a time-dependent per-
turbation term —A 21 +/2 cos(27 vt))A( in the Hamiltonian, which couples neighboring
levels. In this expression, €21 is proportional to ®,,, and corresponds to the frequency
of the Rabi oscillation between |0) and |1) for an excitation tuned to v .

Since energy levels are trapped in a finite-height potential barrier, the states are
metastable. Escape out of the potential well is possible both by tunneling and by
thermal activation. For temperatures well below T* = hv,/(2wkp), the so-called
cross-over temperature, the thermal process can be neglected [2,25]. On the timescale
of the experiment, only the three highest energy levels, closest to the top of the barrier,
undergo a significant tunneling effect. The lower energy levels are stable.

2.2 MQT in a dc SQUID

When I}, is slightly lower than the critical current of the SQUID, we have measured
the escape probability of the SQUID from the superconducting state to the resistive
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Fig. 2 Escape probability | |
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Fig. 3 Measured critical current 5
and width of the probability
distribution versus flux at 40 mK — 4
(dots). Solid lines correspond to <§‘ 3
the fit using the 2D MQT =
prediction, dashed line to the Hﬁ 2
usual 1D MQT model 1
0

state as function of the current bias (Fig. 2), the magnetic flux and the temperature.
This escape to the resistive state is described by the escape of the fictitious particle
in the two-dimensional potential discussed above. At high temperature (above 90 mK),
the thermal activated regime is observed. At low temperature, the escape current and
the width of the probability distribution are temperature independent but they do vary
with flux (Fig. 3). As seen from this figure, the experimental results do not fit the usual
one-dimensional (1D) Macroscopic Quantum Tunneling (MQT) law but are perfectly
accounted by using the two-dimensional (2D) model of Sect.2.1.

2.3 Quantum measurement procedure

Our procedure to perform quantum experiments consists of the repetition of an elemen-
tary sequence, which is decomposed into four successive steps. First, the bias current
I, through the SQUID is switched on at a fixed magnetic flux ®,. The working point
(Ip, ®p) defines the geometry of the potential well. The 7;, rise time is short enough to
induce an adiabatic modification of the potential, leaving the circuit in its initial state
|0). Then a microwave flux pulse is applied to manipulate the quantum state of the
system. At the end of the pw pulse, a dc flux pulse of amplitude ®,, is applied which
brings the system to the measuring point (1, ®, + ®,,). This flux pulse adiabatically
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Fig. 4 a Schematic of the electrical circuit. In our experiments, 7, is first switched on through the SQUID
at fixed magnetic flux &, defining the shape of the potential well. A high frequency flux signal is then
applied to the superconducting loop with a microwave antenna. b A digital sampling oscilloscope record
of the signal is presented. It is composed of a microwave pulse which induces transitions between adjacent
energy levels, followed by a measuring dc pulse which adiabatically reduces the barrier height and induces
a selective tunneling escape of excited states. This escape is detected by a voltage V; across the circuit,
amplified at room temperature. At the end of the sequence, I, is switched off and the circuit is reset to the
superconducting ground state

reduces the barrier height and allows tunneling escape of the localized states to a finite
voltage state during a time At of the order of a few nanoseconds (Fig.4). With precise
adjustment of ®,, it is theoretically possible to induce a selective escape of excited
states. Because the SQUID is hysteretic, the zero and finite voltage states are stable
and the result of the measurement can be read out by monitoring the voltage Vi across
the dc SQUID. Escape out of the well corresponds to the detection of a voltage which
is twice the superconducting gap of the circuit material. The current bias I must
be switched off to reset the circuit in the ground state. This elementary sequence is
repeated to extract with sufficient accuracy the occupancies of the excited states.

We have measured the escape probability of the ground state which is governed by
standard MQT theory, with a small correction due to residual noise in the bias current
(Fig.5). In the two-level limit, where the SQUID constitutes a phase qubit, a contrast
of 0.54 has been measured. It indicates a significant loss in contrast compared to the
MQT prediction. This loss is attributed to spurious depolarization (loss of excited state
occupancy) during the rise of the adiabatic flux measurement pulse. We have developed
a simple phenomenological model [7] which introduces a relaxation time during the
rise of the measurement pulse. This model explains both the measured contrast in the
two level limit (Fig. 5) as well as the escape probability in the multilevel limit (Fig. 6).
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Fig. 5 Probability of escape of 1.0
the ground state |0) fitted by
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current noise (continuous line).
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Fig.6 Detection of multilevel excited states populated by a Rabi pulse with duration 7y, =3.8 ns. The solid
line is a theoretical adjustment of experimental data (square). For comparison, the experimental detection
probability of |0) is plotted (circle). The calculated detection efficiencies of pure states |0) to |2) are also
plotted as dashed lines. Inset: The dashed bars are the experimental populations extracted from the fit. The
diamonds correspond to the calculated population distribution assuming relaxation during the flux ramping

2.4 Coherent oscillations in a multilevel quantum system

The transient nonlinear dynamics of the SQUID is probed using a fast pw flux pulse
followed by a measuring dc pulse. The uw excitation is tuned to the resonance fre-
quency obtained from low power spectroscopy and the uw pulse duration is increased
from 2 to 80ns. The measurement delay, as well as the other measurement pulse set-
tings, remain unchanged. During the transient regime, Rabi-like oscillations (RLO)
are observed, as shown in Fig.7a. From a fit of the first oscillations to a damped
sine function, the RLO frequency vg and the damping characteristic time 7> _gqp; are
extracted. The dependence of vg on the uw amplitude is plotted in Fig. 8.

The interpretation of the experimental data relies on a full quantum treatment taking
into account multilevel processes. Since moderate decoherence has a minor impact
on the Rabi-like frequency, we have developed a purely Hamiltonian theory [5,6]
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Fig.7 aRabi-like oscillation observed in the transient regime for high power pw driving (Vyy = 631 mV).
The oscillation frequency and the damping time 7> g,; are extracted from a fit to an exponentially damped
sine function. b Energy relaxation as a function of the measurement delay 7;;, fitted to an exponential law
with the damping time 7. ¢ Width of the resonance peak versus €21. The 115 MHz finite width will be
strongly reduced by working at zero current bias (see next section)

Fig. 8 Rabi like oscillation
frequency versus microwave
amplitude €21 (experimental
data: points). Dashed line shows
the linear dependence expected
for a two-level system.
Continuous line is the quantum
prediction taking into account
the multilevel process, dotted
line the classical model [17].
The vertical dotted line indicates
the anharmonicity strength:
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(see also Ref. [35]). The particle is assumed to be initially in the ground state. At
t = 0, the uw flux is instantaneously switched on, and the particle’s quantum state
|W (¢)) evolves into a superposition of the eigenstates |n) according to the Schrodinger

equation with the Hamiltonian:
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H (1) = Hy + v2h2 cos2mvt) X. (3)

The expression Eq. 3 contains all the characteristic frequencies of the problem: (1)
the bottom well frequency v, (ii) the detuning § = vo; — vj2 linked to the potential
anharmonicity and (iii) €21, the Rabi frequency in the two-level limit for a microwave
excitation frequency v = vy;.

To solve this time-dependent problem, we introduce a new picture in which the
evolution of the particle’s state |V g (¢)) 1s driven by the Hamiltonian H ro(1). This
new picture is related to the Schrodinger one by:

(n|Wro (1)) = 2™ (n|W(1)). (4)

In the two-level limit, this transformation corresponds to the introduction of the
well-known rotating frame at frequency v. To proceed, we apply the rotating wave
approximation (RWA) to simplify the Hamiltonian H ro(t). Considering a poten-
tial well with N trapped energy levels, the resulting Hamiltonian H RO.RWA can be
expressed in the {|n)} basis as follows:

0% o0 0
~ %AI(U)"- 0

_ . )
0. . JN-IY%
00 \/N—I%AN_I(U)

Here, A,(v) = vp, — nv and the ground state energy E( has been set equal to O.
Starting from the initial state |0) which is the ground state in the absence of uw, the
time evolution of this quantum state can be deduced using the eigenstates |e,go) of
H ro.RwA- This model predicts coherent oscillations of the populations of the levels.
Moreover the frequency versus uw amplitude dependence predicted by this quantum
theory fits very well the experimental data (Fig.8). Note that our experimental data
cover the cross-over from two-level to multilevel dynamics. Indeed, when the pw
amplitude is small compared to the anharmonicity (21 < §), the dynamics only con-
cerns the first two levels and one retrieves the familiar result vg = 2;/27. This is
nearly the case for the first measured point, which corresponds to 21/27 = 65MHz
and presents an occupation of level |2) below 10%. When /27w ~ §, the cou-
pling between neighboring levels starts to distort the energy spectrum of the lowest
energy levels of H RO .RwA- In this regime, the vg dependence on €2; starts to deviate
from a linear behavior, indicating the onset of two-photon processes [13,35]. When
Q1/2m > 4§, an increasing number of levels is involved. As an example, the exper-
imental oscillations presented in Fig. 7a involve four states. At larger uw amplitude,
a large number of levels is involved. The multilevel dynamics is characterized by a
clear saturation of the v (#) dependence, compared to the low power linear behavior
(Ref. [6]).
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2.5 Decoherence processes

We describe here the experiments performed in the two-level limit involving the low-
est energy states |0) and |1). In Fig. 7b we show the measured characteristic time for
energy relaxation (77 &~ 100ns). We performed low power microwave spectroscopy
for different bias current and flux. The dephasing times are extracted from the widths
of the measured resonant peaks at low uw amplitude (Fig.7c). The main source of
decoherence of the current-biased dc SQUID are the thermal current fluctuations of the
environment. Because of the large magnitude of the current noise (8 1301- s e)l/ =6 nA,
the dephasing time during the Rabi oscillations was short (72 gqpi = 25ns) and the
spectroscopy width large (about 115 MHz). Recently this limitation was overcome by
inducing the quantum dynamics at zero current bias. In this particular working point
the SQUID is insensitive to current noise in first order. Some preliminary results are
presented in the next section.

2.6 Two-level dynamics
To be able to perform quantum experiments at zero current bias where escape to volt-

age state is impossible, a new experimental procedure was implemented. In a small
region close to half a flux quantum, two stable fluxoid states [—1®(] and [0D(] coexist.

(a]' Arbitrary Generator | dc coil (bias) | | Micro wave generator | de current (bias) &
(Nanosecond flux pulses) Voltage State Detection

On Chip Inductance

(b) 20 — ' (€) | 416 = 0472} vor =10.17 GHz
R [-1Dg]  [0Dg]  [-1D] 04| lbas= -73 A ;
:g 10+ 1> I i
L ; 0> . A FWHM = 18 MHz
St E I
> o
g
G101
05}
_20 " " \ x A o o Z .
6 4 -2 0 2 4 6 10 10.1 10.2 10.3

phase MWV frequency (GHz)

Fig. 9 a Schematic circuit to study a Nb dc SQUID at the particular working point: zero-current bias and
half a flux quantum bias. b New potential shape called “camel back potential”. The phase qubit with states
|0) and |1) is realized in the shallow central potential related to the flux quanta [0®)]. ¢ Typical spectroscopy
of the phase qubit along the optimal line
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Fig. 10 Probablity of escape versus ®; and uw frequency along the optimal line of the dc SQUID phase
qubit. Dark and bright regions correspond to small and high P.g.. The density of fluctuators inside the
circuit observed in this figure is about 50 MHz L. Inset: anticrossing of levels due coupling of the phase
qubit and microscopic fluctuators

Along the escape direction, the potential presents two different wells related to the two
different fluxoid state as indicated in Fig. 9b. In the central well related to the [0®¢]
fluxoid states, the anharmonicity is quartic and the two low-lying oscillator states are
used to realize a phase qubit. Our quantum measurement procedure is based on escape
to the [—1®¢] fluxoid state. The sample used for this study was fabricated using a
Nb/AlO,/Nb trilayer process with SiO; insulating layer [11]. Along the zero-current
bias line, the dephasing time is improved, as was demonstrated by spectroscopy mea-
surements (Fig. 10), yielding a linewidth of about 15 MHz. Rabi and Ramsey oscilla-
tions were observed giving respectively T2 rapi = 67ns and T3 ramsey = 18 ns. This
finite dephasing time is explained by a rms 40u®g low frequency flux noise and by
coupling with microscopic two-level fluctuators (as observed in Fig. 10 and also in
Ref. [34]). The relaxation time 77 is on the order of 100 ns.

3 Asymmetric Cooper pair transistor

A symmetric Cooper pair transistor in parallel with a classical switching Josephson
junction [10,38] was extensively studied as a two-level system in the last years. Here
we consider an asymmetric Cooper pair transistor (ACPT). This device (Fig. 11a),
which is analyzed as a charge qubit [29], presents a new optimal point compared
to the quantronium [10,38]. Its asymmetry also produces a strong coupling with a
dc SQUID which will be used to realize entangled state and new read out based on
adiabatic quantum transfer.
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Fig. 11 a SEM image of the (3)
coupled circuit. Central part: the ., SQUID

SQUID; on the left: the
transistor with gate-voltage.

b SEM image of the ACPT
circuit with the gate. The
asymmetry is obtained using a
different surface size of the two
Josephson junctions. ¢ Electric
schematic of the ACPT which
can be controlled by the gate
voltage or the phase difference
8(Ip, Pp)

3.1 The device

The ACPT consists of a superconducting island connected by two Josephson junctions
of different area (0.02 and 0.05 um?) to the superconducting electrodes (see Fig. 11b).
The ACPT is connected in parallel to a dc SQUID. The dynamics related to the cou-
pling between the transistor and the SQUID will be discussed in the next section. In
the present section we will consider the ACPT alone. We will neglect the coupling
between the ACPT and the SQUID which is valid when the two quantum circuits are
far from the resonance condition.

3.2 Theory

In the charge representation, the Hamiltonian of the ACPT is given as a function of the
control parameters ng = C,V,/2e (the gate-induced charge) and § (the phase drop
over the transistor) by:

0
2

X [Z e OO ) (n 1]+ D 0|0 4 1)(n|:| (6)
n n

5 T n 2
Hacpr = Ec(n —ny)
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Fig. 12 The measured ACPT
energy (points) versus § at 20t
ng = 0.5 fitted by the ACPT
Hamiltonian using four different 18}
charge states (/ine). In the inset,
probability of escape versus uw
frequency at ng, §)=(1/2,0.471)
fitted by a model taking into
account flux and charge noise
with Gaussian distribution (/ine). 12 i
The dashed arrows indicate the ot d' ::‘ ":'
two sattelite peaks produced by P o M N
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where Eg = (2¢)?/2C7 is the transistor charging energy, E; = Efz + E;l the

total Josephson energy and u = (E fz —F 51) /E ; the Josephson energy asymmetry.

Furthermore, tan x = ptan(é/2) and p; (8)% = E;z(cos2 5/2) + uz sin? (8/2)).

At ng = 0.5, the degeneracy of the charge states |0y.) and |1.) is lifted by the
Josephson coupling. Then, the ACPT can be described as a two-level system (a charge
qubit) characterized by the states |—) and |+) with an energy level splitting close to
©;j(8). In this two-level description, the Hamiltonian can be written in terms of the
Pauli matrices,

~ hvr
Hacpr = TGZT, (7)

where the energy hvr is defined as the energy difference between the states |—) and
I+).

3.3 Energy spectrum

The excited level of the ACPT is detected using an adiabatic quantum transfer between
the ACPT and the SQUID. This new read-out will be discussed in Sect. 4.4. The spec-
troscopy measurements are performed by a flux or a gate-voltage microwave pulse just
followed by the quantum measurement nanosecond flux pulse. The energy spectrum
versus the phase difference across the transistor is plotted in Fig. 12 at ng = 1/2. The
qubit resonant frequency v versus § can be fitted within 1% error by considering that
the |+) and |—) states are superpositions of the four charge states (| — 1), |02¢), | 12¢)
and |2;.)). The ACPT has two optimal working points for qubit manipulations: one at
(ng, 6)=(1/2,0) [10,38] and an additional one at (ng, 6)=(1/2,7r) due to the transistor
asymmetry.
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Fig. 13 a Escape probability
versus uw pulse duration for
—3dB m room temperature uw
power. b Escape probability
versus delay time between pw
and measurement pulses, fitted
by an exponential decay
(continuous line) giving
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3.4 Decoherence times

In the inset of Fig. 12, we show a typical resonance peak. The width of the resonance
peak far from the optimal points is around 20 MHz but on the both sides small res-
onant peaks emerge. They are separated by 115MHz from the central peak. Such
spectroscopy features can be explained by thermal current noise related to a resonant
environment mode observed at 115MHz [8, 14]. At the new optimal points § = 7, the
two satellite peaks disappear and the width of the central peak remains about 20 MHz.
The finite width at this second optimal point can be explained by second order effects
associated with charge noise. Indeed the second order charge noise sensitivity in this
ACPT is large (8%vr/0%n ¢) = 329GHz/h. This sensitivity can be strongly reduced
by increasing the £ 5 J/E g ratio.

Figure 13a presents Rabi oscillations in the ACPT at the new optimal point (7, 6)=
(1/2,m). The Rabi frequency follows a linear dependance on the uw amplitude as
expected for a two-level quantum system. The observed relaxation time is rather long:
about 800ns (Fig. 13b).
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Fig. 14 Electrical schematic of
the coupled circuit. The working =
point is controlled by the dc —T— MT M s
gate-voltage Vg, the bias current L2 (D v (.D
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4 Coupled circuit

In this section we will study a quantum circuit coupling the charge qubit (ACPT)
and the phase qubit (current-biased dc SQUID) whose schematic electrical circuit is
shown in Fig. 14. This experimental work was motivated by a previous theoretical
study considering a two-level system coupled to a quantum resonator [3,4,18]. This
coupled circuit can be also presented as an alternative device of a qubit coupled to a
cavity resonator [39]. In our device, the dc SQUID plays the role of an anharmonic
microcavity which is highly tunable.

These new results present, to the best of our knowledge for the first time, the cou-
pling between two different kinds of qubits and clearly show the entangled states
between these two circuits. Moreover the coupling strength is tunable over a large
scale, between 60 and 1200 MHz which can be compared to results obtained between
two flux qubits [19,30]. In the following the two charge qubit states are denoted |+)
and |—) and the two phase qubit states |0) and |1). The working points are controlled
by the gate-voltage, the bias current and the dc flux. The qubits are excited either by
uw gate-voltage or flux.

4.1 Hamiltonian of the coupled circuit

Here we will focus on the low-energy properties of the coupled circuit in the case when
both qubits are close to resonance. It then suffices to consider the lowest two excited
levels of the SQUID and the ACPT. When the coupling effect can be neglected, they are
described by the respective two-level Hamiltonians Hg = hvsa§ and Hr = thJ;
where o denotes a Pauli matrix. When determining the theoretical coupling Hamilto-
nian, we consider that the ACPT states |—) and |+) are superpositions of two charge
states only; moreover we neglect anharmonicity effects of the SQUID potential on the
frequency vg. We then obtain the following Jaynes—Cummings type Hamiltonian for
the coupling at ng = 1/2:
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1 _ _
Hcoupling = Ehg (G;_UT + Og 07—’:) > (8)

where the coupling strength g = (E¢.¢/2 — Ec jcos(8/2 — x)) /h and aSJF/T_ creates
or annihilates an excitation in the SQUID or the ACPT. The strength g 1s due to a

simultaneous capacitive coupling E. . = (1 — A),/E g /hv,hv, and a §-dependent

Josephson coupling E. ; = (1 — ),/ Eg/hvajT/Z. Here E(Sj = ¢2/C? is the charg-
ing energy of the SQUID and A = (CIT — C2T )/ (CIT + C2T ) the transistor capacitance
asymmetry.

4.2 Coupling strength

When the two qubits are in resonance, vy = vg, the states |0, +) and |1, —) are degen-
erate in the absence of coupling. In Fig. 15, the energy spectrum of the two qubits
is plotted versus bias flux. Far from the resonance condition the value can be well
estimated assuming two uncoupled qubits. In the vicinity of the resonance condition,
an anti-level crossing occurs modifying the resonance frequency of each qubit. Anti-
level crossing is clearly observed with a splitting which depends on the working points.
When the resonance condition is satisfied, the quantum states are maximally entangled
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Fig. 15 Spectroscopy of the coupled circuit versus flux for three different bias currents at ng = 1/2 (filled
points) and ng = 1 (empty points). The dashed lines correspond to vy and vg obtained by the uncoupled
theory. The continuous line is the fit taking into account a coupling strength
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Fig. 16 a P versus ng and (H)

uw frequency at the working

point I, = 1647nA, 19.4
g =0.03 &g and § = 0.267.

b Pegc versus ng and uw

frequency at the working point N
I, = 1647nA, &g = 0.02 dg 5
and § = 0.28x. Dark color ~
corresponds to small. Dashed
and continuous lines correspond 19
to uncoupled and coupled cases, 18.9
respectively i

10, +) £1|1, =)/ V2. We also observed anti-crossing phenomena when we measured
the escape probability versus ng. At n, = 1/2 we observe either the resonant regime
(Fig. 16a) or the dispersive regime (Fig. 16b).

4.3 Tunable coupling

The qubit-qubit coupling strength is measured at n, = 1/2 for working points where
the resonance condition vy = vy is satisfied. The frequency splitting is plotted ver-
sus the resonant frequency in Fig.17. The coupling is minimal at vz = 20.3 GHz
and strongly increases with decreasing resonant frequency up to a maximum value of
1.2 GHz. Note that when the resonance frequency changes from 20.3 down to 8.8 GHz
the absolute value of the phase over the ACPT changes from § = 0 to |§| = .
We find therefore nearly zero coupling at § = 0 and a very strong coupling of 1.2 GHz
at|8| = .

By taking the asymmetry parameters deduced from the ACPT energy spectrum
fit (u = A = 41.9%) the coupling strength can be very well fitted without any free
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parameters as can be seen in Fig. 17. The capacitance and the Josephson coupling are
also plotted showing a very weak §-dependence on the capacitance coupling and a
strong one on the Josephson coupling.

We stress that the coupling strength at n, = 1/2 depends only on the § parameter.
If we replace one of the transistor junctions by a pure capacitance (E;,2 = 0) we
obtain E. ; = 0 and we retrieve the capacitive coupling calculated for a Cooper pair
box coupled to a quantum resonator [4] or a SQUID [18]. For a symmetric transistor
(A = u = 0) the charge and the Josephson coupling compensate each other, giving
zero coupling for any value of the parameter §. It is the asymmetry of the transistor
which enables nonzero coupling at the optimum point of the charge qubit. In particular,
for the case that A = pu—which is realized for a transistor containing two junctions
having the same plasma frequency—the total coupling vanishes at § = 0 but becomes
non zero at the second optimum point at § = 7. This enables to manipulate the ACPT
at zero coupling, and exchange information with the SQUID at nonzero coupling, both
at minimum decoherence.

4.4 Adiabatic quantum transfer

The coupling at the resonance between the charge qubit and the SQUID can explain
the quantum measurement process on the ACPT. Indeed the energy levels of the
ACPT can be determined by escape probability measurements on the SQUID via a
new read-out based on adiabatic quantum transfer. We apply a pw signal of 1us on
the gate line at fixed frequency when the ACPT and the SQUID are off resonance.
If the applied uw frequency matches the ACPT frequency the |+) level is populated.
For the measurement a nanosecond flux pulse with a rise time of 2ns drives the
two systems adiabatically across the resonance where the coupling is about 1 GHz.
The initial state |+, 0) is thereby transferred into the state |—, 1) [3]. Afterwards an
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Fig. 18 Quantum measurements at (I, = 1957nA, &, = —0.064®(). a Escape probability versus fre-
quency at ng=1/2 shows resonance peak of the transistor and no peak for the SQUID. b Escape probability
versus frequency at ng A~ 1 shows resonance peak of the SQUID. These measurements were obtained with
a large negative flux nanosecond pulse @ 75, = —0.265®( indicated by the long arrow in (¢). ¢ Energy
level evolution during the flux pulse at ng=1/2. The two vertical dotted lines indicate the flux value at the
working point @ p7 and at the escape point ® ;4. The inset shows details of the crossing point. The crossing
dashed and continuous lines correspond to the uncoupled energy levels of the SQUID and ACPT and the
anti-crossing lines correspond to the energy when coupling is taken into account

escape measurement is performed on the SQUID, revealing its quantum state (inset
of Fig. 18c).

S Josephson junction chains

In this section, we will summarize measurements performed on phase-biased
Josephson junction chains composed of elementary cells consisting of one rhombus
(for details see [31]). Each rhombus contains four Josephson junctions, and can be
threaded by a magnetic flux. Such chains have been studied theoretically in the con-
text of fault-tolerant quantum computation [12,16,21,32,33,37]. Indeed, their distinct
topology gives rise to specific symmetries leading to the appearance of quantum states
that are protected against local perturbations.

We will focus on the ground-state properties of rhombi chains in the classical and
quantum regime. The ground-state energy Eq(y ) of the chain, as a function of the bias
phase y, can be determined by the measurement of the chain’s current—phase relation
I (y): the supercurrent is given by the derivative of Eg(y) as a function of y.

The magnetic flux threading the rhombus loop leads to the occurrence of inter-
ference phenomena specific for the rhombus geometry. At full flux frustration, for
instance, destructive interference is predicted to lead to a suppression of the 2e
supercurrent in favor of the appearance of a 4e supercurrent, carried by correlated
Cooper pairs [32].
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Below we will present measurements of the current—phase relation at various flux
frustrations, focussing on the periodicity and the amplitude of the supercurrent oscil-
lations. Close to full flux frustration, the period changes from 27 to r. The oscillation
amplitude decreases when the charging energy of the junctions is increased, due to
quantum fluctuations.

5.1 Measurement set-up

In order to measure the current—phase relation of a rhombi chain, we implemented
an escape measurement using a large JJ which is connected in parallel to the chain
(Fig. 19). The critical current of this JJ (/.7 &~ 1 —2pA) is much larger than that of the
chain (I, & 1 — 100nA). Therefore, near the switching event of the whole device the
phase difference over the large JJ is close to 7 /2 independent of the magnetic flux ®.
within the large loop containing the chain and the JJ. As a consequence the flux @,
controls directly the phase-difference y over the chain and the measurement of the y

Fig. 19 a SEM image of a rhombi chain (N = 8, sample C) in the closed superconducting circuit. The
shunt junction is visible on the left vertical line; b an enlarged image of this JJ. ¢ An enlarged image of one
rhombi is also presented. For small magnetic field variations, the flux inside the rhombi practically remains
constant, while the total phase on the array varies
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dependence of the switching current of the shunted rhombi chain yields the current—
phase relation of the rhombi chain. The flux frustration f of the chain is controlled
by the flux @z through the small loop formed by each rhombus. The area of the large
loop is about hundred times larger than the one of a single rhombus, which enables us
to tune the frustration f of the rhombus independently of the phase-difference y over
the chain.

5.2 Classical chains

We first discuss the ground-state properties of a chain with E;/E. ~ 20 (sample A)
when quantum fluctuations can be neglected. Such chains are called hereafter classi-
cal chains. The measured current—phase relation is plotted in Fig.20a and b for two
different frustration parameters f = 0 and f = 0.5. In both cases they follow a saw-
tooth dependence as expected, since in the classical regime E((y ) is a series of shifted
parabolas as a function of y (see Fig.21a, d). Interestingly, the period of the supercur-
rent oscillations as a function of the phase difference changes abruptly from 27 to 7
as the rhombi are tuned to the vicinity of full frustration. This double periodicity can
be explained by the existence of two different persistent current configuration states
(circulating clockwise and counterclockwise) in each rhombus for frustration close to
1/2. For convenience we associate a pseudospin up (down) to each rhombus carrying
a clockwise (counterclockwise) circular supercurrent.

Away from full flux frustration, these two spin states have very different energy.
The configuration yielding the lowest energy of the chain therefore corresponds
to a fully spin polarized spin chain, regardless of the phase difference y (see
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Fig. 20 Sample A: classical chain. Measured current—phase relation deduced from the switching current
versus external magnetic field at 7 = 26 mK. a Dependence near rhombus frustration f = 0. b Dependence
near full rhombi frustration f = 0.5
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Fig. 21 Identification of the lowest energy states of a classical rhombi chain as a function of the phase y
for different frustrations (here the number of rhombi is N=8). The supercurrent flowing through the chain
is given by the derivative of the energy as a function of y and consists of a series of unequal sawtooth in
the vicinity of f = 0.5. The up and down arrows indicate the spin states of the eight rhombi. Near full
frustration (f = 0.5) note the change in the parity for the number of switched rhombi between successive
minima

Fig. 21a). In fact, for f = 0, each rhombus of the chain behaves as a single junc-
tion, characterized by an effective Josephson and charging energy E; crr, Ec eff-
The rhombi chain then behaves as a linear array of effective Josephson junctions.
In the classical limit E;,.rr > Ecff, the current—phase relation is a 2m-peri-
odic sawtooth, with amplitude E;.rs/N, N being the number of rthombi in the
chain.

However, upon approaching full frustration f = 0.5, the two spin states for a sin-
gle rhombus become more and more degenerate. For the whole chain this means that
for a phase difference near 7, the system can lower its energy by flipping the spin
of one of the rhombi. This leads to an additional feature in the energy-phase depen-
dence of the chain that in turn gives rise to the appearance of an additional sawtooth
branch on the level of the current—phase relation (see Fig. 21b). Very closeto f = 1/2
(Fig.21c), for odd values of y /7, the chain states with an odd number of rhombi in the
state |1) (so-called odd states) correspond to a minimum of energy. At full frustration
f = 0.5 all chain states with an even and odd number of flipped rhombi become,
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Fig. 22 Sample C: quantum chain. The experimental plot (dots) of the switching current versus external
magnetic field in the zero frustration region for sample C at 7 = 280 mK. The /ine represents the theoretical
fit which gives an effective value for the Josephson energy E* = 0.5E

respectively, degenerate (Fig. 21d). The high degeneracy of these chain states will be
essential for the construction of a topologically protected qubit. At full frustration the
energy as a function of the bias phase y becomes 7 periodic and so does the resulting
current—phase relation. In terms of the supercurrent this implies a suppression of the
2e supercurrent in favor of the appearance of a 4e supercurrent, carried by correlated
Cooper pairs.

5.3 Quantum chains

Here we present results obtained in a chain with E;/Ec =~ 2 (sample C) close to
zero frustration. The current—phase relation measured at zero frustration is plotted in
Fig.22 and shows again a 27 periodicity. The main feature here is the smearing of
the sawtooth dependence to a smooth sinusoidal one. The abrupt jumps observed at
(2n+1)7mr phase value in the classical chains are now strongly softened. This measured
current—phase relation can be explained by the presence of quantum fluctuations, that
grow with decreasing ratio E;/E. and increasing number of JJ rhombi. Quantum
fluctuations lift the degeneracy at the crossing points of the parabola in the classical
energy spectrum (see Fig. 21a). They produce therefore phase slip events on individual
rhombi that smear the sawtooth function obtained in the classical regime. Moreover,
quantum fluctuations decrease the amplitude of the maximum supercurrent flowing
through the chain. The measured current—phase relation could be fitted by a tight
binding model initially proposed by Matveev et al. [28] for single junction chains and
extended to rhombi chains in Ref. [31].

6 Experimental setup

The three different aluminum circuits which are presented in this review were real-
ized using e-beam lithography and shadow evaporation of aluminium on an oxidized
silicon chip. SEM pictures of the different circuits are presented in Figs. 1, 11 and 19.

The experimental set-up is schematically illustrated in Fig. 23 for the coupled cir-
cuit. But a similar set-up was used for the SQUID experiments or the JJ chains mea-
surements.
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Fig. 23 Schematics of the experimental setup with temperatures indicated on the right. stands for a
second order low-pass rlc filter, is a 1 m lossy thermocoax and is composed of two cascaded
7 filters and two meters of lossy thermocoax. is a 50 2 attenuator

To avoid spurious microwave resonances, the chip is mounted in a shielded copper
cavity whose cut-off frequency is above 20 GHz. The four probe dc lines are designed
to decouple the circuit from the external room temperature classical electrical appara-
tus. It consists of cascaded filters. The first and most important filter includes a 9-nH
on-chip inductance, L., introduced by long on-chip superconducting thin wires, and a
thin film 150 pF parallel capacitor, C . As illustrated in Fig. 23, additional filters based
on thermocoax [41] and 7 -filters are used at the different stages of the dilution fridge.
Bias flux is applied with a copper coil cooled down to 30 mK. External low frequency
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flux fluctuations are screened with soft iron and mu-metal at room temperature and a
superconducting lead shield at 1.5 K. The room temperature high frequency flux and
gate voltage signals are guided by two different 50 €2 coax lines and attenuated twice
by 20dB at 1.5 K and 30 mK, before reaching the circuit. The high frequency flux line
for the SQUID and the coupled circuit are terminated by an on-chip short circuit. The
high frequency gate voltage for the ACPT circuit is terminated by an on-chip gate
capacitance. The antenna which produces the pw flux signal is located 10 um from the
SQUID, leading to a 1.5 pH mutual inductance coupling. The pw line is terminated by
an inductance estimated to be 2nH which introduces an additional 6 dB attenuation at
10 GHz. Special care was taken to minimize the coupling between the high frequency
antenna and the bonding wire loops in the direct electrical environment of the SQUID.

The high frequency signal used in our experiments results from the combination of
a microwave excitation pulse and a measurement dc pulse (Fig.4b). The uw pulse is
generated by mixing continuous microwaves with a shaping dc pulse. We define the
risetime as the duration to reach 95% of the peak amplitude starting from 5%. The
duration is defined as the time interval where the pulse amplitude is at least 95% of
the maximal amplitude. With this convention, the shaping pulse has a 0.8 ns risetime
and a duration tuneable from 1ns to several milliseconds. The measurement pulse
has a 1.6 ns risetime and a minimum duration of 1.6 ns. Both microwave shaping and
measurement pulse are produced by two outputs of one dc pulse generator, allowing
precise control of timing. In Fig. 4b, a digital sampling oscilloscope record of the sig-
nal is presented. As a demonstration of signal generation performance, the duration
of the microwave and measurement pulse have been reduced to the minimum: the
whole sequence is then finished in less than 7ns. Except the specific measurements,
the delay between microwave and measurement is kept as short as 1 ns to minimize
depolarization due to population relaxation.

To limit heating in the SQUID voltage state, a specific electronic circuit cuts the
bias current to zero as soon as a finite voltage across the SQUID is detected. The
voltage readout time, about 10pus, is determined by the bandwidth of the strongly
filtered voltage lines. With a wait of 1 ms after each voltage measurement to allow
the sample to cool back down to base temperature, the overall repetition rate is about
1 kHz. The experiment sequence is repeated up to 5,000 times such that the statistical
noise on P, has a theoretical standard deviation lower than 4 x 10~3. More details on
the experiments can be found in the different thesis realised in Grenoble [1,5,14].

7 Conclusion

We have studied the quantum dynamics of a dc SQUID in different situations. We have
demonstrated that it behaves as a phase qubit when the working point is chosen on
an optimal line, insensitive to current fluctuations. At these points Rabi and Ramsey
oscillations have been observed in the two-level limit. The measured 7> rqpi = 67 ns
and T2 ramsey = 18ns can be significantly improved by reducing the 40u®g rms flux
noise and the density of micro-resonators observed in our sample. At large uw ampli-
tude the circuit develops very rich and complex dynamics in the transient regime just

@ Springer



180 O. Buisson et al.

after application of the pw field. A cross-over from two-level to multilevel behavior
has been observed.

We have fabricated an asymmetric Cooper pair transistor that behaves as a charge
qubit. It has the advantage to contain two optimal points: one similar to the “quantro-
nium optimal point [10,38]” at (ng, §)=(1/2,0) and a new one at (ng, §)=(1/2,7). At
this working point the decoherence times were 77 = 800ns, 7> rapi = 110ns and
T3 spectroscopy ~ 20ns. The decoherence time can be strongly improved by increasing
slightly the E;/E¢ ratio.

We have shown for the first time a strong coupling between two different kinds of
superconducting qubits: a charge and a phase qubit. The coupling strength is tunable
and varies in our experiment from 60 MHz up to 1.1 GHz. The strong coupling close to
the escape line of the dc SQUID produces a new read-out based on adiabatic quantum
transfer. We have analyzed theoretically the quantum dynamics of the coupled circuit.
This analysis is able to explain the tunable coupling strength by a combination of a
capacitive and a Josephson coupling between the two qubits. In the future, it might be
possible to manipulate independently the two qubits when they are out of resonance
(single qubit operation). By changing the working point, the two qubits can be put in
resonance with a strong coupling in order to realize two-qubit operations. All these
manipulations can be performed by keeping the charge qubit in its optimal point.

We have analyzed the ground-state of arhombi chain by measuring its current-phase
relation. We confirmed for the first time the tight binding model proposed intially by
Matveev et al. [28] for the ground state of a JJ chain in the presence of quantum
fluctuations. In the future we would like to do spectroscopy measurements on rhombi
chains and give experimental evidence for the macroscopic quantum state established
over the chain.
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Quantum fluctuations of a Bose-Josephson junction in a quasi-one-dimensional ring trap
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Using a Luttinger-liquid approach we study the quantum fluctuations of a Bose-Josephson junction, consist-
ing of a Bose gas confined to a quasi-one-dimensional ring trap which contains a localized repulsive potential
barrier. For an infinite barrier we study the one-particle and two-particle static correlation functions. For the
one-body density-matrix we obtain different power-law decays depending on the location of the probe points
with respect to the position of the barrier. This quasi-long-range order can be experimentally probed in
principle using an interference measurement. The corresponding momentum distribution at small momenta is
also shown to be affected by the presence of the barrier and to display the universal power-law behavior
expected for an interacting one-dimensional fluid. We also evaluate the particle-density profile, and by com-
paring with the exact results in the Tonks-Girardeau limit we fix the nonuniversal parameters of the Luttinger-
liquid theory. Once the parameters are determined from one-body properties, we evaluate the density-density
correlation function, finding a remarkable agreement between the Luttinger-liquid predictions and the exact
result in the Tonks-Girardeau limit, even at the length scale of the Friedel-like oscillations which characterize
the behavior of the density-density correlation function at intermediate distance. Finally, for a large but finite
barrier we use the one-body correlation function to estimate the effect of quantum fluctuations on the renor-
malization of the barrier height, finding a reduction in the effective Josephson coupling energy, which depends
on the length of the ring and on the interaction strength.

DOI: 10.1103/PhysRevA.79.063633

I. INTRODUCTION

The possibility to study Bose-Einstein condensates con-
fined to ring traps constitutes one of the frontiers of the ex-
perimental progress with ultracold atomic gases [1]. The
nontrivial topology of these traps together with the unifor-
mity of the potential along the ring circumference makes
them an ideal system for investigating persistent currents and
superfluid properties of the gas.

While current experimental setups display relatively weak
transverse (i.e., radial) confinements, we analyze in this work
the case where the transverse confinement is so strong that
only longitudinal (i.e., tangential) quasi-one-dimensional
(quasi-1D) motion is allowed along the ring. In a quasi-1D
geometry, the phase coherence properties of the gas are dras-
tically changed with respect to their three-dimensional (3D)
counterparts. Phase fluctuations destroy true long-range or-
der, and by increasing the interaction strength the gas
changes from a quasicondensate, i.e., a condensate with fluc-
tuating phase [2,3] to a Tonks-Girardeau gas [4], where re-
pulsions are so strong that they mimic the effect of Pauli
pressure in a Fermi gas and the condensate is strongly de-
pleted. Here we consider such a one-dimensional ring trap
containing a localized repulsive potential which creates a
“weak link” connecting the two ends of the loop (see Fig. 1),
a situation that may be viewed as a realization of a Bose-
Josephson junction. Bose-Josephson junctions have been al-
ready experimentally realized using double-well geometry
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and arrays [5]. In the configuration considered here, quantum
fluctuations tend to destroy the phase coherence along the
ring, while the tunneling of bosons between the ends of the
loop favors a well-defined phase difference across the bar-
rier. We will study the interplay between these competing
effects.

We start by investigating how the presence of the barrier
affects the quantum fluctuations and hence the coherence
properties of a Bose-Josephson junction in a quasi-1D ring at
arbitrary values of the interaction strength. In the absence of
the barrier, these properties have been extensively studied,
employing a variety of techniques, from low-energy
Luttinger-liquid approaches and conformal field theory [6,7],
to exact methods in the Tonks-Girardeau regime [8,9]. In the
presence of an infinitely high barrier, using the Luttinger-
liquid approach for a finite ring, we evaluate here the first-
order correlation function, which describes the decay of
phase coherence along the ring, and recover a previous result
from conformal field theory [6]. We then compare the results
for the one-body density matrix and for the particle-density
profile along the ring with the corresponding exact results in
the Tonks-Girardeau limit of impenetrable bosons obtained
through a Bose-Fermi mapping method [4]. This enables us
to determine the numerical values of the nonuniversal pa-
rameters of the Luttinger-liquid theory. Knowing these pa-
rameters we estimate two-particle properties such as the
density-density correlation function. Finally, we turn to the
case of a large but finite barrier, treating the tunneling across
the barrier as a perturbation. We use the results for the first-
order correlation function in the infinite-barrier limit to esti-
mate the effect of the quantum fluctuations on the effective
height of the barrier, i.e., on the Josephson coupling energy.
As a result, we predict how the renormalization of the Jo-

©2009 The American Physical Society
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FIG. 1. (Color online) Sketch of the Bose-Josephson junction on
a ring trap studied in this work.

sephson energy depends on the ring length and on the inter-
action strength.

II. LUTTINGER-LIQUID DESCRIPTION FOR A RING
WITH A LOCALIZED BARRIER

We consider N bosons confined to a uniform, quasi-1D
ring-shaped trap of circumference L to which a localized
repulsive potential V,,.(x), located at x=0=L, has been su-
perimposed. The bosons interact with each other through a
repulsive contact potential v(x—x'")=gd(x—x"). The corre-
sponding Hamiltonian in terms of the bosonic field operators
W(x), T'(x) reads

2
H= J dx\I’T(x)<— zh—mw + Vbarr(x)>‘lf(x)

+ % f AW ()W ()W ()W (). (1)

The presence on the ring of the (very large) barrier potential
will be taken into account below by imposing open boundary
conditions at x=0=L (see Sec. II B) and by adding a tunnel
term (see Sec. VI).

A. Low-energy theory

In order to evaluate the equilibrium correlation functions
at large and intermediate distances we adopt the Luttinger-
liquid approach, i.e., we approximate the system Hamil-
tonian (1) by the following effective low-energy Hamiltonian
in terms of the fields 6(x) and ¢(x) which describe the den-
sity and phase fluctuations on the ring [10],

Hyy = 20 fdx KV$WP+~[VOOT|. (@)
LL 2 K '

0
The parameters K and v, are related to the microscopic in-
teraction parameter of the original Hamiltonian (1) [6], the
phase field ¢(x) is related to the velocity of the fluid v(x)
=hV ¢(x)/m and the field 6(x) defines the fluctuations in the
density profile p(x) according to

PHYSICAL REVIEW A 79, 063633 (2009)

+00

p(x) — [PO + H()C)] 2 e2mi6‘(x)+i277'mp0x+2im03’ (3)

m=—0

where py=N/L is the average density of the fluid, II(x)
=V6(x)/ and 6 is a constant fixing the position of the first
particle with respect to the origin of the x axis. The fields IT
and ¢ satisfy the commutation relation [6,10],

[I1(x), p(x")] = iox - x'). (4)

Note that this approach includes not only the lowest-order
hydrodynamic expression for the density fluctuation at long
wavelength: the higher order terms in the sum (3) enable the
description of the discrete nature of the particles up to dis-
tances o~ 1/p,. Our approach does not allow however to
probe shorter distance scales because of the assumption of
linear phonon-dispersion modes in the effective Hamiltonian
(2). The bosonic field operator is obtained from the hydro-
dynamic expression W'(x)=p(x)e"*") and reads

+00
\I’T(x) =A\”p0+H(X) X E €2mit9(x)+2im7rp0x+2im0Be—i¢(x)’

m=—o0

(5)

where A is a nonuniversal constant, the value of which de-
pends on the way the Luttinger-liquid approach is regular-
ized in the short-wavelength limit. This issue will be dis-
cussed in Sec. V A below, where the value of the constants
A and 6 will be fixed. The field operators W and ¥ as
defined through Eq. (5) satisfy the standard bosonic commu-
tation relations as a consequence of the commutation relation
(4) among the field operators IT and ¢.

B. Mode expansion of the Luttinger fields # and ¢ with open
boundary conditions

We start by considering the case of an infinitely high bar-
rier, which corresponds to a ring with open boundary condi-
tions. In Sec. VI we will treat the case of a large, finite
barrier by considering the tunneling among the two sides of
the barrier as a perturbation.

In order to evaluate the first- and second-order correlation
functions for the bosons on the ring junction, we derive here
the expansion of the fields IT(x)=V é(x)/ 7 and ¢(x) in terms
of the canonical bosonic annihilation and creation operators
b, and b, satisfying the commutation relations [bk,b,i,]
=6 - Specifically, we expand the operators ¢(x) and I1(x)
in Fourier modes for x € [0,L],

+00

d(x) = 2 [¢l,jbk,.+ ¢2,jsz]€ikfx, (6)
== :
+00

M) = X [ by + 11y by Je™7. (7
== '

where we have set k;= zfp j. The constant p and the complex
coefﬁcients b1 Do ljll’j, an'd I1,; are determiped by im-
posing three constraints: (i) the commutations rules
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[TI(x), p(x')]=iS(x—x"); (ii) the open boundary conditions,
which imply vanishing current density, i.e., Vé(0)=V ¢(L)
=0, VII(0)=VII(L)=0; (iii) reduction in the Hamiltonian to
the diagonal form H:Ekjﬁwkj[bz_bkj+%]. In order to take
into account that we are usingj an approximate, long-
wavelength theory, we introduce a short-distance cutoff «
~p," in the sum over the modes. The final result reads

1< 1 .
d(x) = o + ?2 Tcos(wjx/L)e_W“/ZL[bk, + b,:], (8)
\"Kj=l V] J J

— o

2\ cos(mix/L)e ™ by ~ b, (9)
g J

K
N(x) = g+ i~—
L =1

the latter implying

— - ] j T
6(x) = wllox + VK2 —=sin(mjx/L)e” ™ by ~ by ],
j=1 VJ ' !

(10)

where k;=mj/L (p=1/2). The zero mode Il is directly re-
lated to the particle number operator through normalization:
[My=(N-N,)/L where Ny=(N)=poL. It is conjugate to the
zero-mode phase operator ¢, such that [Il, ¢y]=i. Using
this fact, one can explicitly check the commutation rule be-
tween 6(x) and ¢(x') from the mode expansions (8) and
(10); it turns out to be [O(x), p(x’)]|=imu(x—x"), where u is
the unit step function, consistent with Eq. (4). Finally, in-
spection of the diagonalized form of the Hamiltonian yields
the linear dispersion relation W)=V sk; for the modes.

III. EXACT DESCRIPTION IN THE TONKS-GIRARDEAU
LIMIT K=1

In the limit of infinitely strong repulsion between the
bosons, which corresponds to the value K=1 for the
Luttinger-liquid parameter, an exact solution exists for the
bosonic many-body wave function ®(x;,...,xy) (in first
quantization). We shall use it throughout this paper in order
to test the results of the Luttinger-liquid theory in the limit
K=1, thereby fixing the values of its nonuniversal param-
eters.

The solution, due to Girardeau [4], is obtained by map-
ping the bosons onto a gas of noninteracting, spin-polarized
fermions subject to the same external potential. The bosonic
many-body wave function ®(x,,...,xy) is then obtained in
terms of the fermionic one as

D(xy, ... ,xy) =Alxy, .. XN (11)

where the mapping function Alxy, ... xy)
=II,=j=¢=y sgn(x;—x,) ensures the proper symmetry under
exchange of two bosons. The fermionic wave function is
given by ®p(xy,...,xx)=(1/\N)det[(x)];ker. o (%)
being the single-particle orbitals for the given external po-
tential. Note that ® vanishes every time two particles meet
as required by Pauli’s principle, and hence describes well the
impenetrability condition g— for the bosons. In our spe-

. ,.XN)(I)F()C],
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cific case, the orbitals for a ring of circumference L in the
presence of an infinitely high barrier at x=0=L are

¥;(x) = (2/L)sin(mjx/L), (12)
with j=1,...,%. This expression is consistent with the open

boundary conditions discussed in Sec. II B.

As a consequence of the Bose-Fermi mapping, all the
bosonic properties which do not depend on the sign of the
many-body wave function coincide with the corresponding
ones of the mapped Fermi gas. This is the case, e.g., for the
particle-density profile and for the density-density correla-
tion function. Other properties such as the one-body density
matrix and the momentum distribution are instead markedly
different for bosons as compared to fermions. In particular,
the calculation of the one-body density matrix requires in
principle the calculation of a (N-1)-dimensional integral,
which is known to simplify in some cases. Examples are the
homogeneous gas with periodic boundary conditions [8] or
the case of a harmonic confinement [9].

IV. ONE-BODY DENSITY MATRIX AND MOMENTUM
DISTRIBUTION IN THE INFINITE-BARRIER
LIMIT

In this section we focus on the one-body density matrix
and on the momentum distribution for the case of a bosonic
ring of circumference L with an infinite barrier, with the aim
of analyzing the differences with respect to the case of an
infinite system, as well as to the case of a ring in the absence
of the barrier.

A. Contribution from phase fluctuations to the one-body
density matrix

The one-body density matrix, defined as G(x,x')
=(¥T(x)¥(x")) yields a measure of the coherence along the
ring. It is possible to measure the one-body density matrix
and off-diagonal long-range order experimentally by measur-
ing the interference pattern of atomic matter waves coming
from two holes in the trap (see e.g., [11] for the case of a
cigar-shaped 3D Bose gas). According to Eq. (5) the bosonic
field operator has three contributions: (i) the phase ¢(x) (ii)
the density fluctuation I1(x), and (iii) the higher harmonics of
order 2m6(x) of the density. The most important contribution
to the one-body density matrix at large distances is the one
due to the phase fluctuations which correspond to the lowest-
energy modes of the bosonic fluid in the ring (see, e.g.,
[2,7]), while the two latter contributions give rise to sublead-
ing corrections which we do not analyze further here.

To lowest order we approximate the bosonic field
operator (5) as W(x) = A\pye'®™; the problem then reduces
to the computation of the quantum average Gy(x,x’)
=|APpy(e?Wei®x)y  Since the Luttinger-liquid Hamil-
tonian (2) is quadratic in the field ¢(x) we immediately ob-
tain Go(x,x")=|Alpy exp(~3{[ p(x)— $(x)]?)). The phase-
phase correlation function is evaluated with the help of the
mode expansion (8); using the fact that the ground-state av-
erage over the bosonic modes is ((bk+b,i)(b,+b;)>=5k, and
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FIG. 2. (Color online) (a) and (b): one-body density matrix in logarithmic scale (arbitrary units) as a function of the coordinate x’ (in
units of the ring circumference L) for various choices of the coordinate x with respect to the position of the barrier; x=0 in (a) and x
=L/2 in (b). (c) One-body density matrix in logarithmic scale (arbitrary units) taken at x=0 and x’ =L as a function of the length L of the
ring (in units of the cutoff length «). In each panel we plot three values of the parameter K (from bottom to top K=1, K=2, and K=4); the
solid lines correspond to the results from Eq. (14) and the dashed lines are the solution (15) for a homogeneous ring (periodic boundary
conditions). The dotted line in (a) is the exact solution for a Tonks-Girardeau gas in the thermodynamic limit. The linear behavior of G, in
logarithmic scale corresponds to the predicted power law decays with various exponents y; (a) y=1/2K, (b) y=3/4K, and (c) y=1/K.

the property Ef:l%e_“-" cos(yj):-%ln[l—Z cos ye %+e72%]
one readily obtains

(W) =~ L In{(mL) [ + &~ L] X [

+d*(x+x'|2L)7}, (13)

d(x|L)=L|sin(mx/L)|/ m being the cord function. This leads
to
Golx,x") = pobo o
po V[ + d*(2x|2L) ][ + d*(2x'|2L)]
[&? +d*(x—x']2L)|[&® + d*(x + x'|2L)]

1/4K

b

(14)

where we have introduced the nonuniversal constant b
=|A|*(pya)"*X. The above expression [Eq. (14)] yields the
leading-order term for the one-body density matrix at large
distances. By taking the limit «—0 we recover the result
obtained in [6] using the methods of conformal field theory.

If the distance among x and x' is large compared to the
cutoff length «, the one-body density matrix displays a
power-law decay of the form G(x,x") = |x—x'|"7, where the
exponent y can be derived from the expression (14), and in
particular depends on the location of the probed points [6].
Indeed, if the two points are away from the edges one finds
'y:i, which corresponds to the result obtained in the ther-
modynamic limit [10] whereas if they approach the edges
(i.e., x<a and L—x'<a) the exponent is =%, a result
known in the context of quantum phase fluctuations in a 1D
superconducting wire of length L [12]. In the case where one
point is at one edge and the other in the bulk we obtain y
=%(. These three different behaviors are illustrated in Fig. 2,
where we plot the one-body density matrix Gy(x,x’) as a
function of x” for various choices of the probe point x. In the
same figure we display also the behavior for a homogeneous
ring in absence of the barrier, obtained by a procedure analo-
gous to the one outlined above,

-2 1/4K
Po } . (15

hom ’
') = poboo| 52—
Go "(x.x") = po 0’0[a2+d2(x—x’|L)

Note that, as the coordinate x’ runs along the ring, in the
presence of the barrier the coherence decreases monotoni-
cally, while if the barrier is absent coherence is recovered as
x" approaches L—x.

The different power-law behaviors are in principle ob-
servable for a quasi-1D Bose gas in a ring trap geometrys; it is
required to have a high barrier well localized on a length
scale a.

B. Momentum distribution

We proceed by studying the momentum distribution n(g),
obtained by Fourier transformation of the one-body density
matrix with respect to the relative variable,

L L
n(q) = f dxf dx’ e 1 G(x,x"). (16)
0 0

We have resorted to a numerical calculation for the evalua-
tion of the momentum distribution taking as input the one-
body density matrix obtained in Eq. (14). This allows to
estimate the main features of the momentum distribution at
wave vectors g smaller than the cutoff wave vector g,
~ 1/a. The behavior at large wave vectors ¢ g, needs an
accurate treatment of the short-distance behavior of the
many-body wave function [13,14] and is beyond the regime
of validity of the Luttinger-liquid method. The result for the
momentum distribution is illustrated in Fig. 3 for two values
of the boson number in the ring, and at varying interaction
strength. As a general feature (see the inset of Fig. 3), we
observe that at intermediate values of ¢ the momentum dis-
tribution displays a power-law behavior n(g) ~ ¢"*¥-! with
the same power predicted for a homogeneous ring in the
thermodynamic limit (see, e.g., [7,15] for a finite-size scaling
analysis). This result is readily understood as the different
power laws described in Sec. IV A only occur at the edge of
the integration region with a negligible weight with respect
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0 q/qc 1

FIG. 3. (Color online) Momentum distribution n(g) in units of
27 Al?a as a function of the wave vector ¢ in units of the cutoff
momentum ¢.=1/a for N=10 bosons on a ring with an infinite
barrier (solid lines) and for a homogeneous ring in absence of the
barrier (dashed lines) for various values of the Luttinger parameter
K (from top to bottom K=4,2,1). The inset shows the same quan-
tity (in logarithmic scale, arbitrary units, same line conventions as
the main figure) evaluated for N=10° bosons. The dotted lines in-
dicate the predicted power law decays ¢"?¥)-! in the thermody-
namic limit.

to the bulk contribution. Still, by comparing the details of the
momentum distribution of the ring with the barrier with the
momentum distribution of a uniform ring, (see the main
panel of Fig. 3), we find that in the presence of the barrier the
momentum distribution is decreased at small momenta. This
is in agreement with the fact that the barrier reduces the
coherence along the ring. The result is reminiscent of the one
obtained for a 1D gas in presence of disorder [16], where the
reduction in the momentum distribution at small momenta is
also observed.

V. PARTICLE-DENSITY PROFILE AND DENSITY-
DENSITY CORRELATION FUNCTION
IN THE INFINITE-BARRIER LIMIT

Extending the quantum average techniques outlined in
Sec. IV to the limit of an infinitely high barrier it is possible
to evaluate also the inhomogeneous particle-density profile
and the density-density correlation functions. Interference
between particles incident on and reflected by the barrier
leads to the occurrence of Friedel-like oscillations in the den-
sity profile and in its correlator, which are typical of strongly
correlated 1D fluids. We describe here these oscillations
within the Luttinger-liquid approach, for any value of the
coupling strength, finding that they are more and more
marked as the coupling strength increases. In the Tonks-
Girardeau limit of infinite boson-boson repulsion we com-
pare the predictions of the Luttinger-liquid approach with the
exact results, which enables us to fix the nonuniversal pa-
rameters of the latter.

A. Friedel oscillations in the particle-density profile

We compute the particle-density profile by taking the
quantum average {p(x)) of the density operator (3) on the
ground state, namely,

PHYSICAL REVIEW A 79, 063633 (2009)

+00

(PNlpo= 2 (1 +TI(x)p)em e mon2imty

m=—%

(17)

To evaluate the quantum averages we exploit the fact that the
Hamiltonian (2) is quadratic in the field 6(x) [and recall that
I1(x)=VO(x)/]. We use the property that if X and Z are
Gaussian variables then (XeZ)=(XZ)e"*%). Hence, we are
left with the evaluation of the (#(x)6(x’)) correlation func-
tion, to be taken at equal points x=x'; the (II1(x)6(x’)) cor-
relation function is obtained from the previous one by taking
the derivative with respect to the variable x. Using the mode
expansion (10) and a procedure similar to the one outlined in
Sec. IV we obtain

(000 0(") = Chr’ — in

[ a? +d*(x—x'|2L) }
4 9

a® +d*(x +x'|2L)
(18)

and

. n, K d(x+x'|L)
(M) 0x1)) = m{Tlo)x” + 27 +d*(x + x'|2L)
K  d(x-x'|L)

- -x'). (19
27Ta2+d2(x—x’\2L)sgn(x *). (19)

The final expression for the density profile reads

> 2 m?K12
M= 1 +22 (+>
Po oo\’ +d*(2x]2L)

mK |
X {cos(Zmﬂ'pOx +2mbg) — —sin(2mapyx
TPo

+2m 03)

d(2x|L) } | 00)

o® + d*(2x|2L)

The density profile is modulated by oscillations with wave-
vector multiples of 27rp,. Notice that in the case K=1, where
the system can be mapped onto a noninteracting spin-
polarized Fermi gas, the wave vectors of the oscillation are
multiples of 2ky, where kp=1p, is the Fermi wave vector,
and hence correspond to the well-known Friedel oscillations
[17]. For the case of generic K the m=1 oscillations decay
with the power law x7¥ (see, e.g., [18]).

Let us now concentrate on the case K=1. In the thermo-
dynamic limit (L— o, N— o, at fixed py=N/L) the expres-
sion (20) for the density profile at short distances [to O(1/x)]
reduces to

o) _

Po X

a cos(2mpyx + 2 6p)

. (21)

This can be compared with the thermodynamic limit of the
exact expression derived using the Bose-Fermi mapping
[9,19]
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1.05

0 z/L 0.1

FIG. 4. (Color online) Particle-density profile {p(x)) in units of
the average particle density py as a function of the spatial coordi-
nate x along the ring (in units of the ring circumference L) for
various values of the parameter K. Main figure, K=1 (solid line:
result from the Luttinger-liquid model, dotted line, exact result from
the Bose-Fermi mapping); inset, K=2 (top line) and K=4 (bottom
line).

) _ - sin(27pyx)
Po 2mpox

allowing us to fix the coefficients a and 65 to the values «
=1/(2mp,) and 6z=/4. Note that the latter choice for 65 is
in agreement with the condition 6z#0, =, £27,... ob-
tained by imposing that the particle-density profile should
vanish at x=0 and x=L [6]. Once the constants « and 6 are
chosen, the constant A in Eq. (5) can be fixed by comparing
the expression for the coefficient by entering Eq. (14) for the
one-body density matrix with the exact value bgy
=273\ meAL ~0.521 [8,9] where A;=1.282... is Glaisher’s
constant. The result is |.A]>=2"07e!?A® ~ 1.307. This value
has been used in plotting Fig. 2.

In Fig. 4 we illustrate the density profiles for various val-
ues of K, obtained by the Luttinger-liquid expression (20)
using the above choice for a and 6 [20]. The figure displays
also the exact result for the density profile obtained from the
Bose-Fermi mapping, p"”‘a“(x)zﬁj]\;1|¢/j(x)|2, where the
single-particle orbitals ¢;(x) are defined in Eq. (12). The
comparison shows how our choice of parameters « and 6y
reproduces extremely well the density profile oscillations
even on a finite ring. The figure also illustrates how the Frie-
del oscillations display maximal amplitude in the strongly
interacting limit K=1.

(22)

B. Density-density correlation function
from Luttinger-liquid theory

We turn now to the density-density correlation function
S(x,x")=(p(x)p(x))—{p(x)){p(x")). This quantity encodes
the information on the structure of the fluid, i.e., on the cor-
relations between density modulations at different parts of
the fluid, while it vanishes for an ideal Bose gas. The Fourier
transform of the density-density correlation function with re-
spect to the relative variable is directly accessible experimen-
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tally by light-scattering methods (see e.g., [21] and refer-
ences therein).

The density-density correlation function is obtained with
the quantum average method described in Secs. IV and V.
One has to compute

+00

(p(x)p(x')) = E gilm=m")Op ,i2mpg(mx—m'x")

X ({pg + polT1(x) + T1(x")] + () TI(x")}
X e2i[m(~)(x)—m’0(x')]>' (23)

The average can be performed using the general result for

Gaussian variables (XYe%)=({(XY)+(XZXYZ))e" %7) The
novel correlator needed for the calculation in addition to Egs.
(18) and (19) is

<H()C)H(x,)>= £{d2(x—x’|2L)—a2cos[7r(x_xr)/L]

e [&? +d*(x—x']2L)T
d*(x +x'|2L) — o? cos[mr(x + x")/L] }
[a? +d*(x +x'|2L)T
+(I13). (24)

The final result reads
<p(x)p(xr)> — 2 (Poa) (m2+m/2)K62i(m—m')(7’Bei277p0(mx—m'x’)
X {pg + (IH)TI(x")) + 2ipo([T1(x) + TI(x")]
X[mO(x) —m’ 0(x")]) — K11 (x)[mO(x)
—m" O(x") XIL(x")[m6(x) = m" 6(x") )}

& +d*(x +x'|2L) mm'K
o +d*(x - x'|2L)

P62 m2K/2
>< A —
o® +d*(2x|2L)

m'2K/2
] . (25)

This equation displays the general structure of the density-
density correlations to all orders in m and m’, and by con-
sidering only the first terms of the expansion m,m’'=0, £ 1
we recover the known results [6,7].

We proceed by comparing the density-density correlation
function S(x,x’) with the exact result for K=1. The latter is
obtained from the Bose-Fermi mapping as [21]

P’
X 2 2 ’
o +d*(2x'|2L)

v 2
S (x x') = — [E ¥ (x) ‘ﬂj(xl)] ; (26)
=1

where the single-particle orbitals ;(x) are defined in Eq.
(12).

Figure 5 displays the results obtained from the Luttinger-
liquid method at various values of the Luttinger parameter K,
using the choice of parameters « and 6y determined from the
density profile in Sec. V A and compares to the exact ones in
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0 |l —2'|/L 0.1

FIG. 5. (Color online) Density-density correlation function
S(x,x") (in units of pg) from the Luttinger-liquid model as a func-
tion of the coordinate x” (in units of the ring circumference L), with
x=L/2 and for various values of the Luttinger parameter K (K=1,
top red line, K=2, middle green line, K=4 bottom blue line). The
dotted line corresponds to the exact solution obtained from the
Bose-Fermi mapping in the case K=1.

the case K=1. The agreement found is very good, even for
the Friedel-like oscillations at wave vector kK~ 2p,; this is
at the boundary of the expected regime of validity of the
Luttinger-liquid theory and illustrates how a reasonable
choice of the nonuniversal parameters in the effective model
allows for surprisingly accurate predictions.

VI. RENORMALIZATION OF THE JOSEPHSON ENERGY
BY QUANTUM FLUCTUATIONS

In this section we consider the effect of a finite barrier on
the ring located at x=0=L and characterized by the tunnel-
ing strength 7. The barrier potential yields the following tun-
neling term in the Hamiltonian (1):

H,=-TV (L)¥(0) + H.c. (27)

The above equation takes into account the possibility for a
boson to tunnel through the barrier potential, and H.c. refers
to the Hermitian conjugate corresponding to tunneling events
in the opposite direction. In the hydrodynamic formulation
for W(x), the transfer of one boson is ensured by the opera-
tor exp(—ip) where ¢=¢(L)— d(0). By neglecting the den-
sity fluctuations in the field operator (5) we then recover the
usual Josephson Hamiltonian

H,;=-E,cos ¢, (28)

where E;=2p,7 is the Josephson energy of the junction.
Quantum fluctuations of the bosons in the ring on both
sides of the barrier tend to smear the phase ¢ and hence
suppress the tunneling strength. Indeed, from the diagonal
Hamiltonian of Sec. II B, the ring constitutes an oscillator
bath for the junction with linear spectrum #iw, =mhvgj/L;
the resulting model is very similar to the one (]iescribing a
superconducting Josephson junction coupled to a resistive
environment [22]. Tunneling events thus induce excitations
of the modes of the ring with energy between fw,

PHYSICAL REVIEW A 79, 063633 (2009)

ESt/E,

1 T

0
0 Li_, L/ L, 200

FIG. 6. (Color online) Renormalized Josephson energy as a

function of the length of the ring. From top to bottom K=4,2,1

with fiw,=10E;. E?' decreases as 1/LYK and reaches a constant

value at L=L".

=mhvg/L and the high energy cutoff fiw),=mhvg/ a.

When the Josephson energy is smaller than the lowest
mode A, corresponding to small rings L<L*~#uvg/E;, the
junction can be treated as a perturbation and every mode
modifies E;. The effective Josephson energy results from av-
eraging H,;, Eq. (28), with respect to the ground state of the
unperturbed Hamiltonian (2): ES"=(H,) with (H,)/E,
=g0(L, a)/po Then

1/K
Ef - E,(%) for L<L". (29)

The Josephson energy decreases with the power law L™"/X of
the one-body density for probe points at the edges of the
ring. This case includes the limit of an infinitely high barrier,
where E;—0, L*—oco, and which is illustrated in Fig. 2,
bottom panel.

When E; is larger than fAw, (with E;<%w,), only the
modes with energies larger than E; contribute to the renor-
malization. Consequently, to obtain the effective Josephson
energy we need to average over wavelengths between a and
the characteristic length € = whvg/ Ejff: Eiff=<(H ) with

ESIE; = Go(L.@)/Gy(€, ) ~ (al €)X (30)

The effective Josephson energy in this case is obtained by
solving the above self-consistent equation with respect to ¢,
with the result

aF
Ejffz EJ( -~ J

1/(K=1)
) for L>L". (31)
Us

In this case Eﬁff is independent of the ring circumference L.
Our results (29) and (31) are summarized in Fig. 6. As a
main conclusion, we find that quantum fluctuations dramati-
cally reduce the tunnel amplitude with respect to its bare
value entering the Hamiltonian (27), especially in the case
K=1. Note however that the reduction saturates at a nonzero
level for rings larger than the so-called healing length L*.
The continuity between the two regimes L<<L* and L>L"
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defines the healing
=ma/2(mhvg/ aE,)K KD,
As a final remark, we would like to mention that our
approach is equivalent to the renormalization-group formal-
ism [23] or the self-consistent harmonic approximation [22].

length of the ring L*

VII. SUMMARY AND CONCLUDING REMARKS

In summary, in this paper we have studied the equilibrium
properties of a quasi-1D interacting Bose gas confined in a
ring trap with a localized barrier. In the limit of infinite bar-
rier we have studied the coherence, density profiles and
density-density correlations of the gas using a Luttinger-
liquid approach and the quantum average method. Our re-
sults recover and extend those previously known by the use
of conformal field theory methods. As physical consequences
of our analysis, we find that the one-body density matrix,
when probed at various points with respect to the barrier
position, is expected to display universal power-law behav-
iors with different exponents which depend only on the Lut-
tinger parameter K. We also find that our method permits to
describe accurately the Friedel oscillations (due to the pres-
ence of the barrier) occurring in the particle-density profile

PHYSICAL REVIEW A 79, 063633 (2009)

and in the density-density correlation function. Once the
nonuniversal parameters entering the effective model are
fixed by comparing the density profile to the exact one in the
Tonks-Girardeau case K=1, we find that the Luttinger-liquid
model well agrees with the exact result for the density-
density correlation function at a length scale which is at the
boundary of the validity of the Luttinger-liquid model.

The analysis performed in the limit of infinite barrier is
then use to study perturbatively the presence of a large, finite
barrier. By taking into account the effect of quantum fluctua-
tions we find that the effective Josephson energy (i.e., the
tunnel amplitude across the barrier) is reduced with respect
to its bare value, in a way which depends on the length of the
ring with respect to a typical healing length, a maximal re-
duction occurring for long rings. The effect of the renormal-
ization of the tunnel amplitude is expected to have strong
consequences on the dynamical evolution of the ring-trapped
Bose gas with a Josephson junction.
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We use a regularized harmonic-fluid approach, based on the effective low-energy Luttinger-liquid Hamil-
tonian, for a one-dimensional Bose gas with repulsive contact interactions to compute the complete series
corresponding to the large-distance off-diagonal behavior of the one-body density matrix for any value of the
Luttinger parameter K. We compare our results with the exact ones known in the Tonks-Girardeau limit of
infinitely large interactions (corresponding to K=1), and different from the usual harmonic-fluid approach, we
recover the full structure of the series. The structure is conserved for arbitrary values of the interaction strength
with power laws fixed by the universal parameter K and a sequence of subleading corrections.

DOI: 10.1103/PhysRevA.80.033608

I. INTRODUCTION

Quasi-one-dimensional (1D) quantum fluids display
unique properties due to the major role played by quantum
fluctuations in reduced dimensionality (see, e.g., [1]). For
example, in an interacting 1D Bose fluid quantum fluctua-
tions destroy the off-diagonal long-range order of the one-
body density matrix (or first-order coherence function), de-
fined as p;(x;,%x,) =(¥T(x,)W(x,)), where W(x) is the bosonic
field annihilation operator at position x. In contrast to its
three-dimensional (3D) counterpart, where the one-body
density matrix at large distances tends to a constant which
corresponds to the fraction of Bose-condensed atoms [2], in
1D the one-body density matrix at zero temperature decays
as a power law [3,4], the coefficient of the power law being
fixed by the interaction strength: the decay is faster as the
interaction strength increases from the quasicondensate re-
gime with a fluctuating phase [5] to the Tonks-Girardeau
regime [6] of impenetrable bosons.

The one-body density matrix is not only a fundamental
quantity as it measures the macroscopic coherence properties
of a quantum fluid with bosonic statistics but also because it
is directly related (by Fourier transformation) to the momen-
tum distribution of the fluid. While the momentum distribu-
tion for a Bose fluid is typically narrow and peaked around
wave vector k=0, its specific form, its broadening due to
interactions, and its possible singularities give a wealth of
information about the nature of the correlated fluid under
study.

Quasi-one-dimensional Bose fluids find an experimental
realization in experiments with ultracold atomic gases con-
fined to the minima of a two-dimensional (2D) optical lattice
[7]. For those systems, the momentum distribution is one of
the most common observables and the one-body density ma-
trix has been measured as well [8] although not yet in the
quasi-1D geometry.

From a theoretical point of view, the calculation of the
one-body density matrix for the 1D interacting Bose gas has

Tknicolas.didier@ grenoble.cnrs.fr
"anna.minguzzi @ grenoble.cnrs.fr
*frank.hekking @ grenoble.cnrs.fr
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a long history. In the Tonks-Girardeau limit where the exact
many-body wave function is known by means of a mapping
onto a gas of spinless fermions [6], the problem reduces to
the evaluation of a (N—1)-dimensional integral. This math-
ematical challenge was addressed first by Lenard [9] and by
several subsequent works (see, e.g., [10~13]). The main re-
sult is the evaluation of the large-distance behavior of the
one-body density matrix in the form of a series expansion
(from [13]),

TG PoPos 11 lcos(2z) 3sin(2z7) 33 1
1 @=1n 2 1. 3 T =
| | 322 ) z 16 =z 2048 7
93 cos(2z) ]
+ +0 ], 1
256 z* M

where the constant p,, and the coefficients have been calcu-
lated exactly. In Eq. (1) and in the following we express the
one-body density matrix as a function of the scaled relative
coordinate z=py(x;—x,), where p, is the average particle
density.

For the case of arbitrary interaction strength, the calcula-
tion of the correlation functions remains a challenge (see,
e.g., [14]) although the model of bosons with contact repul-
sive interactions is integrable by the Bethe-ansatz technique
[15]. The power-law decay at large distances can be inferred
using a harmonic-fluid approach [3,4,16-18]. The latter is
based on an effective low-energy Hamiltonian describing the
long-wavelength collective excitations of the fluid having a
linear excitation spectrum w(k)=v k. The resulting structure
for the large-distance series of the one-body density matrix
reads (from [4]) as

cos(2mz)
pLL | | 1/2K 2 > ()

where K=#py/ Mv, is the universal Luttinger-liquid param-
eter and the coefficients B,, are nonuniversal and cannot be
obtained by the harmonic-fluid approach. By noticing that
the harmonic-fluid approach is valid also in the Tonks-
Girardeau regime and corresponds to the case of Luttinger
parameter K=1, one can directly compare the predictions of
the two methods. Specifically, this comparison shows that the

©2009 The American Physical Society
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structure of Eq. (1) is richer than that of Eq. (2) obtained by
the standard harmonic-fluid approach.

The central result of this work is that by defining a prop-
erly regularized harmonic-fluid model (to be detailed below)
the following general structure of the one-body density ma-
trix can be obtained for arbitrary values of the Luttinger
parameter K:

2 b
pi(z) ~ ||l/2K|:1+E ot E M(ETZ)

2
m=1 sz K =0 <

+ ¢ —sin(2mz)<2 %)] (3)

m 2
m=1 sz K+1 =0 Z

where all the coefficients a/, b,, b,, c,,, and c, are nonuni-
versal and need to be calculated by a fully microscopic
theory (for possible methods see, e.g., [19,20]). We note that
Eq. (3) (i) generalizes Eq. (2) and (ii) has the full structure of
the exact result (1) in the Tonks-Girardeau limit. As a direct
consequence of the series structure [Eq. (3)] the momentum
distribution will display singularities in its derivatives for k
=X 2mmp.

II. REGULARIZED HARMONIC-FLUID APPROACH
FOR BOSONS

We proceed by outlining the method used. We describe
the Bose gas with contact interactions (Lieb-Liniger model
[15]) by a harmonic-fluid Hamiltonian expressed in terms of
the fields 6(x) and ¢(x) which describe the density and phase
fluctuations of the fluid [4]:

fv. (F

Hi= B .

dx{K[v¢<x>]2 b aunz}. )

The parameters K and v, entering Eq. (4) above are related to
the microscopic interaction parameters [21], the phase field
¢(x) is related to the velocity of the fluid v(x)=AV ¢(x)/M
and the field A(x) defines the fluctuations in the density pro-
file. We have adopted here an effective low-energy descrip-
tion, which assumes that the collective excitations in the
fluid are noninteracting and phononlike. The description
breaks down at a length scale a of the order of the typical
interparticle distance pal as it neglects the broadening and
curvature of the Bose gas spectrum at finite momentum
[15,22]. Within the harmonic-fluid approximation, the
bosonic field operator is expressed as W(x)=p(x)e 4W.
Specifically, its expression in terms of the fields 6(x) and
¢(x) reads as [4,21]

+00

\PT(X) — A[Po + H(x)]1/2 E eZmi@(x)e—i(ﬁ(.x)’ (5)

m=—o0

where A is a nonuniversal constant, I1(x)=V é(x)/ r, and for
compactness of notation we have introduced the field ©(x)
=0+ mpyx+ O(x), where 65 is chosen in order to ensure that
the average of 6(x) vanish.

In order to calculate the one-body density matrix, we ex-
pand the fields 6(x) and ¢(x) in terms of the normal modes
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(bosonic) operators b;, b! which diagonalize Hamiltonian (4)
such that H;;=2; ﬁwjb/bj, with w;=vk;. As we are inter-
ested in the thermodynamic limit, we have chosen for sim-
plicity the periodic boundary conditions for a Bose gas in a
uniform box of length L, where k;=2j/L. In this case the

mode expansion reads as

sgn k)e 11|k ” ik x —ik;x
0=\ T 2—;(& bj+e b)) + ¢y

KL% \’|k|

+ ?J , (6)

—a|k |12

TrKE

BOx) =
2L 55 k]

(e’kl"b + e"kﬂ‘bT) + 6y + TN
(7)

with N and J being the particle number and angular momen-
tum operators, and ¢y, 6, being their conjugate fields in the
phase-number representation [4]. The zero-mode fields ¢,
and 6, do not enter the calculation of the one-body density
matrix as it turns out to depend only on the differences
0(x;)-6(x,) and &(x;)—p(x,). In expressions (6) and (7)
above we have introduced the short-distance cutoff a~ pal,
thus regularizing the effective theory. The one-body density
matrix p;(x;,%,)=(¥(x,)¥(x,)) is obtained in the regular-
ized harmonic-fluid approach from Eq. (5) as

picnx) = AP X ([po+ (x))] " 2e2mOwemid)

(m, m')eZ2

X e:¢(x2) —i2m' ()(xz)[p +H ]1/2> (8)

where the only nonvanishing leading terms satisfy m=m’
[1].

We detail now the calculation of the quantum average
appearing in Eq. (8). In order to display its dependence only
on differences between fields, we rewrite the central term as

ei2m(“)(x1)e—i¢(x1)ei¢(x2) —z2m()(x2 12m[0(x]) O(xp) -il plxy)—p(xp)]

X em[& X +9(X2):§D(X1)—<P(X2)]’

)

where ¢(x)=¢(x)—mx(J)/L and the commutator between the
6 and ¢ fields is computed in Eq. (15) below." We then
perform a series expansion of the square-root terms [l
+I1/py]"? in the one-body density matrix. We define X
=11(x})/ po, Y=11(x,)/po, and Z=i2m[ 6(x,) - 0(xy)]- il o(x;)
—¢(x,)]. Using the fact that the fields X, Y, and Z are Gauss-
ian with zero average, we obtain from Wick’s theorem

'In the following we will not consider the case of a macroscopic
vorticity in the system, i.e., we assume (J)<<N.

033608-2



COMPLETE SERIES FOR THE OFF-DIAGONAL ...

o min(k,[)

Ty 2k) ! (21)!
(\"1+XeZ\J’1+Y)=e<ZZ>/22 s (2k) ! (20)
Do o kN@k-1)(21-1)
YD) XYy
(V2 ®D27j 1 (k= j) 1 (1= j)!

(XZ) (ZY)
H"‘j<i\r2<X2>)Hl"(i\'W)’ (10)

where H,(x) are the Hermite polynomials. To second order in
X and Y Eq. (10) reads

1+ XA 1+7) = e<22>/2[ 1+ %((xz) +(ZY)) - é(<x2>

+(P) =2000) - () - <ZY>>2] .

(11)

Main expression (10) requires then the calculation of the
various two-point correlation functions involving the three
fields X, Y, and Z. All of them can be obtained from

? 1
(e(x))e(xy)) = p<]é>x1x2 - Eln Clx;—xy), (12)

(B 00)) = Py = 1 Clxy =), (13)

1 1- e—27m/L—i27T(xl—x2)/L
<0(x1)(P(.X2)> = Zln 1- e—27Tu/L+i2ﬂ'(x|—X2)/L 5 (14)

[0(x)), (x,)] = if(xl — ) + 2000y, (15)

where  C(x)=1-2 cos(2mx/L)e 2™ty e=4mL — TI,=(N
—(N))/L, and Jy=J—(J). We are now in a position to calcu-
late the correlators between the fields X, Y, and Z in the
thermodynamic limit (L— o, N—oo at fixed N/L=p,). Us-
ing Egs. (12)—(14) we have

a2 1/4K+Km?
exp((Z*)/2) = (22 " a2> , (16)
(XZ):(ZY):i%, (17)
(xy) = g% (18)
=)=, (19)

where a=mpya. Similarly, the commutator in Eq. (9) is ob-
tained from Eq. (15) as
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: m
LB +0x2). 0= (x)] ( i ’Z> . (20)
a+1z

Notice that the effect of the zero modes I and J, is absent
in the thermodynamic limit because it scales as 1/L. The
series expansion in I1/ p; is valid for small fluctuations of the
field I1(x) compared to the average density py, \(X>)=<1, i.e.,
for a=K/2. By combining the previous equations we ob-
tain the final result for the one-body density matrix in res-
caled units, finding the structure displayed in Eq. (3):

PoPe Cox  Coa cos(2z) cos(22)
pi(z) = 2] 12K 1 2 4 TCi2 2K tCr4 2K+
sin(2z)
+Cl,3 Z2K+1 +"':|, (21)

with p..=|Al?a'* ¢ .

A few comments are in order at this point. First, by taking
the limit a— 0 in Egs. (12)-(15) we recover the results of the
standard harmonic-fluid approach, i.e., Eq. (2). Moreover,
the regularized harmonic-fluid method produces also the
corresponding coefficients of the series, namely, to the
order of approximation derived in this work, we have
coo=H{1+(1/2a)=(K/8a?) +(K/16a°)};  co,=—(a?/4K)
X{coo+(2K/a)+(K?/20%)} cop; cou=[(1+4K)a’*/32K?]
X{coo+ (4K/a) + [(K*/ o) (12K + 1)/ (4K + 1)] = (K*/ a?)6/
(4K+1)}/C0’0; CIYZZ—ZQZK; C1q3:4a2K+l{C0!0+(K/2CK)
+(K2/ 166!3)}/6'0,0; Cla= [(1 +8K+4K2)H2K+2/2K]{C0‘0
+[(2K/ a)(1+4K) +(K?/2a%) +(K3/ &)1/ (1+8K+4K%)} cq o
However, it should be noted that these coefficients do not
necessarily coincide, e.g., in the limit K=1 with the exact
ones in Eq. (1). Our approach is still effective as it suffers
from some limitations: first of all, we have just used a single-
parameter regularization which neglects the details of the
spectrum of the Bose fluid. Second, our approach relies on a
hydrodynamiclike expression for the field operator [Eq. (5)]
which implicitly assumes that the fluctuations of the field
I1(x) are “small,” which is not always the case. On the other
hand, we see from our derivation that the corrections due to
the TI(x) fluctuations renormalize the coefficients of the se-
ries to all orders, giving rise to the contributions in curly
brackets to the c;; above but do not change the series struc-
ture.

Figure 1 shows our results for the one-body density ma-
trix [Eq. (21), solid lines] for K=1 and a specific choice of
the cut-off parameter a=1/2 as suggested by the analysis of
other correlation functions [23]. The comparison with the
exact result for the Tonks-Girardeau gas [Eq. (1), dashed
lines] yields a reasonable agreement, the difference being
due to the fact that we have used for the sake of illustration
the explicit expression for the coefficients c; ; derived in the
current work. It should be noted in particular that our regu-
larized harmonic-fluid approach restores the correct trend at
short distances as compared to the usual harmonic-fluid ap-
proach [Eq. (2), dotted lines].

III. APPLICATION TO FERMIONS

It is possible to apply the above approach to the case of a
1D spinless Fermi gas with odd-wave interparticle interac-
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FIG. 1. (Color online) One-body density matrix in the Tonks-
Girardeau limit K=1 in units of pyp.. as a function of the scaled
relative coordinate z=mpy(x; —x,) (dimensionless). The result of the
regularized harmonic-fluid approximation [Eq. (21)] obtained with-
out taking into account the effect of the field TI(x) (solid line) is
compared to the exact result [Eq. (1)] (dashed line) and to the usual
harmonic-fluid approximation [Eq. (2)] (dotted line), with By=1,
By=-1/2, and B,,~1=0. The value chosen for the cutoff parameter
is a=1/2. The inset shows the subleading behavior z'%p,(z) of the
one-body density matrix in the same notations and units as in the
main graph.

tion [24], i.e., the 1D analog of p-wave interactions. For any
value of the coupling strength the (attractive) Fermi gas can
be mapped onto a (repulsive) Bose gas described by the
Lieb-Liniger model with dimensionless coupling strength
given by yp=—1/vp [24,25], the spectrum of collective ex-
citations being the same for the two models. Hence, it is
possible to describe the interacting Fermi gas by the
Luttinger-liquid Hamiltonian (4) as well, except for the so-
called Fermi-Tonks-Girardeau limit yz=-c mapped onto the
noninteracting Bose gas limit where the collective excitation
spectrum is quadratic. This allows us to estimate the fermi-
onic one-body density matrix with a method similar to the
one described above for the bosons, the fermionic nature of
the particles being taken into account by a Jordan-Wigner
transformation [4] on the bosonic field operator (5). In par-
ticular, we generalize the series expansion known from the
usual harmonic-fluid approach, which in rescaled units reads
(from [4]) as

o . sin[@m+1
pro~ S oM e

m L2m+ 122K

m=0

to the following series structure:
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P - sin[(2m + 1)z] [ < d,
pur(z)~|z|%< 2 dy— | 2

2
0 Z2(m +1/2)°K =0 2

+2%gﬂ@:z%2%>. o)
m=0 n=0 Z

L2m+ 1/2)2K+1

The coefficients in Eq. (23) are nonuniversal and need a
separate treatment. The limit K=1 is an exception though. It
corresponds to the case of noninteracting fermions where the
exact result for the one-body density matrix pﬁ(?(xl ,X5)
=E\k\<kF1/fZ(X1)¢k(X2), with #(x) being the single-particle or-
bitals, in the thermodynamic limit and in rescaled units reads

PiP) = 7TpoSinZ(Z) : (24)

Hence, it turns out that for noninteracting fermions all the
coefficients of series expression (23) vanish except the lead-
ing one.

IV. CONCLUSION

In conclusion, we have used a regularized harmonic-fluid
approximation to evaluate the large-distance behavior of the
one-body density matrix both for one-dimensional interact-
ing bosons and fermions at arbitrary values of the interaction
strength—the latter expressed in terms of the Luttinger pa-
rameter K. In the case of bosons in the Tonks-Girardeau limit
K=1 we recover the full structure of the series expansion
known for the exact result. In the case of noninteracting fer-
mions, the exact result shows that the series has only one
nonvanishing term. In perspective, it could be interesting to
estimate the coefficients of the series expansion at arbitrary
interaction strength.

Our results could be especially relevant for the experi-
ments on ultracold atomic gases in the case of a strongly
correlated Bose gas (K= 1) or a Bose gas with dipolar inter-
actions (K<<1) [26], where the subleading corrections of the
series become more important. It would be also interesting to
take into account the effects of finite size and inhomogeneity
of the confinement to compare with experimental observ-
ables such as the momentum distribution.
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L’EFFET JOSEPHSON DANS LES SUPRACONDUCTEURS ET LES GAZ QUANTIQUES

RACE aux avancées techniques récentes, les physiciens jouent pleinement avec la beauté de la
mécanique quantique. Dans ce travail de théorie sur l'effet Josephson mésoscopique, nous ex-
ploitons les collaborations avec les expérimentateurs ainsi que les échanges entre les communautés
des atomes froids et de la matiere condensée. Nous considérons différents systemes basés sur la
jonction Josephson, en commencant par sa description quantique dans le régime sous-amorti. En
utilisant le formalisme de Keldysh, nous obtenons les caractéristiques courant-tension du régime
classique a la limite de température nulle et I’équation de Smoluchowski quantique dans la limite
semi-classique. Nous étudions ensuite la dynamique quantique d’un qubit de phase réalisé avec
un SQUID dans une configuration inédite ou 1’échappement se produit a travers deux barriéres
quartiques. Le taux d’échappement tunnel dans ce nouveau potentiel, calculé avec la technique
des instantons, nous permet de décrire les expériences. L’électrodynamique quantique des cir-
cuits prévoit qu’un effet laser apparait lorsqu’un qubit est couplé a une cavité résonnante. Nous
considérons le cas d’un qubit de charge et celui d’'un transmon qui exploite 'effet Purcell. Avec
le Lindbladien nous obtenons la matrice densité dont nous dérivons le spectre du champ créé.
Enfin, nous étudions un gaz d’atomes froids dans un piege circulaire comportant une barriere,
créant une jonction de Bose Josephson. La physique a basse énergie est décrite a travers les fonc-
tions de corrélation avec la théorie du liquide de Luttinger. Nous montrons que les fluctuations
quantiques dans I’anneau induisent une renormalisation de 1’énergie Josephson.

THE JOSEPHSON EFFECT IN SUPERCONDUCTORS AND QUANTUM GASES

ITH the recent technical breakthroughs, physicists fully play with the beauty of quantum me-
chanics. In this theoretical work on the mesoscopic Josephson effect, we take advantage of
the collaborations with experimentalists as well as the exchanges between the cold atoms and
condensed matter communities. We consider various systems based on the Josephson junction,
beginning with its quantum description in the underdamped regime. Using the Keldysh for-
malism, we obtain the current-voltage characteristics from the classical to the zero temperature
regime and the quantum Smoluchowski equation in the quasi-classical limit. We then study
the quantum dynamics of a phase qubit realized with a SQUID in a novel configuration where
tunneling events occur through two quartic barriers. The escape rate in this camel-back poten-
tial, calculated with the instantons technique, allows us to describe the experiments. Circuit
quantum electrodynamics predicts that a lasing effect appears when a qubit is coupled to a
resonant cavity. We consider the case of a charge qubit and also that of a transmon which
exploits the Purcell effect. With the Lindbladian we obtain the density matrix from which we
derive the spectrum of the output field. Finally, we study a gas of cold atoms in a ring shape
trap comprising a barrier, thus creating a Bose Josephson junction. The low energy physics is
described through the correlation functions with the Luttinger liquid theory. We show that the
quantum fluctuations in the ring induce a renormalization of the Josephson energy.




