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Abstract

Josephson junction qubits are promising candidates for a scalable quantum
processor. Such qubits are commonly manipulated by means of sequences of
rf-pulses and different methods are used to determine their quantum state. The
readout should be able to distinguish the two qubit states with high accuracy
and be faster than the relaxation time of the qubit. We discuss and experiment
with a readout method based on the switching of a Josephson junction from
the zero voltage state to a finite voltage state.

The Josephson junction circuit has a non-linear dynamics and when it is
brought to a bifurcation point, it can be made arbitrarily sensitive to small
perturbations. This extreme sensitivity at a bifurcation point can be used to
distinguish the two quantum states if the topology of the phase space of the
circuit leads to a quick separation into the final states where re-crossings of
the bifurcation point are negligible. We optimize a switching current detector
by analyzing the phase space of a Josephson junction circuit with frequency
dependent damping.

A pulse and hold technique is used where an initial current pulse brings the
junction close to its bifurcation point and the subsequent hold level is used to
give the circuit enough time to evolve until the two states can be distinguished
by the measuring instrument. We generate the pulse and hold waveform by
a new technique where a voltage step with following linear voltage rise is ap-
plied to a bias capacitor. The frequency dependent damping is realized by an
on-chip RC-environment fabricated with optical lithography. Josephson junc-
tion circuits are added on by means of e-beam lithography.

Measurements show that switching currents can be detected with pulses
as short as 5 ns and a resolution of 2.5% for a sample directely connected to
the measurement leads of the cryostat. Detailed analysis of the switching cur-
rents in the RC-environment show that pulses with a duration of 20 µs can be
explained by a generalization of Kramers’ escape theory, whereas switching
the same sample with 25 ns pulses occurs out of thermal equilibrium, with
sensitivity and speed adequate for qubit readout.
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Chapter 1

Introduction

The computer has become more and more important in our daily lives ever since
its introduction, and today it is hard to imagine the world without it. As the com-
puter becomes faster and faster, we are gradually approaching fundamental limi-
tations to its speed, connected directly to the way in which it processes data. The
basic element of a computer, the bit, can only exist in either of the two states 0 or 1.
Hence, if a computation searches for a certain result being one possibility amongst
many others, each possibility has to be tested, one after the other, in some kind
of sequential manner. The situation would be different if it was possible to use a
quantum mechanical two level system as the basic building block, the quantum
bit or qubit of a so called quantum computer. Quantum mechanics tells us that
the state of a quantum system is not restricted to the possible measurable values
and different possible values can be occupied simultaneously, until a measure-
ment is performed. Applying this to a qubit means that the qubit can be in a so
called superposition of two states, |ψ〉 = α|0〉 + β|1〉 with α2 + β2 = 1. Hence a
quantum computer consisting of many qubits can have all possible states of the
computation programmed into it at the same time, an effect called massive quan-
tum parallelism. When Peter Shor[1] showed in 1989 that there exists a quantum
algorithm which can be operated on a quantum computer and which is exponen-
tially much faster than corresponding algorithms on a classical computer, research
towards a quantum computer flourished. Since in principle any kind of quantum
mechanical two level system can be used as a quantum bit, there exists a variety of
different realizations of qubits. Single or multi qubit operations have been demon-
strated in ion traps, nuclear magnetic resonance systems, quantum dots or circuits
based on the Josephson effect, just to name a few.[2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13]

The superposition of the two states is the great advantage of a quantum com-
puter over a classical computer, but at the same time it makes the quantum com-
puter much more fragile. The state of the bit in the classical computer is usually
realized by a high or low voltage across a capacitor. Any fluctuation or deviation
of the voltage from the prescribed value for logical 0, or 1, is easily restored since
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the two states are well separated. For a quantum computer whose state is, loosely
speaking, “analog” the tiniest change in the superposition can lead to a wrong an-
swer. Luckily, errors induced by such fluctuations can be recovered by so called
error-correction schemes. To minimize errors it is important to isolate a qubit as
well as possible from any source of fluctuation. A well isolated qubit, however, is
difficult to manipulate and readout. Long coherence times and the ease of access
to the qubit are conflicting requirements. Careful design is required and for this
reason solid state qubits are of particular interest in this field of research. The ex-
isting tools of the semiconductor industry can be used to integrate a large number
of qubits, readout and manipulation circuitry close to each other.

Among the solid state qubits those based on the Josephson effect[14], utilizing
the coherent state of the superconducting condensate, are promising candidates
[15]. Different types of two-level systems based on the Josephson effect exist[16]
and controlled coherent evolution of their state in the time domain have been
demonstrated. These qubits can be classified as charge, flux and phase qubits. The
information in the charge qubit is coded in an excess superconducting charge car-
rier, the Cooper pair, on a small superconducting island. Coherent oscillations in
such a circuit were first demonstrated by Nakamura[5] in 1999. This type of qubit
has been improved over the years and Yamamoto[11] succeeded in measuring a
conditional gate operation of two coupled qubits in 2003. Other working qubits
of this type have been demonstrated by the Chalmers group[9] in 2003. The flux
qubit[17] consists of a superconducting quantum interference device (SQUID), be-
ing a ring intersected by Josephson junctions. The two qubit states are clockwise
and anti-clockwise circulating currents in the ring. Casper van der Wal showed
the existence of the two-level system by spectroscopic measurements in 1999[18]
and coherent qubit operations with Rabi oscillations[19] and Ramsey fringes[20]
were reported by Chiorescu in 2003.[8] In 2005 spectroscopy on two coupled su-
perconducting flux qubits was reported also by the Delft group.[21] Flux qubits
have recently even been successfully used in demonstrating the coupling of the
qubit to an LC oscillator.[22, 23] A mixture of the charge and flux qubit is the so
called quantronium invented by the Quantronics group from Saclay. Rabi oscilla-
tions and Ramsey fringes were measured by Vion in 2002.[6] The last category of
qubits in the Josephson junction family are phase qubits as measured by Martinis
at NIST in 2002.[7] In this type of qubit the states are realized by the two lowest
energy states of the superconducting phase in a local potential well of a tilted sinu-
soid. McDermott demonstrated in 2005 two qubit operation in a phase qubit.[13]
In 2004 Wallraff succeeded in implemented a superconducting quantum circuit
into a high-Q RF cavity[12] and therewith introduced cavity-QED into solid state
systems. This technique proved to be very advantageous for readout and long
dephasing times.

Different readout strategies include measurement of a probe current[5], switch-
ing current measurements[6, 8, 7, 24, 25], and response from a tank circuit[26]
in combination with an rf-set[27]. Recently, dispersive measurement techniques
were implemented for determination of the state of the qubit were the phase of a
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reflected microwave signal carries the information.[28, 29, 30, 31, 32]
During readout, the state of the quantum system is projected onto an eigen-

state in some basis, usually charge or phase, which can be measured. It is im-
portant that the measurement can distinguish the two states with high accuracy,
usually called the fidelity or visibility. The measurement must also be completed
before the system has time to relax to its ground state. The associated timescale
is the relaxation time and is usually denoted by T1. The detector itself introduces
back-action onto the quantum state of the system which causes decoherence and
relaxation.[33, 34, 35, 36, 37, 38] It is advantageous if the readout is switchable, so
that the detector can be in an “on” or “off” state, with minimal back action in the
off state. In the on state the detector must quickly dephase the system, projecting
to an eigenstate before relaxation occurs. The measurement time, or the time the
detector is in the on state, is as short as possible. The time associated with dephas-
ing, or decoherence is denoted by T2 which should be as long as possible in the
off state. Not only the detector is responsible for limitations in T2. It seems that
fluctuations of background charges in the substrate or tunnel barrier are a major
source of decoherence.[39, 40] Because quantum mechanics predicts probabilities,
the qubit must be measured many times, always prepared in an identical initial
state. All measurements should be happening in a time much shorter than the
time that is characteristic for changes in the background charge configuration.

In this work we investigate the properties of a switching current detector (SCD).
The SCD has shown long decoherence times of 500 ns[6] and a visibility of 60%
was achieved[6, 8]. A short current pulse, in the present work as short as 5–25
ns, brings the qubit close to a point of bifurcation separating the superconducting
and finite voltage states from each other. The tiniest departure from the bifurca-
tion point is enough to tip the detector either way. The two qubit states act as a
perturbation and are responsible for placing the circuit on one side or the other
of the bifurcation. While the state measurement can be very rapid in the SCD,
more time is required to actually determine the result. We therefore introduce a so
called detection time, which is the time needed to detect the voltage signal with
the measurement electronics which is much larger than the time needed to make
the actual state measurement. In order to keep the circuit in its state after the ini-
tial pulse and during the detection process, we apply a hold current level of lower
amplitude. The duration of the hold level is just long enough for the voltage to be
measured. After the detector is turned off it also needs some time to discharge the
environment capacitance. The charging and discharging times limit the speed at
which the experiment can be run, called the duty cycle. Typically the duty cycle
for a SCD is of the order of tens of kHz.

A much faster duty cycle can be achieved by improving the 2nd-stage amplifier
of the readout circuit. For the SCD one can think of placing a high electron mo-
bility transistor (HEMT) close to the sample at low temperatures. The high input
impedance of the HEMT is advantageous since it leads to a low noise temperature
of the transistor.[41] Dispersive measurements all use HF, low noise temperature
amplifiers which allow those detectors to be run at duty cycles of some MHz.
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Recently a flux qubit with a dispersive readout using a pulse and hold strategy
achieved a visibility of 87%.[42] Although the detection is much shorter than in a
SCD there is no difference in the time needed to perform the actual measurement.
For the dispersive method this time is set by the quality factor and plasma fre-
quency of the readout Josephson junction circuit according to Q/ωp. With typical
circuit parameters this results in a measurement time of a few ns, the same time
as the initial switch pulse in our SCD. In both methods, SCD and dispersive, the
non-linearity of the circuit can be used to increase the sensitivity of the detector.

The outline of the thesis is as follows. In chapter two we develop the theoretical
background of this work. We introduce the phase-space[43, 44, 45] description for
Josephson junction circuits which will be used throughout the thesis to explain dif-
ferent aspects of our work. The effect of thermal fluctuations on the circuit is con-
sidered and we introduce a formalism to treat escape out of a metastable state in an
environment with frequency dependent impedance.[46, 47] We end the chapter by
outlining the basic principles of a certain type of quantum bit, the quantronium.[6]
The third chapter deals with the idea behind the switching current measurement
by means of fast current pulses. We introduce a new way of forming short pulses
by applying a short voltage step of 5–25 ns risetime followed by a linear voltage
rise to a bias capacitor. Chapter four is about sample fabrication using optical and
electron beam lithography. We touch different aspects of experimental questions
such as different types of cabling used in our experiments as well as connectors,
amplifiers, etc. The following chapter five is a collection of the measurement re-
sults for the four different samples that were fabricated and measured. We show
that latching of the circuit is obtained by the pulse and hold technique and the
sample can be switched by short current pulses with a very narrow distribution.
Effects of engineered on-chip environments are compared and switching from a
non-equilibrium state is presented. The final chapter six gives a summary over
the thesis with possible improvements and suggestions for further experiments.
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Chapter 2

Theory

2.1 The Josephson effect

The remarkable effect that a supercurrent of considerable magnitude can flow
through an insulating barrier connecting two superconductors, was predicted in
1962 by Brian D. Josephson.[14] A sandwich consisting of a superconductor in-
sulator superconductor (SIS) is called a Josephson junction (JJ), see figure 2.1(a).
Each of the superconductors has a phase ϕ1,2 associated with a macroscopic “wave
function” ψ1,2 =

√
n1,2 exp(iϕ1,2) in each electrode and a number of charge carri-

ers (Cooper pairs) n1,2.[48, 49] The gauge-invariant difference between the two
phases on either side of the insulator is denoted by

δ = ϕ1 − ϕ2 −
2π

Φ0

∫
A · ds, (2.1)

where Φ0 is the flux-quantum, A the vector potential and the integration is from
one electrode to the other. The current and voltage across such a junction is de-
scribed by the two Josephson equations:

I = I0 sin δ (2.2)

V = ϕ0

dδ

dt
. (2.3)

Here, I0 is called the critical current of the junction and is the maximum current
that the junction can provide while remaining in the superconducting or zero volt-
age state, corresponding to V = 0 or δ̇ = 0. ϕ0 = ~/2e is the reduced flux quan-
tum. The first equation shows that a supercurrent with maximum amplitude I0
can flow across the junction with a 2π periodicity of the phase δ. Combining both
Josephson relations one sees that if a voltage is fixed across the junction, the phase
difference starts to increase resulting in an oscillating current with a frequency of
fJ ≈ 0.484 GHz/µV. Based on a microscopic theory, Ambegaokar and Baratoff
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(a)

(b)

n1, ϕ1 n2, ϕ2

I0, CJ

δ

Figure 2.1: (a) The two superconductors with the phases ϕ1,2 and the number of
charge carriers n1,2, respectively are separated by an insulating barrier. The junc-
tion can provide a maximum supercurrent I0. The two surfaces that are separated
by the insulator form a capacitor with capacitance CJ . (b) Symbol used for ultra-
small Josephson junctions in circuit diagrams.

[50] came up with an expression for the critical current at zero magnetic field

I0 =
π∆(T )

2eRn
tanh

∆(T )

2kBT
, (2.4)

where Rn is the normal state resistance of the tunnel junction, ∆(T ) is the BCS
energy gap and kB is the Boltzmann constant.

There are two characteristic energies associated with a Josephson junction. A
junction, initially unbiased and then subjected to a bias I < I0, requires a voltage V
during a time t, until the phase δ has changed to its final value. Thus, by using the
Josephson equations 2.2 and 2.3, the energy stored in the junction can be calculated
according to

UJ =

∫ t

0

IV dt′ =

∫ t

0

I0 sin(δ)ϕ0

dδ

dt′
dt′ = const−EJ cos(δ), (2.5)

where EJ = ϕ0I0 is called the Josephson energy. The other energy is the Coulomb
energy which arises when charges build up on either side of the capacitor

UC =
Q2

2CJ
= n2EC , (2.6)
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where Q is the charge on the junction capacitance, n = Q/2e is the reduced charge
on the capacitor and EC = (2e)2/2CJ is called the charging energy.

The two variables δ and Q form a set of quantum conjugate variables, obey-
ing the commutator relation [Q, δ] = 2ei.[51] In order to measure a junction it has
to be connected to measurement leads which form an electromagnetic environ-
ment. The impedance of this environment plays a vital role in determining which
of the two variables δ or Q is well defined. The threshold between low- and high-
impedance environments is given by the quantum resistanceRq = h/4e2 ≈ 6.5 kΩ,
and different formalisms are suitable for the description of the circuit in the low
and high impedance limits. For example by measuring the sample in a high
impedance environment the charge Q will be fixed while δ fluctuates. Conse-
quently the current I through the junction averages out to zero, an effect known
as Coulomb blockade and commonly treated by the so-called P(E) theory.[52, 53]
In the other limit of a low impedance environment, Q fluctuates and δ is fixed,
resulting in a well defined current through the junction. The classical Josephson
equations are a suitable description in this limit. For the remainder of this thesis
we will only consider low impedance environments.

2.2 Simple model of a damped Josephson junction

The tilted washboard model

A model that we will frequently use to qualitatively describe the behavior of the
Josephson junction circuit is the so called tilted washboard model. A Josephson
junction in an idealized measurement environment can be modeled by a simple
lumped element circuit as shown in figure 2.2. The circuit consist of an ideal
Josephson element being characterized by its critical current I0. A capacitor in
parallel with the ideal junction of the order CJ models the geometric capacitance
of the junction and the parallel resistor R is responsible for damping the phase
dynamics of the junction as it is usually done by the junction’s electromagnetic
environment. A current source provides the bias current Ib. This model is called
the resistively and capacitively shunted junction model (RCSJ model).[48, 49] Ap-
plying Kirchhoff’s rules and making use of eqns. 2.2 and 2.3 results in

ICJ
+ IR + IJ = Ib (2.7)

CJ
dV

dt
+
V

R
+ I0 sin δ = Ib (2.8)

ϕ0CJ
d2δ

dt2
+
ϕ0

R

dδ

dt
+ I0 sin δ = Ib (2.9)

One can introduce the dimensionless time variable τ = ωpt, with

ωp =
√
I0/ϕ0CJ , (2.10)
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R

I0

CJ

Figure 2.2: The simplest model of a damped Josephson junction consists of three
elements, an ideal Josephson element, a resistor and a capacitor.

and the quality factor Q which is defined as

Q = ωpRCJ . (2.11)

ωp is called the plasma frequency of “small angle” oscillations of the phase δ. The
quality factorQ is identical with the damping parameterβ1/2

c which was originally
introduced by Stewart and McCumber.[54, 55] Using these variables, equation 2.9
becomes

d2δ

dτ2
+Q−1 dδ

dτ
+ sin δ =

Ib
I0
. (2.12)

An intuitive way of understanding the behavior of a Josephson junction is com-
monly obtained by identifying eqn. 2.9 with the equation of motion of a massive
particle of mass ∝ CJ in a potential of shape U(δ) = −EJ cos δ − ϕ0Ibδ subjected
to a viscous damping force ∝ 1/R, see figure 2.3. The tilt of the potential depends
on the ratio i = Ib/I0. If i is initially chosen to be zero, the particle oscillates with
ωp in one of the potential minima. Now assume that the slope of the potential is
gradually increased. In the absence of any noise source, the particle will remain
in a minimum until a critical tilt i = 1 is reached. Tilting the washboard slightly
above the critical tilt, the particle will start to accelerate and roll down the poten-
tial. When now the tilt of the washboard is decreased to less than the critical tilt
i < 1 the particle will continue along its trajectory due to inertia. When the tilt is
reduced below a value ir, depending on the magnitude of the mass, friction and
depth of the washboard, the particle will eventually retrap in a minimum. Re-
trapping can happen at a value of i = 0 in the extreme case of vanishing friction,
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δ

U

0 2π 4π 6π

I = 0

I = Ir

I = I0

I > I0

ωp

ωp

Figure 2.3: The tilted washboard model. A particle of mass ∝ CJ moves in a
potential U(δ) with a damping force ∝ 1/R. The coordinate is identical with the
phase difference δ.

Washboard model Josephson junction
κ 1/R
m C
x δ

Table 2.1: Comparison of the tilted washboard model and the Josephson junction
parameters.

(underdamped behavior, Q � 1). If however friction is excessive (overdamped,
Q � 1) and i falls below the critical tilt, the particle is immediately retrapped in
one of the minima of the potential.

In the presence of noise (treated in more detail later in this chapter), the particle
can be “activated” above the potential barrier and start to accelerate even when
i < 1. In the overdamped case, an escaped particle will immediately retrap in the
next potential well, leading to a diffusive motion of the particle. This diffusive
state can persist until the critical tilt i = 1 is reached.

In terms of the properties of the Josephson junction, the position of the particle
corresponds to the phase δ across the junction, the mass is equivalent toCJ and the
friction force is proportional to 1/R, see table 2.1. For Ib < I0, i.e. i < 1, the phase
can be fixed at a minimum of the potential and the junction is superconducting.
When the particle escapes from a minimum and its phase starts to evolve in time,
a voltage develops across the junction according to eqn. 2.3, and the junction is
no longer in a superconducting state. The transition from the superconducting
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Figure 2.4: The three limits of the RCSJ model. (a) Overdamped limit without any
hysteresis. (b) Underdamped limit with hysteretic behavior and (c) intermediate
damping with hysteresis.

state to the finite voltage state is called switching and is explained in more detail
below. While reducing the bias current, the particle will eventually retrap at the
so called retrapping current Ir, returning to the superconducting branch. If noise
causes premature switching to the running state, the current value at which this
switching occurs is called the switching current Isw.

The current voltage characteristic of the junction can be calculated in all the
three limits.[49] Analytical solutions exist for overdamped junctions with Q � 1,
whereas numerical simulations must be performed for underdamped and inter-
mediately damped junctions with Q & 1.

The overdamped limit

This limit is the case if Q � 1. In the mechanical analog, the friction force (1/R)
dominates over the inertia (C).

By looking at the damping parameter Q2 = βc = RCJ/tj it can be seen that
RCJ � tj , where tj = ϕ0/I0R is a time constant associated with the Josephson
junction. It means that the time for the charge needed to relax from the capaci-
tor is much faster than the evolution time of the phase δ. The circuit dynamics
is dominated by the evolution of the phase and the circuit simplifies to a paral-
lel combination of the ideal Josephson element and R. A corresponding current
voltage characteristic (IV) is plotted in figure 2.4(a).
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The underdamped limit

The underdamped limit is called the case where Q� 1. In the mechanical analog,
this corresponds to a very weak friction force (1/R) in comparison with a huge
mass (CJ ), leading to hysteretic behavior. The RCJ time constant of the parallel
combination of resistor and capacitor dominates over tj . A discharge of the capac-
itor takes much longer time than for the phase to evolve. Thus, the capacitor is
still charged and sustains a voltage, even when the bias current is lowered below
the critical current. Figure 2.4(b) shows this behavior.

Intermediate damping

The behavior of the circuit in the parameter region whereQ ≈ 1 shows a combina-
tion of the both effects. Describing the behavior when the bias current is reduced
from i > 1 to i = 0, the slow discharging of the capacitor first sustains a voltage.
After CJ is emptied from all charges, the circuit jumps to the zero voltage state,
see figure 2.4(c).

IV-curves with the shape as shown in figure 2.4 are usually not observed in
a real measurement. After the sample has switched from the superconducting
state, current is transported through the junction by quasi particles. To accurately
model this behavior an additional, highly non-linear resistor has to be placed in
parallel with the already existing components. This resistor would have a very
high resistance (> GΩ) for voltage values smaller than gap voltage 2∆/e and then
being the resistance of the junction in the normal conducting state Rn above the
gap voltage. Measured IV-curves of this type are shown in chapter 5. However,
the qualitative behavior of the junction showing different types of hysteresis is the
same for both models.

2.3 The junction in a frequency dependent environment

In a realistic experiment the Josephson junction is placed in a cryostat and con-
nected to the measurement apparatus via electrical leads. At high frequencies, the
order of ωp ≈ 50 ·109 sec−1, losses are typically due to radiation phenomena where
the leads act as a transmission line with Zlead ≈ Z0/2π = 60 Ω.[56]

For small capacitance junctions as investigated in this work, the low value of
the environment impedance at the plasma frequency results in a low Q, corre-
sponding to the overdamped limit. It requires an engineering effort to place the
small capacitance junction in a high impedance environment in order to achieve
high Q. One possible solution is to bias the junction through a large resistor close
to the sample [57] or place it in a tunable environment of SQUID arrays [58, 59].
Placing a large resistor far from the junction, the junction will see the transmis-
sion line impedance at high frequencies and the resistor itself at low frequencies.
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Figure 2.5: (a) Leads connecting a Josephson junction in a real measurement envi-
ronment typically have a frequency dependent impedanceZ(ω). (b) In its simplest
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The result is a frequency dependent damping (see fig. 2.5(a)) where the junction is
overdamped at high frequencies but underdamped at low frequencies.

The simplest model of a frequency dependent environment which approxi-
mates reality is obtained by placing a resistor in parallel with a resistor-capacitor
series combination, as it is shown in fig. 2.5(b). The resistors are labeled with R1,2

and the capacitor is denoted by C2. To match the high frequency impedance of a
typical cable with Z ≈ 60 Ω, the resistor R2 has to be of the same order. This is
because the capacitance of the measurement leads is usually around C2 = 1−2 nF
and becomes effectively a short circuit at GHz frequencies. A voltage source U
in series with a large bias resistor Rb is usually used in experiments to bias the
circuit. This combination is, according to Norton’s theorem, equivalent to the par-
allel combination of a current source I and a resistor identical to Rb. The resistor
R1 in fig. 2.5(b) is therefore of the order of Rb which typically is a couple of kΩ. It
is obvious that the frequency dependence of the impedance results in a frequency
dependence of the quality factor,

Q(ω) =
√
I0CJ Re[Z(ω)]2/ϕ0. (2.13)

The real part of the environment impedance ReZ(ω) = R(ω) is given by the ex-

12



PSfrag replacements

100 102 104 106 108 1010 1012

ω [1/s]

Q
(ω

)
R

e(
Z

(ω
))

[Ω
]

Q1

Q0

1

R2C2

0

0

0.5

1

1.5

2

2.5

200

400

600

800

1000

Figure 2.6: The upper panel shows the real part of the impedance of a simple
frequency dependent environment with R1 = 1000 Ω, R2 = 50 Ω and C2 = 1 nF.
The quality factor Q for a junction with typical parameters of I0 = 200 nA and
CJ = 10 fF is plotted in the lower panel

pression

R(ω) = R1
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2
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2
2ω

2

1 + (R1/R||)2R
2
2C

2
2ω

2
, (2.14)

with R|| = (R−1
1 +R−1

2 )−1 being the parallel resistance of R1 and R2.
Figure 2.6 shows the Z(ω) behavior of such an environment together with the

quality factorQ(ω) for a junction with the typical parameters used during this the-
sis (I0 = 200 nA, CJ = 10 fF). The plot of the quality factor shows that around 1
MHz there is a transition from underdamped behavior with Q0 ≈ 2(slow phase
dynamics when the particle rolls down the washboard with 〈v〉 ∝ 〈δ̇〉 6= 0), to over-
damped behavior with Q1 ≈ 0.1(fast phase dynamics when the particle oscillates
in a potential minimum with 〈v〉 ∝ 〈δ̇〉 ≈ 0).

2.4 Phase-Space dynamics

A graphical way to understand the dynamics of Josephson junctions is contained
in its phase space portrait.[43, 44, 45] A phase space portrait in its simplest form is
a two-dimensional plot showing the particle position δ on the x-axis and the veloc-
ity δ̇ on the y-axis. In this space we plot several trajectories which record evolution
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of the dynamical variables δ and δ̇ for various initial conditions. The phase space
is 2π periodic, meaning that all trajectories which end on the right, start from the
same δ̇ value on the left. However, for clarity we plot 3 periods of the phase in
our portraits. Such a plot is characterized by several distinct features, such as at-
tractors, saddle points and limiting cycles. Figures 2.7–2.11 show the phase space
portraits for different types of damping and different bias currents. An attractor
A corresponds to the fictitious phase particle sitting at a local minimum of the
washboard potential, whereas a saddle point S corresponds to the particle rest-
ing at the top of a local maximum of the sinusoid. A stable limiting cycle B is
a continuous trajectory at a finite voltage corresponding to the free-running state
of the particle. Trajectories ending on a saddle point S form a boundary of the
basin of attraction of fix points A. A particle with initial conditions within such a
basin will eventually end up in the respective attractor and we therefore call those
basins 0-basins. Another type of basin, called the 1-basin, exists where a particle
with initial conditions within the 1 basin will accelerate toward the final voltage
state, characterized by B. Phase space portraits are a representation of the circuit
in the absence of noise. Equilibrium fluctuations, however, can cause a JJ circuit to
jump out of it’s basin of attraction in a process know as thermal escape. The ran-
dom force which gives rise to the escape trajectory will most likely take the system
through the saddle point S, because such a trajectory would require a minimum of
energy from the noise source [43].

Figure 2.7 shows the phase-space of an underdamped circuit with parameters
Q = 5 and i = 0.5. At this bias level, adjacent 0-basins are intersected by the
1-basin. Thus, a particle escaping from the 0 state inevitably enters the 1 state
and accelerates towards B. Two stable attractors exist in this phase space. A phase
space portrait of an overdamped circuit with parameters Q = 0.5 and i = 3 is
shown in fig. 2.8. At such a high level of bias no local minima exist in the wash-
board potential and consequently fix points A and S are absent. The only stable
state in such a circuit is evolving on the limiting cycle B. This type of topology is
universally true for all values of damping for i > 0. Biasing an overdamped cir-
cuit at a level of i < 1 results in a phase space as plotted in fig. 2.9 for parameters
Q = 0.5 and i = 0.1. Only 0-basins are present and a particle of initial condi-
tions anywhere in the phase space will end up in an attractor A or, with very low
probability, on the saddle point S. A particle that is thermally activated out of a
0-basin will automatically enter the 0-basin of another attractor and come to rest.
Repeated escape and retrapping in the present type of phase space leads to phase
diffusion as discussed in more detail in the next chapter.

The phase space of a junction embedded in an environment causing frequency
dependent damping with parameters Q0 = 2.84, Q1 = 0.033 and i = 0.5, see
fig. 2.10, shows similar features as an underdamped junction. Limiting cycle B
(not shown here) and attractors A coexist. However, for these parameters an un-
stable limiting cycle C exists, separating the 1-basin from the 0-basins and hence
adjacent 0-type basins are directly touching. C marks the boundary between accel-
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eration to the finite voltage state and deceleration to a fix-point attractor. A particle
exactly on C will move towards B or an attractor A at infinity. A thermally acti-
vated particle from a 0-state can enter another 0-state, leading to phase diffusion
as is possible in overdamped junctions. The phase-space gives thus a graphical
explanation for the coexistence of phase-diffusion and hysteresis as observed in
circuits with frequency dependent damping.[60, 61] In this phase-space we plot
the reduced voltage u across C2 on the y-axis (see next section). This voltage is
directly related to δ̇.

By decreasing the value of Q1, a dramatic change in topology can be observed.
[45, 38] While decreasing Q1, the unstable limiting cycle C slowly approaches the
saddle points S. For a critical value Q1c, where C and S touch, the phase space
suddenly transforms: C is no longer present and 0-basins are again intersected by
the 1-basin as can be seen in figure 2.11 with parameter Q0 = 2.84, Q1 = 0.0088
and i = 0.5. Although the junction is highly overdamped at high frequencies,
phase diffusion is very rare. The topology is again very similar to the one of an
underdamped junction as shown in fig. 2.7.
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The lack of the unstable boundary C is an advantageous situation when fast
switching of the junction by means of short current pulses is desired, see chapter 3.
The particle that is placed close to the separatrix during a short current pulse will
be either activated by thermal fluctuations into the 1 basin, from where it quickly
will accelerate. Otherwise a thermal fluctuations can kick the particle back into the
0 basin where it quickly will be retrapped. In the limit where C exists, the same
current pulse will place the particle close to C where it will start to diffuse down
the potential. The diffusion can persist for a long time until a thermal fluctuation
will kick the particle in either of the attraction regions.

A full discussion of the phase-space together with the escape dynamics of the
phase particle for different phase space topologies is presented in ref.[38].

2.5 Josephson junction in an environment with thermal
fluctuations

All circuits with a real part to their impedance also have noise or fluctuations at
finite temperature, according to the fluctuation-dissipation theorem. This is mod-
eled by adding a parallel noise current source in1 and in2 to the resistors R1 and
R2, respectively, see fig. 2.5. The noise currents satisfy

< inj(t)inj(t) >=
2kBT

Rj
δ(t) j = 1, 2 (2.15)

with the Dirac delta function δ(t). In a similar manner to eqns. 2.7-2.9, one can de-
rive an equation for the phase dynamics of this circuit. The equation that describes
such a circuit reads[47]

CJϕ0δ̈ + ϕ0

∫ ∞

0

δ̇(t− t′)y(t′)dt′ + I0 sin δ = Ib + in(t). (2.16)

The dissipation term is now non-local in time (memory damping), due to the fre-
quency dependence of the shunt impedance, where y(t) =

∫∞

−∞ Y (ω) exp(iωt)dω
is the inverse Fourier transform of the admittance Y (ω) = 1/Z(ω). In the special
case of fig. 2.5, the admittance is described by

Y (ω) = R−1
1 +

1

R2 + (iC2ω)−1
. (2.17)

For high damping the current flowing through CJ is negligible compared with the
current flowing through Y and the first term in eqn. 2.16 can be dropped. Defining
u(t) as the voltage across the capacitor C2, equation 2.16 can be expressed as a set
of two coupled first-order differential equations

ϕ0δ̇ = R||(Ib + in0 +
u

R2

+ in1 − I0 sin(δ)) (2.18)

R2C2u̇ = R||(Ib + in0 −
R2

R1

in1 − I0 sin(δ) − u

R1

). (2.19)
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R|| is the parallel combination of the two resistors R1 and R2. If we restrict our-
selves to the case were the voltage u is underdamped with a quality factor

α =
R2

2R1

R1 +R2

I0C2

ϕ0

� 1, (2.20)

the dynamics of u becomes subject to the fast-time average effects of the fluctuat-
ing phase δ. In this case one can separate the timescales of the evolution of u/R||I0
and of δ. First one solves equation 2.18 with u as a constant parameter. With this
result one can solve eqn. 2.19 for the slow u dynamics. The solution to this special
case is given by [62]

I(u) = I0Im
[
J1−iη(EJ/kBT )

J−iη(EJ/kBT )

]
(2.21)

V (u) = R||[I
′
b(u) − I(u)], (2.22)

where η = I ′b(u)EJ/I0kBT and I ′b(u) = Ib + u/R2. Jx is the modified Bessel
function of complex order. The result of these equations is plotted in figure 2.12.
At finite temperatures, the particle escapes from a minimum but is immediately
retrapped in the next potential well due to the high damping. In average this
leads to a diffusive motion of the particle down the washboard potential called
phase diffusion, resulting in a finite but small voltage across the junction. With
increasing temperature, the activation occurs more often or a strong fluctuation
provides the particle with enough energy to diffuse over several minima before
retrapping, leading to a larger phase diffusion voltage.

A free running state with a large voltage across the junction is reached once a
critical tilt of the potential is exceeded and the phase particle quickly accelerates
to a terminal velocity.

This transition between the diffusive state to the high voltage state is funda-
mentally different to that in the simple underdamped RSJ model as it involves a
transition between two dynamical states, the diffusive and the free running state,
where the fictitious particle has to be activated above a “dissipation barrier”. The
switching process is characterized not by the crossing of a saddle point (as for un-
derdamped junctions) but by the crossing of an unstable limiting cycle (fig. 2.10)
which approximately corresponds to a critical velocity for escape.

Higher temperature decreases the current value where the switch to the free
running state occurs.

2.6 Escape dynamics from a potential well

So far we have been looking at the changeover from a zero-voltage or phase-
diffusive state into the finite voltage state. An interesting and also intensively
researched question is the escape dynamics or timescale at which this changeover
happens. As Kramers [63] pointed out 1940 in his seminal paper, there is a direct
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connection between the rate at which particles escape from a metastable potential
well and the friction and temperature present in the system. Friction is an essen-
tial part of the escape process since it induces the necessary fluctuations for the
escape process, according to the fluctuation-dissipation theorem. For a historical
summary and modern achievements in the field, see the review articles by Hänggi
[44] and Mel’nikov [64].

Let us start by redefining the problem as a particle subjected to friction in a
potential U(x) of the form as shown in figure 2.13. The particle is initially placed
in the metastable potential well A. Eventually it will escape over the barrier and
disappear without the possibility to return back into A. Clearly the escape process
is of an Arrhenius type, being exponentially dependent on the barrier height ∆U
and temperature T according to ∝ exp−∆U/kBT . A first approximation for the
rate out of metastable state is given by the so called transition state theory. The
transition state is generally speaking the “bottleneck” for flow between two phys-
ical states in phase space. A system in thermal equilibrium T and a barrier height
∆U as shown in figure 2.13 has a rate

ΓTST = ωA exp−∆Uβ, (2.23)
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where ωA is the angular frequency at the bottom of the well and β = 1/kBT .
Equation 2.23 overestimates the escape rate since it does not take into account the
effects of damping. For example a particle in an overdamped system close to the
potential maximum can be rescattered into the metastable well, thus diminishing
the rate of escape. Similarly in the underdamped case, escape leads to a depletion
of the equilibrium distribution of energy states close to the barrier top around kBT
and therefore to a reduced rate also here. Already from this reasoning it becomes
clear that one has to introduce a factor κ < 1 in front of the exponent in equation
2.23 to account for the reduction in escape rate. In the two limiting cases of weak
and strong friction an analytical solution for k was obtained by Kramers, whereas
the domain of intermediate friction is subject to numerical calculations.

Following Kramers one can start by writing down the Langevin equation for
the system to solve the problem

m
d2x

dt2
= −mγdx

dt
− dU(x)

dx
+ η(t), (2.24)

wherem is the mass of the particle, x is the position, γ is the damping and η(t) is a
δ-correlated Gaussian force coupled to a viscous thermal bath. Equation 2.24 can
be generalized to the Fokker-Planck equation

∂F

∂t
+

p

m

∂F

∂x
− ∂

∂p

[
F
dU

dx
+ γ

(
pF +mT

∂F

∂p

)]
= 0. (2.25)

F = F (p, x, t) is the probability distribution of particles having momentum p and
position x at the time t. Following along the lines of Hänggi[44] an expression for
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the escape rate is obtained, reading

Γ =
ωA

2π

[(
1 +

γ2

4ω2
B

)1/2

− γ

2ωB

]
exp(−∆U/kBT ), (2.26)

with ωA being the angular frequency of the particle around point A and ωB being
the frequency at the transition state, in the present case at the barrier top. This
result is known to be valid in the moderate- to strong-damping limit. In heavily
overdamped system it simplifies to

Γ =
ωAωB

2πγ
exp(−∆U/kBT ). (2.27)

In the case of heavily underdamped systems the derivation follows a different
line of reasoning. Here the energy is almost constant and the starting point is a
diffusion equation for the energy

ṗ(E, t) = γ
∂

∂E
I(E)

(
1 + kBT

∂

∂E

)
ω(E)

2π
p(E, t), (2.28)

with I(E) =
∮
p dq being the action. Hänggi derives the result

Γ = γβI(Eb)
ω0

2π
exp(−βEb), (2.29)

being again the rate of the transition state modified by a prefactor depending on
damping.

Kramers theory for heavily underdamped Josephson junctions was treated by
Büttiker, Harris and Landauer [65] who showed that ωA = ωB = ω′

p, where ω′
p =

ωp(1 − i2)1/4 is the plasma frequency in the well of the tilted washboard. The
damping coefficient γ = ωp/Q where Q is the quality factor. An expression for the
barrier height ∆U of a current biased Josephson junction was first given by Fulton
and Dunkleberger[66] and reads

∆U = 2EJ

√
1 − i2 + 2EJ i(arcsin(i) − π/2), (2.30)

with i = I/I0 being again the bias current normalized to the critical current.
In the case of overdamped junctions however, an escape from a potential min-

imum leads to retrapping in a later fix-point attractor, transforming the system
back to its initial state and therefore violates the constraint of absorbing boundary
conditions which prevent the particle from recrossing the barrier. Nevertheless, it
is possible to formulate an escape problem for overdamped junctions.

Escape from a Dynamic State

Although it is not possible to apply Kramers’ result in the overdamped limit di-
rectly to Josephson junction circuits, a generalization of Kramers’ formula can be
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obtained for circuits having a frequency dependent environment of the form as
discussed earlier. In this case escape will not happen out of a minimum of the
potential but out of the dynamic phase-diffusion state into the free-running state
of the circuit.[46, 67, 47]

Fluctuations in the circuit lead to an average current through the junction given
by the Ivanchenko and Zil’berman solution in eqn. 2.21. Using this result and
accounting for the slow variations of u with respect to δ equation 2.19 can again
be identified as a force like equation where the term sin δ is replaced by its average
value. The static force is now given by F (u) = Ib − I(u) − u/R1, resulting in the
effective potential

U(u) = −
∫ u

0

F (u′)du′, (2.31)

plotted in fig. 2.14. The periodic washboard potential has been transformed to an
effective potential barrier separating phase diffusion and the free running state.
The minimum of the metastable state is at a finite voltage representing the phase
diffusion voltage. With increasing current (increasing tilt of the potential), the local
minimum moves to larger values of u corresponding to a larger phase diffusion
voltage, being in agreement with the form of the IV curve plotted in figure 2.12.
The diffusion coefficient associated with the fluctuations around the average value
has the form[67]

D ∝ Aξ(u, (βEJ )−1) (2.32)
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with Aξ being the spectral density of fluctuations around I(u),

Aξ = 2Im

(
∞∑

m=1

(−1)mx2
m

[
I(u) − u

m
− i

kBT

EJ

])
, (2.33)

with
xm =

Jm−iη(EJ/kBT )

J−iη(EJ/kBT )
. (2.34)

The escape rate over the dissipation barrier is now given by

Γ =
D(ut)

2π

√(−F
λD

)′

ub

(−F
λD

)′

ut

exp(B). (2.35)

with an exponent having the form B =
∫ ut

ub
(F/λD)du where ub and ut stand for

the bottom and the top of the potential.

Quantum Tunneling and Renormalization of the Barrier

The shape of the potential shown in fig. 2.13 suggests a further escape path for
the particle out of the well, that is through the barrier by quantum tunneling.[33]
Clearly classical escape will dominate the rate at high temperatures whereas tun-
neling is the dominant escape mechanism at very low temperatures. The temper-
ature marking the changeover from thermally dominated escape to quantum es-
cape is called the crossover temperature T0 that is dependent on the damping[68]

T0 =
~ωp

2πkB
[(1 + α2)1/2 − α, (2.36)

with α = γ/2ωp being a dimensionless damping parameter. For large damping
(Q � 1) T0 is reduced and typically becomes so low that quantum tunneling can
be neglected in experiments with typical dilution refrigerators. However, an area
above T0 exists for the escape process where quantum effects lead to corrections
in the classical escape rate. The corrected escape rate has the form Γqc = fqΓ with

fq = exp

(
~

2

24

2ω2
p

(kBT )2

)
. (2.37)

Although quantum effects hardly play any direct role on the escape rate in
overdamped junctions, quantum fluctuations can lead to a renormalization of the
potential.[69] The phase dynamics of a Josephson junction enter the quantum
regime in the case of βEC/πρ � 1 with ρ = R/Rq and Rq = h/4e2 commonly
called the quantum resistance. Being in this limit the Josephson potential is re-
placed by an effective Josephson potential of the form

Ueff (δ) = −E∗
J cos(δ) −Ebδ. (2.38)
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The new Josephson coupling term reads

E∗
J = EJ

(
1 − Λ

2

)
, (2.39)

with the function

Λ = 2ρ

[
c+

2π2ρ

βEC
+ Ψ

(
βEC

2π2ρ

)]
. (2.40)

Ψ(·) is the logarithmic derivative of the gamma function and c is Euler’s constant.

2.7 Cooper Pair Transistor

The preceding discussion regarded single Josephson junctions. We now consider
the Cooper pair transistor (CPT) where two Josephson junctions in series form
a small capacitance “island” and a gate electrode is capacitively coupled to the
island.[70, 71, 72] A schematic illustration of a Cooper pair transistor is shown in
figure 2.15.

For a single junction the phase difference, δi, and the number of Cooper pairs
that have tunneled, ki, are conjugate variables. For a CPT there exists a similar set
of variables that are conjugate. These variables are either the total phase difference
across the CPT, θ = δ1 + δ2, and the total number of electrons that have tunneled
through the CPT, k, or the phase of the island, ρ = (δ1 − δ2)/2, and the number
of excess Cooper pairs on the island, n. All these variables obey the following
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commutation relations[72]

[δi, ki] = [θ, k] = [ρ, n] = i

[θ, n] = [ρ, k] = [n, k] = [θ, ρ] = 0. (2.41)

n excess Cooper pair on the transistor island have a Coulomb energy of

UC = n2 (2e)2

2CΣ

= n2EC , (2.42)

where CΣ = CJ1
+CJ2

+Cg is the total island capacitance with Cg the capacitance
of the gate electrode andEC is called the charging energy (not to be confused with
the charging energy of a single junction). The induced charge on the transistor
from the gate is denoted by Qg = CgVg = 2eng, ng being the reduced gate charge
which does not have to be integer. Thus, the electrostatic energy of the transistor
island can be written as

Eel = EC (n− ng)
2 . (2.43)

The electrostatic energy forms a set of parabolas along the gate-axis offset by 2e.
The Josephson energy of the CPT is the sum of Josephson energies of each

junction, EJ = EJ1
+ EJ2

. For the moment we will assume that the individual
Josephson junctions are identical and have an energy of EJ/2, each. The more
general case where the two junctions are not identical is considered later.

Now one can write down the Hamilton operator describing this circuit which
is given by[73]

H = Hel +HJ = EC (n̂− ng)
2 − EJ

2

(
cos(δ̂1) + cos(δ̂2)

)
. (2.44)

The first term is the electrostatic Hamiltonian of the CPT where n̂ is the operator
associated with n. The second term is the Josephson Hamiltonian consisting of
the sum of the two individual junctions. δ̂i is the operator associated with the
phase difference across junction i. Using trigonometric identities one can rewrite
the Josephson Hamiltonian in the following way

HJ = −EJ cos

(
θ̂

2

)
cos (ρ̂) . (2.45)

In order to obtain the energy eigenstates of the CPT one can solve equation 2.44 in
two different eigenbasis, one being the charge eigenbasis, the other being the basis
that is formed by the phase eigenstates.

The following discussion closely follows [73] and [48].

Charge Representation

Working in the charge eigenbasis the eigenstates verify

n̂|n〉 = n|n〉, n ∈ Z. (2.46)
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Figure 2.16: (a) Energy of the ground state and first excited state of the CPT with
two identical junctions. (b) Energy of the ground state and first excited state of the
CPT where the two junctions have an asymmetry of 10%.

The Josephson coupling term can be written as cos ρ = (e+iρ + e−iρ)/2. The terms
e±iρ respectively increase or decrease the number of Cooper pairs on the island by
one. One can therefore rewrite the Hamiltonian 2.44 as

H =
∑

n

(
EC(n− ng)

2|n〉〈n| −EJ cos

(
θ

2

) |n〉〈n+ 1| + |n+ 1〉〈n|
2

)
. (2.47)

The energy eigenstates of the CPT are now obtained by simply diagonalizing the
Hamilton matrix 2.47. The energy diagram showing the two lowest energy levels
is depicted in figure 2.16(a) where 10 charge states were considered. The energies
are 2π periodic along the phase axis and 2e periodic along the gate axis. At values
θ = π mod 2π and ng = e mod 2e the energies are degenerate as a consequence
of the symmetry of both junctions.

Phase Representation

In the eigenbasis that is formed by the phase states, n̂ is expressed as n̂ = 1

i
∂
∂ρ . The

Hamiltonian 2.44 has now the form

H = EC

(
1

i

∂

∂ρ
− ng

)2

−EJ cos

(
θ

2

)
cos (ρ̂) . (2.48)

The eigenfunctions and eigenvalues are obtained by solving the the Schrödinger
equation with this Hamilton operator and wavefuncton Ψk(ρ). This equation is
similar to the Mathieu equation and the solutions are[51, 74]

Ek(θ, ng) =
EC

4
MA

(
k + 1 − (k + 1)[mod 2] + 2ng(−1)k,

2EJ cos(θ/2)

EC

)
(2.49)
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for the eigenvalues with MA(r, q) being the characteristic value A for even Math-
ieu functions1 with characteristic exponent r and parameter q.

In reality it is not feasible to fabricate a CPT where both Josephson junctions are
exactly identical. To account for the asymmetry in the two junction one introduces
the asymmetry factor d. With the help of d one can rewrite the Josephson term
EJ cos(θ/2) in the more general form

E∗
J = EJ

√
1 + d2 + (1 − d2) cos(θ)

2
(2.50)

Figure 2.16(b) shows the two lowest energy bands of a CPT whereEJ/EC = 1 and
d = 0.1. Not that in the case of asymmetric junctions, the degeneracy at ng = 0.5
mod 1 and θ = π mod 2π is lifted.

Switching Current of the CPT

The critical current of the CPT I0,CPT can be modulated by the charge applied to
the gate capacitor, ng , and is calculated according to

I0,CPT (ng) =
1

ϕ0

max
θ

∂E(ng , θ)

∂θ
(2.51)

A resulting plot of I0,CPT as a function of ng is shown in fig. 2.17 for the ground
state and first excited state, upper and lower line, respectively. What can be seen
from the plot is that the critical current is 2e periodic in the induced gate charge.
The critical current of the ground state is larger than the critical current of the first
excited state. This current plot is obtained for a ratio EJ/EC = 2.5. For increasing
ratio of EJ/EC the difference in I0,CPT of the respective bands increase and for
small ratios of EJ/EC the currents become equal.

The 2e periodicity comes from the fact that for certain values of the gate volt-
age (e mod 2e) it becomes energetically favorable for an additional Cooper pair
to tunnel onto the island in order to compensate for the applied potential from
the gate.[75] If the BCS energy gap ∆(t) < EC or in the presence of noise, quasi
particles can be generated near the island and enter it, changing its parity by e. An
odd island parity shows still a 2e periodic modulation of the critical current with
respect to ng but shifted by one electron charge along the gate axis. If, however,
the quasi particle tunnels on and off the island at a rate much higher than I0(ng)
can be recorded, an e-periodic critical current is measured. The effect of electrons
spoiling the 2e-periodicity of the gate dependence on I0 is called quasi-particle
poisoning.[76, 77, 72, 78] Observation of quasi-particle poisoning is an indication
of excess noise in the circuit.

1MathieuCharacterisitcA[] in Mathematica
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Figure 2.17: Critical current of a CPT I0,CPT normalized to the critical current I0
of a single junction for the ground state (upper line) and first excited state (lower
line).

The possibility to modulate I0 via the gate electrode allows us to treat the CPT
as an effective single junction with a tunable critical current I0. Strictly speak-
ing this is only true in the case of EJ � EC where the energy of the CPT varies
harmonically along the phase axis (cf. eqn. 2.2).

2.8 The Quantronium

The energy diagram of the unbiased CPT showing different energy levels as plot-
ted in fig. 2.16 makes this device interesting for using as a quantum bit (qubit).
The two energy states of the qubit are realized by the two lowest energy bands of
the CPT. In order to avoid thermal population of the energy levels the requirement
EJ , EC � kBT has to be fulfilled.

A drawback of using an unbiased CPT as a qubit is that there is no way to con-
trol the phase θ. By shunting the CPT with a larger Josephson junction one forms
a superconducting loop[6] which allows us to manipulate θ and ng independently,
see figure 2.18. The optimal operation point for coherent operation of this so called
quantronium is at ng = 1/2 and θ = 0, as has been shown by Vion et.al.[6] Biasing
the device away from this point rapidly increases relaxation and dephasing rates.
The reason for ng = 1/2, θ = 0 being a so called magic point is that the energy is
independent of deviations from this point in both, charge and phase direction to
first order. This makes the point less susceptible to dephasing resulting from fluc-
tuations in either variable. An unbiased quantronium with the control port for the
phase turned off is already situated at the magic point. It is nevertheless important
to have this extra degree of freedom for changing θ in order to optimize the read-
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Figure 2.18: The quantronium consists of a CPT shunted by by large Josephson
junction indicated by the Josephson energy E0. The phase across the CPT can be
controlled by the externally applied flux Φ through the loop.

out properties of the circuit and remain at θ = 0.[79] A further advantage of this
setup is that the large junction, due to its low Josephson inductance LJ = φ0/I0,
prevents noise from reaching the CPT, which otherwise would cause dephasing.

The qubit is manipulated by applying a radio-frequency signal to the gate. In
case the frequency of the rf-signal is in resonance with the energy spacing between
the qubit states, see figure 2.19, coherent oscillations between the ground and ex-
cited state are induced. By varying the duration of the rf-signal a well defined
superposition of the two states is obtained.[6, 8]

Readout is achieved by applying a current to the circuit of the order of the de-
vice’s switching current. Depending on the state of the qubit, different persistent
currents flow in the loop. These persistent currents add more or less current to
the readout pulse which in its turn flows mainly through the large shunt junc-
tion. This results in a high or low probability of switching for the two different
states, respectively. Many identical measurements therefore result in a weighted
switching probability proportional to the probability amplitude of the qubit state.

The lifetime of the qubit state is limited by the relaxation time T1 and the quan-
tum coherence is preserved for the dephasing time T2. For a perfectly isolated
qubit these two times are arbitrarily long. This is of course unrealistic and even
unpractical since we would not be able to manipulate the qubit or read out its
state. In reality the two-level system is coupled to a macroscopic number of de-
grees of freedom which induce relaxation and dephasing.[33, 34, 35] The readout
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Figure 2.19: The energy spacing between the ground state and first excited state of
the CPT plotted in terms of frequency as a function of the phase difference θ and
the induced gate charge ng.

process of the qubit itself decoheres the system and introduces back-action onto
the qubit.[36, 37, 38] It is important that the quantum state is determined before
the qubit system had time to relax to its ground state, i.e. τmeas < T1.

34



Chapter 3

The Measurement

The main idea behind this work is to use a Josephson junction as a fast switching
current detector (SCD) for a quantum bit (qubit). Fast, in the present context, is
meant with respect to two different characteristic times of the circuit. The first one
is the time the junction needs to decide to either switching to the finite voltage
state or remaining in the superconducting state. Ideally this time is made as short
as possible with the constraint that the measurement has to be performed adiabati-
cally in order to not excite the qubit to another state. A too long measurement time
however, longer than the relaxation time T1 of the qubit, will result in always mea-
suring the ground state of the qubit. The other time is the time needed to detect
the final state with the measurement equipment. This corresponds to the speed
at which the particle moves away from the boundary between the 0- and 1-basin
in its phase space. One could ask if this time can not be made arbitrarily short by
placing the trigger level of the voltage detector arbitrarily close to the boundary.
This is certainly true in an ideal circuit with no noise and an infinite bandwidth
of the measurement instruments. Such conditions, however, do not exist in reality
and a certain time is needed to detect the state of the circuit.

3.1 Pulse and Hold Measurement

The idea of our SCD is as follows. A current pulse of duration τp will bring the
circuit close to the boundary between the 0- and 1-basin of the phase space. The
state of the qubit will act as a perturbation and place the phase particle on either
side of the boundary from where it will evolve to the respective attractor.

The voltage level which the circuit has to reach in order to be able to distinguish
the two states depends on several factors. The sensitivity of the detection instru-
ments is usually too coarse to measure the voltage across the junction directly and
therefore the signal has to be amplified before being detected. Amplifiers, how-
ever, have a bandwidth determining the speed at which the signal at the output
changes to its finial value, thus limiting the speed of the detection. Bandwidth
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Figure 3.1: (a) Square current pulse applied to the sample. (b) Voltage response of
the sample. If the sample does not switch a finite voltage drops across lead and
filter resistors and therefore a finite voltage is measured even in this case. (c) Pulse
and hold waveform applied to the sample. (d) Response from the sample.

and noise of the amplifier are directly proportional to on another. Noise from the
amplifier and other measurement equipment as well as resistive elements lead to
a broadening of the signal. It is therefore important to give the circuit enough time
to evolve to a voltage state that can be distinguished from the superconducting
state.

Figure 3.1(a) and (b) show an example of 6 current pulses of duration τp =
200 µs and the respective response from the sample. Even if the sample did not
switch, a finite voltage develops (fig. 3.1(b)). This is due to the fact that the voltage
drop is not measured across the junction alone but across a series combination
of leads, filters and the sample. The plot shows clearly a problem in this type of
measurement. As one can see, the later the switch occurs during the pulse, the
less voltage develops. A switch in the very last instance of the pulse will not have
enough time to develop a detectable signal and ambiguities arise, lowering the
fidelity of the measurement.

It would therefore be desirable to have a pulse that will be able to switch the
sample and subsequently hold the result for a time needed to make the measure-
ment without inducing new switches. This can be achieved by dividing the pulse
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into two parts, a switch pulse of duration τp and amplitude of the order of the
switching current, bringing the sample close to the basin boudary. This switch
pulse is immediately followed by a hold level of lower amplitude and duration
τh. The purpose of the hold pulse is to latch the circuit in its state after the switch
pulse was applied while by itself not causing the junction to switch. One impor-
tant requirement has to be met for this measurement strategy to work. Since the
amplitude of the hold level is necessarily lower than the switching current of the
Josephson junction, the circuit can not be overdamped. An overdamped circuit
would cause the junction to retrap immediately when the hold level is applied
and consequently no switch would be measured. It is therefore important to work
with underdamped, or frequency dependently damped circuits, exhibiting coex-
istence of fix-point attractors and limiting cycle B, as explained in chapter 2.4. A
graph showing several pulses and the respective response using the pulse and
hold technique is plotted in fig. 3.1(c),(d). The plot nicely shows that switching
happens during the initial pulse and the voltage has time to develop during the
hold level. In the present case the hold level is chosen so long that the voltage
across the junction has time to saturate at its final value. In a real measurement
the hold level has to be just as long as to clearly separate switch from no-switch.
After this separation is achieved the measurement circuit counts a switch and the
circuit can be immediately reset.

We would like to stress at this point that it is important to distinguish between
two times, the time at which the junction decides to switch, hereafter called the
measurement time, and the time needed to detect the signal with the instruments
at room temperature, called the detection time. Ideally the measurement time is
as short as τp. In the case of the existence of the unstable limiting cycle C in the
phase space, trajectories close to C need many periods in the potential to move
away from C and therefore a long time is needed to detect the signal. Fluctuations
cause the phase particle to be kicked back and forth over C resulting a late switch-
ing events and even miscounts.[45] In the absence of C trajectories usually move
quickly away from the saddle point S with low probability of changing the basin
of attraction.

The only purpose of the hold level is to give the circuit enough time to rise
to a voltage level that can be distinguished from the no-switch voltage. A simple
model allows us to estimate the time needed to achieve this. After a switch the
Josephson junction becomes a non-linear resistor RJ with RJ = Rn when biased
above the gap voltage 2∆/e and RJ > Rn when biased below 2∆/e. The time to
build up the final voltage that will be measured corresponds to the charge-up time
of the environment capacitance. The corresponding circuit diagram is shown in
fig. 3.2 where the junction is replaced byRJ . The charge-up time can be calculated
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Figure 3.2: The circuit after the sample switched to the final voltage state. The
junction itself behaves like a non-linear resistor RJ .

by the following expression

V (t) =
Ub

Rb(R
−1

b +R−1
J )

[
1 − exp

(
− t

τ

)]
(3.1)

τ =
RJRb

RJ +Rb
C (3.2)

A fast rise of the junction voltage is achieved by using Rb as low as possible and
minimizing the capacitance C of the environment. The first requirement certainly
helps to speed up the detection time, but a low bias resistor means larger current
noise and a compromise has to be made. Minimizing the lead capacitance is more
difficult. One possibility is to implement the amplifier close to the sample.

Generation of Short Pulses

A switch pulse of duration τp < T1 is important for measuring quantum bits.
Therefore we would like to use a switch pulse as short as possible while not excit-
ing the qubit to a higher state by the readout pulse itself. We developed a method
were a pulse of duration as short as the risetime of the signal source is obtained.
This is achieved by applying a voltage step U(t) to a capacitor Cb which will dif-
ferentiate this voltage according to

I = Cb
dUb

dt
. (3.3)

The hold level is achieved by applying a linear voltage rise directly after the step.
This method is illustrated in fig. 3.3. A further advantage of this method is that
Cb acts as an effective high-pass filter, blocking noise via the bias lead from reach-
ing the sample. Switching measurements using the capacitor bias method with a
risetime of τrise = 25 ns are plotted in figure 3.4 together with a histogram show-
ing the maximum achieved voltage value during the measurement. Although the
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Figure 3.3: (a) Method to generate a short current pulse by applying a step to a
bias capacitor Cb. (b) A voltage step followed by a linear voltage rise is applied to
the bias capacitor. (c) Resulting current through the bias capacitor Cb.

pulse is only 25 ns long a clear separation between switch and no switch can be
obtained.

3.2 Probability Measurements

Making a single measurement does not reveal much about the qubit state. The
state of a qubit is a superposition of the ground state and first excited state ac-
cording to |Ψ〉 = α|0〉 + β|1〉. In order to measure this probability the qubit has to
be prepared many times in the same state and measured. The measurement will
then collapse the qubit state on one of the eigenstates and lead to either switch-
ing or non-switching of the junction with the probabilities α2 or β2, respectively.
From the switching probability the state of the qubit can be determined where the
switching probability P is defined by

P =
N

N0

. (3.4)

Here N is the number of switches and N0 is the number of performed measure-
ments.

Fig. 3.5 shows the aspects of a measurement for obtaining a switching proba-
bility. A sequence of pulses of duration τp immediately followed by the hold level
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Figure 3.4: Voltage response V of the sample to a pulse and hold waveform gener-
ated by the c-bias method. Right panel shows bimodal histogram of the maximum
value of the voltage V reached during a pulse.

of duration τh is applied to the sample, fig. 3.5(a). The pulses are separated by the
wait duration τw. The sample might or might not switch and a binary switching
sequence is obtained, see fig. 3.5(b). This binary distribution is directly used to cal-
culate P . Prior to the measurement the amplitudes of the switch pulse and hold
level and the respective durations are adjusted in order to achieve good separa-
tion between the two resulting states, fig 3.5(c). The frequency or duty-cycle of the
pulse sequence can have consequences on the accuracy of the measurement which
one has to be aware of. On the one hand a very low frequency, corresponding to a
long time between pulses, can result in changes in the background charge config-
uration in the substrate, thus changing the qubit parameters. On the other hand a
very high frequency, corresponding to a short time between pulses, will not give
the circuit enough time to reset to its initial state. The environment capacitors need
some time to discharge after the hold level is switched off. Using a wait time τw

shorter than this discharge time will lead to the situation where a pulse following
a switch of the junction will again result in a switch. A good way to adjust the
wait time to an optimal value where τw is just long enough to give the circuit time
to discharge, is to examine the auto-correlation function of the switching,

rk =

∑N−k
i=1

(Yi − Y )(Yi+k − Y )
∑N

i=1
(Yi − Y )2

. (3.5)

N denotes the number of pulses and k is the lag between pulses. Yi is the result
from pulse i, either “0” or “1” for no-switch or switch, respectively and Y = P is
the switching probability. An auto-correlation function of rk = 0 means that all
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Figure 3.5: (a) Pulse sequence consisting of switch pulse, hold level and wait time.
(b) Response from the sample to pulse sequence. Horizontal line is trigger level
and all pulses above this line are calculated as a switch (1). (c) Bimodal histogram
of the maximum value of V , showing good separation between switch and no-
switch.

switches are statistically independent whereas rk = 1 means that a switch of the
sample is always followed by another switch or a no-switch is always followed by
another no-switch. rk = −1 in its turn implies that the response of the sample to
a pulse is always opposite to the response of the previous pulse. The important
auto-correlation to check that adjacent pulses do not influence one and another
is for k = 1. Auto-correlations for higher order lag k > 1 can give indications if
periodic disturbances are present in the circuit and result in a periodic signal when
plotting r versus k.

Noise causes the junction to switch in a bias region around Isw. Thus, one
obtains a distribution of S-shape by performing many probability measurements
where one starts with a pulse amplitude that does not switch the junction and
then successively increases the amplitude until the junction switches with P = 1.
Figure 3.6 shows an example of such an S-curve. We can define two important
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properties from such an diagram, the switching current Isw and the resolution
∆I/Isw. The switching current is just the current value resulting in P = 0.5 and
the resolution is obtained via the relation

∆I/Isw =
I(P = 0.9) − I(P = 0.1)

I(P = 0.5)
, (3.6)

where I(P = x) is the current value that gives a switching probability P = x. It is
important that the switching currents of the two qubit states are well separated. If
the resolution of the states is very sharp so that the switching distributions of the
two states will not overlap one can speak of single shot measurement, being the
ideal situation.

The theoretical aspects of this switching current detector have been treated in
detail by Joachim Sjöstrand.[38]
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Chapter 4

Experimental Methods

The dynamics of a circuit containing Josephson junctions is largely influenced by
the electromagnetic environment that the junction is embedded in, as has been
discussed in chapter 2. A well defined environment, however, is only guaran-
teed at distances around the sample of the order of the wavelength corresponding
to the plasma frequency of the junction. Placing a resistor or capacitor further
away, radiation phenomena have to be taken into account. The junction effec-
tively sees a frequency dependent impedance with a value of the order of the free
space impedance at high frequencies and of the order of the bias resistor or the in-
put impedance of the measurement instruments at low frequencies. A possibility
to improve the control over the environment parameters is to embed the sample
into a miniature on-chip RC-network. The role of the RC-network is to define an
environment in the very vicinity of the sample that alone determines the behavior
of the sample while the measurement leads can be neglected for the processes of
interest.

Resistors and Capacitors of sub-millimeter dimensions are realized by means
of optical lithography and evaporation of different metals through a shadow mask.
For the fabrication of the sample, electron-beam lithography and angle evapora-
tion through a shadow mask is used. The samples for this work were fabricated in
the Nanostructure Physics clean room facilities at the AlbaNova University cen-
ter. For the measurement, a sample is mounted on a specially designed PC board,
enclosed in a radiation tight copper box. The measurement itself is performed at
milikelvin temperatures in a dilution refrigerator.

4.1 Optical lithography

The system used for optical lithography is a Karl Süss MJB3 mask aligner, de-
signed for 3 inch wafers using 4 inch mask plates. The lamp uses a wavelength of
λ = 405 nm and the achievable resolution of the system is a 800 nm pitch of a grat-
ing. Chromium masks were ordered from Deltamask were the minimum feature
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Figure 4.1: (a) Spinning of resist. (b) UV exposure of resist through chromium
mask.. (c) Development. (d) Vapor deposition of metals with electron gun. (e)
Lift-off. (f) Final chip.
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Figure 4.2: On-chip capacitor consisting of a plasma oxidized ground plane and
gold electrodes as the top plate. This arrangement forms two capacitors in series.

size was limited to 1 µm. Figure 4.1 shows schematically the fabrication procedure
during optical lithography for the on-chip electromagnetic environment. Recipe
details can be found in appendix A. First, resist is spun onto the wafer at a speed
determining the thickness of the resist layer, fig. 4.1(a). Then the wafer is exposed
to UV light through a quartz plate containing a chromium pattern of the desired
structure as shown in fig. 4.1(b). The exposed wafer is then developed in a chemi-
cal, dissolving the exposed parts of the resist, fig. 4.1(c). Subsequently the desired
metal is evaporated onto the wafer in a UHV system by electron beam deposition,
fig. 4.1(d). Finally the chip is washed in another chemical in order to remove resid-
ual resist and metal, resulting in a copy of the pattern of the photo mask on the
chip, figs. 4.1(e)-(f).

The on-chip capacitors are realized by first evaporating an aluminum ground
plane onto the wafer. Heavy plasma oxidization forms a thick insulating bar-
rier of Al2O3 on top of the ground plane, see appendix A for recipe details. In
a second optical lithography step the top plate of the capacitor in form of gold
leads are overlapped with the ground planes, forming a series combination of two
capacitors as illustrated in fig. 4.2. With this method a specific capacitance of
κ = 13.6 fF/µm2 is obtained. The length and thickness of the gold leads in their
turn determine the resistance, thus forming a RC-chain of discrete components.

Figure 4.3.(c) shows three different ground planes, the large rectangular one to
the left is part of an on-chip RC-filter. The trapezoidal ground plane will become
C2 of the on-chip environment while the tiny rectangular one to the right even-
tually becomes part of the bias circuitry Cb of the sample. Alignment marks are
defined on the mask for accurate overlay of the different patterns of the fabrica-
tion steps, see figure 4.3.(b). By overlaying the marks on the mask from the second
pattern with the marks already on the chip from the first fabrication step, an over-
lap accuracy of the order of ±3 µm is achievable. Figure 4.3.(d) shows the chip
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on-chip capacitors for filter, RC-environment and bias capacitor. (d) Gold leads
overlayed over the ground planes. (e) Parts of the filter resistor and the on-chip
RC-environment. (f) Central part of the sample with bias capacitor, on-chip RC
environment and alignment marks for e-beam lithography. Area surrounded by
dashed lines are resistors for on-chip environment. (g) Structure defined by e-
beam lithography aligned to leads. (h) 16-pin test cage.
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with the gold leads overlayed over the ground planes. Gold can be used since it
is not a superconductor and since it was easily available in the present evapora-
tion chamber. The problem with gold however is that it sticks badly to the SiO2

surface of the wafer. A thin (1 nm) titanium sticking layer was therefore used just
under the gold parts. Figure 4.3.(e) shows a magnification of the area surrounded
by dashed lines in fig. 4.3.(d). It shows parts of the thin gold leads forming the
resistance of an on-chip RC-filter as well as parts of the capacitor of the on-chip
environment. The small areas surrounded by dashed lines in fig. 4.3.(f) are the
gold leads forming the resistance of the on-chip environment (R2 in chapter 2.3).
In the same image the bias capacitor can be seen. The small crosses in the mid-
dle of the structure are alignment marks for the subsequent e-beam step described
below. In order to speed up the fabrication process, a 3 × 3 matrix of chips is
fabricated at once. Figure 4.3.(a) shows the chip in the middle of the matrix, the
dashed line indicating the chip boundaries, also indicated in figure 4.3.(b). Finally
figure 4.3.(h) shows a test cage with 16 measurement leads contained on each of
the 9 chips of the matrix. Test samples can be placed in the cage during the next
step of the fabrication, allowing for quality checks of the sample and parameter
determination.

4.2 E-beam Lithography

An important requirement for quantum-control experiments is that the charac-
teristic energy scales of the system are much greater than the thermal energy,
(EC , EJ � kBT ). The characteristic capacitance of Al/Al2O3/Al tunnel junction
as used for the experiments described here is ζ ≈ 45 fF/µm2. With an area of
A < 0.08 µm2, the charging energy becomes EC > 1 K and fulfills the requirement
EC > kBT at milikelvin temperatures as they are present in a cryostat. Junctions
of these dimensions are easily fabricated with e-beam lithography.

The e-beam lithography system used for sample fabrication is a Raith 150 Turn-
key. It consists of a scanning electron microscope (SEM) from LEO with an addi-
tional pattern generator, a high-precision laser-interferometric stage and a beam
blanker from RAITH GmbH. The Gemini column provides an accelerating volt-
age of 30 kV and an electron beam diameter as small as 1.2 nm at the specimen.

Generally speaking the sample fabrication using e-beam lithography is very
similar to fabrication by means of optical lithography. Figure 4.4 shows the fab-
rication steps for e-beam lithography. The main difference to optical lithography
is that the resist is not exposed “parallel” through a mask but the desired pattern
is written “sequentially” by the sharply focused electron beam. The sample sub-
strate, a Si chip with a 1 µm thick layer of SiO2 is spin-coated with two layers of
e-beam resist, figure 4.4.(a). The bottom layer is PMGI SF7 and roughly 400 nm
thick. The top layer consist of ZEP520A, a high resolution e-beam resist, which
is diluted in Anisol (2 : 1) with a nominal thickness of 70 nm. The thickness of
the polymer layers is controlled by the rotational speed of the spinner used for
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Figure 4.4: (a) Spinning of resist. (b) E-beam exposure. (c) Development. (d) Two-
angle vapor deposition of metals with electron gun. (e) Lift-off. (f) Final chip.
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Figure 4.5: Angle evaporation through shadow mask. Surfaces of electrodes from
the first angle are oxidized before they are evaporated again at the second angle.
Overlap region forms tunnel junction.

coating. The two layers are used for better lift-off after metalization and to be
able to do two-angle evaporation through a shadow mask, described below. After
writing the desired pattern (figure 4.4.(b)), two development steps follow (figure
4.4.(c)) for the top and bottom layer, respectively. The tunnel junction can be evap-
orated with the shadow mask technique, indicated in figs. 4.4.(d) and 4.5. Finally,
the residual resist and aluminum is removed from the chip by lift-off, fig. 4.4.(e).

4.3 Angle Evaporation

Fabrication of the tunnel junction in a single fabrication step is achieved by 2-angle
evaporation through a shadow mask.[80] Let’s assume that during the e-beam step
two parallel offset electrodes were defined, overlapping vertically over a certain
distance, see figure 4.5. The development of the top layer will give a well de-
fined mask of this structure, while the bottom layer is developed stronger so that a
“undercut” in the bottom layer around the written structure will emerge. During
evaporation, aluminum is deposed onto the chip through the mask at a defined
angle +α until the desired thickness is obtained, fig. 4.5. Then, the evaporation
chamber is filled with oxygen with a certain pressure for a defined amount of time.
The aluminum already on the chip oxidizes, forming an insulating surface around
the electrode. After the oxygen is removed from the chamber, a second layer of
aluminum is evaporated through the mask at an angle −α, resulting in a verti-
cal overlap of the two electrodes. This overlap region defines the tunnel junction
with two aluminum electrodes, separated by the thin insulating aluminum oxide
barrier.
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4.4 Fabricated samples

Using the techniques explained above different kinds of samples were fabricated
for the experiments presented here. A gallery of different e-beam pictures is shown
in fig. 4.6. Image 4.6(a) shows a SQUID with an area of 0.2 × 0.8 µm per junction.
The two junctions are the two brighter vertical lines in the middle of the picture
and the bias lines enter the image from the right and left. Another SQUID sample
is shown in fig. 4.6(b). This particular sample had a high frequency, coplanar trans-
mission line connected to it, entering the image from the right. Figure 4.6(c) is an
image of a Cooper pair transistor. The two junctions are the two squares formed
by the overlap in the middle of the picture. From below in the center of the pic-
ture a high-frequency gate electrode enters the image and the electrode entering
from the left is a DC-gate. Next to this image a quantronium is shown, fig. 4.6(d).
From the top a high frequency pulse bias line used for fast switching of the sam-
ple is visible and an rf-gate electrode enters from the bottom. Additionally a DC
gate is situated in the lower left of fig. 4.6(d). The quantronium itself consists of
a CPT shunted by the big Josephson junction. The bias capacitor for fast readout
was fabricated using two different techniques. Figure 4.6(e) shows an interdigi-
tated capacitor where the center conductor of the coplanar transmission line was
interrupted by a meander-like pattern in order to form a large area for the bias
capacitor. However, the specific capacitance of an interdigitated capacitor is very
low and was therefore replaced by an overlap capacitor as shown in fig. 4.6(f).

4.5 Sample mount

The samples are characterized by measuring different electric properties such as its
switching current or resistance. To easily connect the sample to the measurement
instruments it is mounted on a specially designed PC-board. Two different board
layouts were used during the experiments for this thesis as shown in figure 4.7. To
the left the “old style” sampleholder is shown with a connector for 10 leads. Two
opposite pins from the connector are connected to the two wires from one twisted
pair cable. Connection between the leads on the chip and the corresponding leads
on the board is obtained via wire bonding after the chip was glued onto the PCB.
Figure 4.7.(b) shows a “new style” sampleholder with two 10 pin connectors for
twisted pair cables and two additional MMCX connectors used to connect high
frequency coaxial cables. During manufacturing of the PCB the high frequency
line is shorting the two MMCX connectors. This allows for accurate calibration of
the complete measurement setup by means of transmission measurements with a
network analyzer. When a sample has to be mounted on the board the rf-line is
interrupted by milling out a depression in the middle of the board (indicated by
the area surrounded by the dashed line) where eventually the chip will be placed,
see figure 4.8(a). A microwave engineering trick is used for bonding between the
rf-lines of the board and the chip. In order to reduced parasitic inductance and
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Figure 4.6: (a) SQUID with DC leads. (b) SQUID with DC leads and coplanar
transmission line for high-speed readout. (c) Cooper pair transistor with rf- and
DC-gate. (d) Quantronium with DC measurement leads and high-speed readout
lead as well as rf- and DC-gate. (e) Interdigitated bias capacitor. (f) Overlap bias
capacitor.
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Figure 4.7: (a) Sample hold used with 5 twisted pair cables. (b) Sample holder
used with 10 twisted pair cables and 2 rf-coaxial cables.

compensate for reduced capacitance of the thin bonding wire, multiple wires are
“cross”-bonded. The coplanar transmission line on the PCB was designed using
general design rules[56] and a simple free software1 for calculating transmission
line properties based on a two-dimensional model of the line and box enclosure in
cross-section.

When the sample has to be mounted in the cryostat the package of the PCB
and chip are placed in a radiation tight copper enclosure that is then screwed to
the mixing chamber of the dilution refrigerator, see fig. 4.8(b). The copper frame
around the PCB is pressed down and screwed tight by the lid of the copper box,
thermalizing it well with the copper box.

4.6 Cables and Connectors

Two different types of cables were used in the cryostat as mentioned above, twisted
pair and coaxial cables. Twisted pair cable is especially useful for measuring a sig-
nal differentially, i.e. one cable of the pair carries the “high” signal and the other
one the “low” (ground) signal and the difference between the two voltages is mea-
sured. Any induced electric noise signal is common to both cables, flowing in the
same direction with equal amplitude, resulting in equal voltages in each cable. In
this situation noise is converted to a common mode signal being rejected by the

1atlc - arbitrary transmission line calculator

52



PSfrag replacements
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Figure 4.8: (a) “New style” sample holder with sample glued to into the depression
in the middle of the PCB. The PCB is placed in the bottom of the sample enclosure.
(b) “Old style” sample holder mounted to the mixing chamber of the cryostat with
twisted pair cables connected to it.

differential amplifier. This is of course only true provided that both cables have
the same impedance. Magnetic fields on the other hand will induce a current in
the loop formed by the cables and the sample, proportional to the loop area. Twist-
ing the cables will reduce this area and currents in two adjacent twists are of op-
posite direction, thus canceling induced currents from magnetic fields effectively.
Furthermore the twisted arrangement confines parts of the electric and magnetic
fields generated by signals in the cables to within the spiral, preventing the cable
to act as an antenna. The twisted pair cable used in the experiments here is part of
a braided cable with 12 pairs of constantan wire. Constantan has, as the name im-
plies, a fairly constant resistance against temperature. The resistance of the cable is
65 Ω/m. Space was an issue in the available cryostat and the basic design rule was
to keep things small. Therefore the connector that was used is 10-way multi-pole
connector with a 1.27 mm pitch. The twisted pair cable is a cheap solution having
satisfactory performance when working with frequencies not larger than about 10
MHz. For higher frequencies the spiral does not provide a good shield anymore
and crosstalk between closely spaced wires becomes a problem. The impedance
of the wire due to its inductance increases with frequencies and results in a re-
duced transmission of the signal through the cable. High frequency equipment
uses a characteristic impedance of 50 Ω. The impedance of the twisted pair cable
and connector is frequency dependent or badly defined, leading to reflections and
attenuation in the circuit at high frequencies.

The preferred method to connect the sample and lab equipment for high fre-
quency measurements is via coaxial cables. A coaxial cable consists of a center
conductor separated from a ground shield via an insulator. The dimensions of the
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cable are chosen in a way to provide a characteristic impedance of 50 Ω. The outer
conductor provides a good shield against electromagnetic interferences. Several
types of 50 Ω connectors were used, such as MMCX, SMA and SMP. MMCX is a
snap-on connector with an outer diameter of around 2.4 mm and therefore used
directly at the sampleholder. The connector is rated up to 6 GHz but measure-
ments with a network analyzer showed that its transmission does not deviate by
more than 1 dB up to 20 GHz. The drawback with it is that the snap-on design
provides a bad mechanical stability having an influence on the repeatability of
the measurement at higher frequencies. A widely used standard rf-connector is
of the SMA type, rated up to 18 GHz and having a screw-on mating mechanism,
providing good mechanical stability. However the SMA connector is consider-
ably larger than the MMCX connector and could therefore only be used where the
necessary space was available.Finally, in our newest design, SMP connectors were
used, rated up to 40 GHz, although being of the snap-on type. The dimensions of
the SMP are between the ones of the MMCX and SMA, making it possible to use
SMP even at the sampleholder.

While the twisted pair cable is very flexible and can therefore be tightly wound
around the cold parts of the cryostat for good heat sinking, the coaxial cables are
rigid, making heat sinking more complicated. Good electrical conductivity of the
coax means also good thermal conductivity, providing a direct path for heat from
the room temperature to the mixing chamber, raising the base temperature of the
cryostat. Two types of coaxial cables were mounted in series in the cryostat to
circumvent this problem. A wideband, low-resistive coax connects the room tem-
perature part of the cryostat down to the still of the cryostat. Wherever possible
the cable is heat-sunk with copper-tape to cold parts of the cryostat, such as the
sorption pump pumping lines or the still. From the still to the mixing chamber a
lossy coax with low thermal conductance is used.

At room temperature the high-frequency lines are connected with flexible coax-
ial cables directly to the measurement equipment. The twisted pair cables are con-
nect to the instruments via a break-out box with BNC connectors and BNC cables.

4.7 The pre-amplifier

The voltage signal that is achieved after a switch of the sample to the normal state
is of the order of V1,max . 400µV, which is twice the gap voltage in the present
experiments. This value is too small to be measured by a standard oscilloscope.
A homebuilt pre-amplifier directly connected to the sample measurement leads
at the top of the cryostat amplifies the signal to a detectable magnitude before
it is recorded by the oscilloscope. The amplifying circuit is based on a standard
instrumentation amplifier scheme, see figure 4.9. The amplification factor is given
by

g = 1 +
2R

Rg
(4.1)

54



PSfrag replacements

RR

R

R
RR

Rg

V1

V2

Vout+

+

+

−

−

−

Figure 4.9: Schematics of a basic differential amplifier. The amplification factor is
set by the values of the resistors R and Rg.

where in the experiments here input V2 was set to ground. A single integrated
circuit (IC) of the whole scheme is available from TexasInstruments (formerly Bur-
rBrown) under the name INA110. This circuit has a bandwidth of 100kHz at an
amplification of 500 and a low noise temperature[41] of Tn = 1.3 K at 10 kHz.
The low noise temperature of the amplifier is a result of its large input impedance.
This large input impedance, however, is responsible for the limited bandwidth of
100 kHz. The IC is placed in a radiation tight aluminum box with BNC input and
output terminals. A rechargeable lead-acid battery is used as the power supply.

4.8 Filters

Many of the filters discussed here consist of resistive elements. Even the cables
have some resistivity and consequently generate noise according to the Johnson-
Nyquist theorem

in =

√
4kBT∆f

R
, (4.2)

∆f being the measurement bandwidth and R the resistance of the component.
It is obvious from the perspective of noise that the most advantageous place to
have a filter is at a temperature as cold as possible and as close to the sample
as possible after all other resistive components in order to minimize fluctuations.
Waveform generators, amplifiers and other measurement equipment also generate
noise being coupled via the leads to the sample. Noise is responsible for premature

55



switching of the sample, degenerating its performance. Generally one wants the
noise reaching the sample to be as little as possible meaning that the source of
fluctuations should be from a real impedance which is at as low a temperature as
possible. Filters which remove hight temperature noise sources are an important
ingredient and many articles have been written and time spent on this subject.[81,
82, 83, 84]

A simple RC low-pass filter consists of a resistorRf in series with the measure-
ment lead and a capacitor Cf shunting the measurement lead to ground. Lossy
measurement leads make a rather good distributed RC line-filter for microwave
frequencies provided a sufficient length is well thermalized at low temperature.
Filters with discrete components are only effective in filtering noise of frequen-
cies where the corresponding wavelength is much longer the the dimension of the
components. For higher frequency noise smaller components have to be used or
filters with distributed Rf and Cf have to be used. A widely used high-frequency
filter is the so called copper-powder filter where a thin wire is counter-wound with
many turns and then surrounded with fine copper-powder. At high frequencies
the electromagnetic wave jumps via the small powder grains and the resulting
large surface gives rise to high attenuation of the signal. Last but not least a lossy
coaxial line, usually thermocoax, is used to attenuate high-frequency noise.

In our experiments we want to measure signals starting from DC until the cut-
off frequency of our amplifier at 100 kHz. It was found that appropriate filtering is
a key issue for measuring large switching currents. Therefore a low-pass filter with
a resistance R = 1 kΩ and a filter capacitor Cf = 10 nF was implemented in some
experiments. The 3 dB point, indicating the frequency where the signal is attenu-
ated by a factor of 2, lies for this particular filter at 100 kHz. Another possibility
for a filter is to exchange Rf by an inductor, forming an LC filter. However, LC
being non-dissipative elements can be problematic since they can easily form an
LC oscillator and care has to be taken. In the experiments performed here, com-
mercial low-pass filter from MiniCircuits with cut-off frequencies of 1.9, 15 and
150 MHz were used at room temperature. The most effective filter in the present
thesis was an on-chip RC filter (see above) being fabricated via optical lithography
directly on the chip. The cut-off frequency of this filter was estimated to be around
1.3 MHz.

4.9 Dilution Refrigerator

The sample holder is mounted to the mixing chamber of an Oxford Kelvinox AST
Minisorb dilution refrigerator with a base temperature of 25 mK and a cooling
power of roughly 40 µW at 100 mK.

The mixing chamber of a dilution refrigerator contains two phases of a mixture
of 3He and 4He, each phase with a different concentration of the 3He. At the
phase boundary between the two phases, the 3He from the concentrated phase is
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“evaporated” into the dilute phase. The latent heat of evaporation is taken from
the concentrated phase, thus causing cooling.

The process of evaporation is driven by constantly removing 3He from the
dilute phase by heating a still, and pumping on the still with a charcoal sorbtion
pump which has a temperature around 2 K. Due to the reduced concentration in
the dilute phase, more 3He is evaporated from the concentrated phase. Eventually,
the sorbtion pump will saturate. Therefore, the cryostat consists of two sorbtion
pumps. While one of the pumps is pumping, the other pump is regenerated by
heating it to 40 K. The hot gas that is released from the pump is condensed by a
1K-pot into the collector, before it is fed back into the mixing chamber through a
counter-flow heat exchanger.
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Chapter 5

Measurement Results

Four different samples were studied during this work. An overview over the sam-
ple parameters is given in table 5.1. Images showing the different sample layouts
are shown in the previous chapter 4 on experimental techniques.

Parameters1,2 F1
2 F2

2 F3
2

Sample Type EJ/EC I0 Isw R1 C1 R2 C2 R3 C3

I SQUID 17.2 372 220 60 1 - - - -
II SQUID 1.3 112 60 100 1 - - - -

IIIa CPT 10 46.7 4.2 60 1 7.2 0.21 - -
IIIb CPT 11.5 53.7 3 60 1 - - - -
IV QT 30.3 158 110 1000 3 7.2 0.21 600 1.4

1Values for I and II are for the SQUID, for III for the CPT, for IV for the shunt junction
2Currents in [nA], Resistances in [Ω], Capacitances in [nF]

Table 5.1: An overview over the parameters for the four different samples. F1–F3

are different filters used in the experiment.

5.1 Switching and the DC Loadline

The current voltage characteristic (IVC) of a Josephson junction is usually mea-
sured by applying a voltage via a bias resistor to the junction and measuring the
voltage across the junction. The choice of the bias resistor Rb together with the
non-linearity of the junction IVC may result in an unstable circuit, where regions
in the IVC are not accessible. Let us assume that the junction is embedded in a
circuit as shown in figure 5.1(a) and has an IVC as shown in figure 5.1(b). The bias
resistor defines a line of slope −1/Rb in this graph, called the loadline, that inter-
sects the voltage axis at Ub.[85] The point where the loadline intersects the IVC is
an operating point (OP) of the circuit for the given bias voltage. If the slope of the
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Figure 5.1: (a) A typical circuit containing a Josephson junction. (b) Stable op-
erating points of the circuit are where the loadline of slope −1/Rb intersects the
non-linear IVC of the junction.

loadline is in every point of the IVC steeper than the negative differential resis-
tance of the IVC, only one stable OP exists for any Ub. Such a loadline is marked
as L1 in fig. 5.1(b). If, however, there exists a region in the IVC where the slope of
the negative differential resistance exceeds the slope of the loadline, this region is
not accessible. This is the case in fig. 5.1(b) for the loadlines marked L2 and the
region between the points A and C. By sweeping Ub upwards, the operating point
follows the IVC until point A is reached. Increasing Ub slightly more will cause
the OP to jump to the new stable operating point B. When the bias voltage is again
decreased, the OP follows the IVC until point C from which it jumps to D. The
resulting measured IVC shows hysteresis.

5.2 Measurement Setup for Experiment I

Figure 5.2 shows the schematics of the so called resistive bias mode. This mode
was used for both, measurements of current voltage characteristics and pulsed
switching current measurements with fast current pulses. A voltage signal Ub was
generated by an arbitrary waveform generator (AWG). Samples measured in this
work had a switching current of the order of hundreds of nA. In order to achieve
such small currents the output voltage was therefore applied to the voltage divider
formed by R1 and R2. After the divider a bias resistor Rb set the current through
the sample. The value ofRb defined the slope −1/Rb of the loadline and was there-
fore responsible for the observable features in the IVC, see chapter 5.1 above. The
bias current itself was easily calculated by measuring the voltage drop across Rb.
A commercial low-pass filter (MiniCircuits) at room temperature followed after
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Figure 5.2: Schematics of the experimental setup as used for measuring IV curves
as well as switching currents by means of short current pulses of single Josephson
junctions. LPF is a commercial low-pass filter. The chip is represented by the gray
area.

Rb. Typical values of the filter cut-off frequency were 1.9 or 15 MHz. A total of
10 measurement lines, consisting of 5 pairs of twisted-pair cable, were available.
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Figure 5.3: Transmission through the twisted pair cable. The pulse and hold volt-
age applied at top of the cryostat for a 3.5 µs pulse (dashed line) and the voltage
measured at the end of the twisted pair (solid line). Distance between dotted lines
is 100 ns which was the shortest pulse duration used in this experiment.

The line that should be used for the measurement was chosen by a break-out box
with BNC connectors at the top of the cryostat. The sample itself was grounded
at the top of the cryostat at room temperature. A differential amplifier was con-
nected after Rb and was used to measure the voltage across the twisted pair, the
filter and the sample in series. The signal from the amplifier was digitized with a
digital phosphor oscilloscope and stored in a personal computer for further data
processing.

IV curves were measured by applying a triangular voltage signal at a frequency
of the order of 10 Hz. This setup was also used for pulsed switching measure-
ments. The minimum pulse duration attainable was determined by the dispersion
in the twisted pair leads, which could propagate 100 ns pulses as shown in fig. 5.3.
Hence the twisted pair acts as low-pass filter F1 with parameters as noted in ta-
ble 5.1. In this set-up we tested the system without any additional filters near the
sample, in order to explore pulsing with these 100 ns pulses. The addition of a
cold low-pass filter near the sample was found to suppress noise from the bias
circuitry and increase the switching current. Such filter were implemented in later
experiments where the pulse was applied via a coaxial cable to a bias capacitor
(see below).
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Figure 5.4: (a) IVC at B = 0 G. Switching current Isw , normal state resistance Rn

and superconducting energy gap ∆ can be extracted from the plot. (b) Modulation
of Isw (solid line) and I0 (dashed line) as a function ofB, solid line and dashed line,
respectively.

5.3 Experiment I

The goal of experiment I was to investigate the possibility to use the non-linearity
of the IVC to latch the state of the sample after a current pulse. The measurement
setup for this experiment resembled closely the schematic diagram in fig. 5.2 and
a micrograph of the sample is shown in fig. 4.6(a).

A standard procedure for determining the sample parameters Isw , Rn and ∆ is
achieved via the measurement of the IVC. A typical IVC is plotted in figure 5.4(a),
in the present case being the IVC of sample I for B = 0 G. The bias resistor used
for the measurement wasRb = 11 kΩ, being much larger than all other resistances.
Therefore the switch from the superconducting state to the finite voltage state is
nearly horizontal. Being a small capacitance junction in a frequency dependent
environment defined by the cryostat leads, the sample is underdamped after it
switched to the final voltage state, resulting in a hysteretic IVC. Since sample I
is a SQUID, the critical current can be modulated by applying a magnetic flux
through the loop. The modulation of Isw and I0 as a function of the magnetic field
B is plotted in fig. 5.4(b) as a solid and dashed line, respectively. The calculated
dependence of the theoretical critical current has the functional dependence I =

I0 · | cos
(

πBA
Φ0

)
| where I0 = 372 nA and Φ0/A = 26 G with A being the effective

area of the loop. The fact that Isw becomes zero at B = 13 G is an indication that
the two junctions in each arm of the SQUID are nearly identical.[86] However, the
switching current is only about 0.6 of the critical current, indicating the presence
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Figure 5.5: Voltage across the sample for pulse and hold method biased through
different values of Rb.

of noise in the circuit.
When the sample is switched by the pulse and hold technique as explained

in chapter 3.1, the voltage that will build up over the junction after it switched
depends on two properties, the value of the bias resistor and obviously the ampli-
tude of the hold level. The value of the bias resistor sets the slope of the loadline.
Hence a small Rb results in a stable operating point with a small voltage. If the
value of Rb becomes so small that the slope of the loadline is steeper than the
steepest point of the differential resistance of the IVC no bistability exists and con-
sequently no latching of the circuit state is possible. Figure 5.5 shows the voltage
V across the sample as a result of a sample and hold stimulus for different values
of Rb. The thick line is the signal when the sample does not switch. Although the
sample stays superconducting, a certain voltage drops across the lead resistance
connecting the amplifier with the sample which explains the finite voltage. For
the large bias resistor Rb = 10 kΩ the slope of the loadline is nearly horizontal
and consequently the sample switches to the gap voltage V = 2∆/e ≈ 400 µeV.
In this case the separation between switch and no-switch is very clear and can be
distinguished without ambiguities. For a value of Rb = 1 kΩ the stable operating
point lies somewhere in the subgap area. The circuit is still hysteretic resulting in
a voltage after the switch that differs from the no-switch voltage. In the case of a
bias resistor Rb = 400 Ω the slope of the loadline becomes so steep that hysteresis
does not exist anymore. Although the sample seems to switch initially, the final
voltage across the sample is the same as in the no-switch case. An optimal value
for Rb is a value large enough that switch a no-switch can be easily distinguished
from a switch. Actually since the current noise generated by the resistor scales as
∝ 1/Rb a very large resistor is desirable. A large resistor on the other hand has
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Figure 5.6: S-curves measured with the pulse- and hold technique for pulse dura-
tions τp = 0.1, 0.2, 0.5, 1, 2, 5, 10, 20, 50 and 100 µs, from right to left.

a horizontal loadline. If we wait for the circuit to reach a steady state, the junc-
tion will switch to the gap 2∆/e where the junction becomes normal resistive and
current is transported by quasi-particle tunneling. The disadvantage of the pres-
ence of quasi-particles when the circuit is biased close to ∆/e is that quasi-particles
spoil the coherent state of the quantum circuit as has been shown by Männik[87].
Additionally, power is dissipated close to the junction in the presence of quasi par-
ticles, causing heating of the sample. However, because of the low level of current
during the hold (after a switch) and the relatively large filter capacitance in the en-
vironment, we are able to follow the junction voltage with our 100 kHz bandwidth
amplifier, and shut off the measurement before the gap voltage is reached.

Switching probabilities P , as measured with the pulse- and hold technique
(see chapter 3.2), are plotted in figure 5.6 for different durations τp of the switch
pulse at B = 0 G and T = 25 mK. The pulse durations are τp = 0.1, 0.2, 0.5,
1, 2, 5, 10, 20, 50 and 100 µs, from right to left. The current pulse amplitude is
determined from Ip = Ub/Rb. For the very short pulse the switching current thus
determined is around 20% above the critical current of the sample. Since the pulse
was applied via the twisted pair cable to the sample, dispersion in the cable leads
to an effective pulse of lower amplitude at the sample for short τp. This effect is
shown in figure 5.3 where the applied voltage on top of the cryostat is plotted as
a dashed line and the voltage at the end of the twisted pair cable as a solid line.
The dotted vertical lines enclose a time intervall of 100 ns duration. In this region
the transmitted pulse is diminished roughly by 22% which explains why the pulse
height needed to switch the SQUID for 100 ns pulses exceeds I0.

From the S-curve the switching current Isw and the relative resolution ∆I/Isw

can be determined, see chapter 3.2. We choose to analyze the relative resolution
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∆I/Isw instead of the absolute one (∆I) because of the effects of dispersion for
pulses of different duration. Those effects cancel when we use ∆I/Isw. Figure 5.7
shows the dependence of Isw and ∆I as a function of τp. For increased pulse
duration the value of Isw converges towards the DC-switching current level as ob-
tained from the DC-IV curve. The dependence of Isw on τp can be explained in the
following way. The escape rate for the sample biased at i ≈ 0.5 is of the order of
Γ ≈ 1/2 (µs)−1. Consequently all measurements with τp > 2 µs escape from the
same level. The probability of escape for shorter pulses becomes less and less and
in order to maintain a constant switching probability of let’s say P = 0.5 the pulse
amplitude has to be increased. The important property of a switching current de-
tector is its resolution which is plotted for the current sample in the lower panel
of figure 5.7 for T = 25 mK. For long pulse durations the relative resolution be-
comes ∆I/Isw < 0.02. However, this values increases for shorter τp and becomes
approximately 11% for τp = 100 ns. The dashed lines show simulated values of
the response to a current pulse of respective duration[88], using the circuit model
of chapter 2.3 where the noise sources are assumed to have a white spectrum. The
curves are for noise temperatures T = 30 mK and 3 K, respectively. For long pulse
durations both experimental points and simulated data approach the same value.
However, for short pulses the width of the experimental S-curve increases faster
than for the simulated ones. A probable explanation for this is that the distributed
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RLC environment of the twisted pair is not accurately modeled by the simple RC
shunt used in the simulation.

The SQUID layout of the sample enables the possibility to tune the critical cur-
rent by applying magnetic fields perpendicular to the loop. ∆I/Isw for different
values of B and hence for different I0 is shown in fig. 5.8 recorded for pulse dura-
tions τp = 0.1 and 10 µs. Not unexpected the resolution gets worse for decreasing
critical current. For example for τp = 0.1 µs the resolution is approximately 14.7%,
or in absolut values ∆I = 3.3 nA.

The temperature dependence of Isw in the range T = 25–700 mK is plotted
in figure 5.9 for τp = 0.1 µs and τp = 100 µs. For the short pulse duration Isw

fluctuates around i = 1.25 over the whole temperature range whereas for the long
pulse the switching current decreases with increasing temperature. The behavior
of the latter temperature dependence is certainly as expected by the simple escape
rate argument where Γ increases with increasing temperature, see eqn. 2.26. The
behavior for the 100 ns pulse could be explained in the following way. The height
of the applied pulse is close to the critical current of the junction. Thus, the pulse
brings the circuit close to the saddle point S or limiting cycle C in its phase space,
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(see chapter 2). The attempt frequency κωp (see chapter 2.6) goes to zero at I = I0.
Due to the shortness of the pulse thermal equilibrium can not be established and
escape is due to variations in the pulse amplitude of the generator. This effect is
also seen in sample IV.

We mentioned earlier the importance that all pulses are statistically indepen-
dent from one another, see chapter 3.2. A plot of the autocorrelation function r1
versus the wait time between pulses τh is depicted in fig. 5.10. Circles represent
measured values and the solid line is a fit to the data being of the form

r1 = 0.26 · exp

(
−0.04

µs
τw

)
. (5.1)

For wait times τw > 80 µs adjacent pulses are more or less independent from each
other. The mutual influence of two adjacent pulses has its origin most likely in the
discharge of the environment capacitance after a switch. If pulses are applied to
close after each other, the environment does not have time to discharge its capac-
itance after the sample switched. Therefore a voltage is sustained during the next
pulse and the sample is kept in the final voltage state. A further possibility for
the increasing correlation can be the generation of quasi-particles after the sample
switched. If the sample switches to the gap voltage the current is transported by
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quasi particles and energy is dissipated near the junction in the form of heat when
the quasi particles relax. The time the sample needs to cool down after a switch
is reflected in r1. Therefore it is important to keep the sample at a voltage as low
as possible after the switch in order to minimize the dissipated power on the chip.
We use Rb = 1 kΩ which gives good separation while switching to a value below
2∆/e, see figure 5.5 and the decay of r1 is most likely explained by discharge of
the environment capacitor C1.

5.4 Measurement Setup for Experiments II–IV

A much better method for generating fast current pulses than the one presented
above is shown in the schematic drawing of fig. 5.11. A voltage step Ub from an
AWG was first applied to an attenuator. The attenuator was found to be necessary
because the AWG, depending on its output voltage, switched internal attenuators.
The noise of the AWG operated in different internal attenuation ranges was dif-
ferent. Hence, if the needed step voltage for switching the sample was extending
over two internal attenuation ranges of the AWG, a discontinuity in the S-curve
was measured. In order to avoid this artifact the external attenuator was chosen
to operate the AWG within one single internal attenuation region. The attenuated
signal was directly fed into a coaxial cable. This coax has much less dispersion
than the twisted pairs. The last section of the coax between 1 K and 25 mK was
a stainless steel micro coax, which is rather dispersive, attenuating 0.9 dB/GHz
above 2 GHZ. This section of lossy coax gives some filtering at high frequencies,
but the cut off was high enough so that it did not distort a 5 ns voltage step from
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the AWG. Two different pulse durations could be tested by using two different
AWGs with a risetime of 25 ns and 5 ns, respectively. An on-chip capacitor Cb

differentiated the voltage step close to the sample, see chapter 3.1. The voltage
across the sample was measured by connecting a differential amplifier via twisted
pair cables to the sample. The twisted pair was filtered at base temperature by one
or several stages F1 to F3 of low-pass RC filters with cut-off frequencies ranging
from 100 kHz to 10 MHz. At room temperature a commercial MiniCircuit filter
with cut-off frequency of 1.9 MHz was used. The amplified signal was again digi-
tized by a digital phosphor oscilloscope and finally stored in a PC. This setup was
also used for measuring Cooper pair transistors and a quantronium. In those cases
a second coaxial line was used to connect a voltage source to the gate electrode of
the device. This coax was filtered at room temperature by a MiniCircuit filter with
1.9 MHz cut-off. When the IVC of the sample in this setup was to be measured,
the layout of fig. 5.2 was used.

70



PSfrag replacements

Cg

Cb

I0

UbVg

V

F1

F2

F3

−3dB

300 K

25 mK

SMD RC low-pass filter

LP
F

LP
F

Figure 5.11: Schematics of the experimental setup as used for generation of short
current pulses via the bias capacitor Cb for single Josephson junctions, Cooper
pair transistors or a quantronium. LPF is a commercial low-pass filter. The chip is
represented by the gray area.

71



PSfrag replacements

I
[n

A
]

B [G]

0
0 10

20

20 30

40

40

60

80

100

120

Figure 5.12: Magnetic field dependence of switching current Isw solid line, and
critical current I0 dashed line. Points indicate Isw for B = 0, 5.5 and 7.6 G, used
in fig. 5.14. The dotted lines enclose the B-filed region from 13.6 to 14 G swept in
fig. 5.15

5.5 Experiment II

The purpose of experiment II was to test the method of applying a voltage step to
an on-chip interdigitated bias capacitor Cb in order to shorten the readout pulse.
The setup for this experiment is represented by the schematic drawing in fig. 5.11.
A micrograph of this sample is shown in figure 4.6(b) together with the interdigi-
tated bias capacitor of this sample, fig. 4.6(e). The cut-off frequency of the cold RC
filter F1 was 100 MHz. Sample parameters were determined in the same way as in
the first experiment by means of the sample IVC. Since sample II was a SQUID the
switching behavior at different levels of the critical current was investigated. Isw

for different values of magnetic field is plotted as a solid line in figure 5.12 while
the dashed line shows the value of I0. The measured switching current reduces to
Isw = 0 when half a flux quantum is applied to the loop, being a sign of nearly
identical Josephson junctions in the SQUID. At zero magnetic field however only
about 50% of the critical current is observed.

Figure 5.13 shows the relative resolution ∆I/Isw as determined from the S-
curve as a function of the temperature in the range between 25 and 600 mK at
B = 0 G. The temperature data shows that the resolution slightly degrades for
increasing temperature until T ≈ 200 mK and then improves again for higher
temperature. A similar effect was observed by Vion et.al.[46] where they investi-
gated the effect of frequency dependent damping on the switching of the sample.
The twisted pair cables connected to the sample used for readout form a frequency
dependent environment but a good quantitative analysis is difficult due to the dis-
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tributed nature of R1 and C1 in the present setup.
At base temperature the resolution ∆I/Isw is only 2.5%. This result is rather

remarkable bearing in mind that the current pulse is as short as 5 ns at FWHM. As
we saw in experiment I, a short readout pulse will actually probe the circuit at its
critical value. This is also observed later in experiment IV. If the same is true for
the current junction this means that the absolut resolution is ≈ 2.9 nA.

A plot of the S-curves at base temperature for the three magnetic fields B =
0, 5.5 and 7.6 G is shown in fig. 5.14. Since the value of the interdigitated bias
capacitor was not known we plot P as a function of the step height Ub. These three
values of magnetic field are indicated by points in figure 5.12 where we can read
the theoretical maximum critical current I0 and the switching current measured
by sweeping the IVC at these magnetic fields. If we assume for the moment that
the junction will switch when the 5 ns pulse exceeds the critical current, we can
calculate a value for the interdigitated capacitance by taking the 100% switching
level to be the critical current I0(B). This results in a capacitance of 0.7 fF, which
is too low for an interdigitated capacitor of that size.

However, for such short pulses, with overdamped phase dynamics at high fre-
quencies, the amplitude of the current pulse can actually exceed I0 and the junc-
tion will still not have time to switch. In terms of the tilted washboard model, we
exceed the critical tilt for such a short time that the particle does not have time to
accelerate and overcome damping to reach a phase of π/2 where switching occurs.
The SQUID is therefore useful in determining the resolution in terms of I0 because
we can use the magnetic field to change I0, and observe how the measured S-
curves shift. With this method we find that a 15% change in I0 corresponds to a
15.6% change in the step height needed for switching with P = 0.5. The width
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of the measured S-curve in fig. 5.14 for zero magnetic field then becomes 2.6%, or
2.7 nA in agreement with our previous measurement.

Alternatively, we can fix the pulse height and measure the switching probabil-
ity as we tune the critical current so that we go from 0% to 100% switching. This
method is displayed in figure 5.15. Here the amplitude of the voltage step is fixed
at a value Ub = 0.42 V. The value of I0 corresonding to B is plotted on top of the
graph and the region of magnetic field that was swept is enclosed by the dotted
lines in fig. 5.12. The given current pulse can discriminate two states with single
shot precision whose critical current differ by a minimum of 3 nA.

All the methods described here for obtaining a value of the resolution lead
consistently to a result ∆I ≈ 3 nA. The difference in critical currents of the two
qubit states in the first quantronium experiment by Vion[74] was ∆i01 = 10.7 nA.
This means that the switching current detector of experiment II easily could dis-
criminate the two states of a comparable qubit. Additionally the duration of the
readout pulse is 20 times shorter than the pulse used by Vion. During readout,
when the detector is in its on state, the detector causes an increase in relaxation
rate of the quantum state. This problem has been addressed by several authors,
e.g. [36, 37, 38]. The shorter readout pulse as in the present experiment is therefore
advantageous.
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5.6 Experiment III

Experiment III was a first test of embedding the sample in an on-chip RC environ-
ment. Furthermore the interdigitated bias capacitor was replaced by an overlap
capacitor as described in the previous chapter. The advantage of the overlap ca-
pacitor is that its specific capacitance is much larger than the one of an interdigi-
tatedCb, thus a larger capacitance can be realized and therefore larger currents can
be achieved with the same voltage step. In this first experiment no cold filters were
implemented. The chip of this experiment contained two Cooper pair transistors,
samples IIIa and IIIb, being fabricated simultaneously with nearly identical pa-
rameters. Pictures of the samples are shown in figure 4.6(c). The CPT of sample
IIIa is embedded in an on-chip RC environment F2, see table 5.1. Its IVC is plotted
in figure 5.16 as a dashed line. For sample IIIb no special care is taken for the en-
vironment and it is directly connected to the twisted pair cables. Its IVC is plotted
as a solid line in fig. 5.16

Their IVCs show qualitatively very different behavior. On the one hand sam-
ple IIIb shows strong phase diffusion and no hysteresis. Sample IIIa, on the other
hand, does not show any phase diffusion and has hysteretic switching. The de-
sired phase space with topology as shown in fig. 2.11 is achieved for sample IIIa
for bias levels i > 0.44. The figure shows a switching current Isw = 4.2 nA
(isw = 0.09), being clearly below this value and an indication of very much exces-
sive noise. However, plotting the phase-space for the parameters of this sample
at a bias level isw = 0.09 shows that the unstable limiting cycle C is very close to
the saddle point S. The absence of phase diffusion indicates that, although phase-
diffusion is in principle possible, noise is so strong that the circuit’s fictitious phase
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particle is immediately activated across C into the 1-basin. The situation in com-
pletely different for sample IIIb where the critical tilt for the favorable phase-space
topology is achieved at i > 0.98. Although noise is excessive also in this sample,
the limiting cycle C is so far away from S that the fictitious phase particle is repeat-
edly “kicked” into another 0-basin and hence the observation of phase-diffusion.

Using a sample of the type of IIIa as a fast switching current detector as dis-
cussed in chapter 2 is in principle possible. Provided better filtering is imple-
mented and a hold level for the readout with i > 0.44 is used.
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Figure 5.17: left panel: Switching currents for the quantronium normalized to the
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netic field B. Right panel: Simulation of the switching current as a function of ng

and θ.

5.7 Experiment IV

Experiment IV was a combination of the previous experiments where a quantron-
ium was embedded in an on-chip damping circuit with the possibility of applying
readout pulses through a bias capacitor. Furthermore an on-chip low-pass filter
with a cut-off frequency of about 1.2 MHz was used. The experimental setup is
of the form as depicted in figure 5.11 and a micrograph of the sample is shown in
fig. 4.6(d). The quantronium layout was chosen for the sample since it is a known
working qubit circuit. However, we were not able to measure spectroscopy in this
sample, most likely due to problems with fluctuating background charges and
uncertainties in the specific capacitance of the Josephson junctions during fabrica-
tion, resulting in uncertainties in the charging energy EC and therefore the qubit
frequency.

The sample layout allows for manipulation of both, gate voltage Vg and phase
difference θ across the CPT of the circuit. By sweeping Vg and B and recording
an S-curve for each set of parameters, the switching current versus flux and gate
charge of the quantronium in its ground state is obtained. The left panel of fig-
ure 5.17 shows the experimentally determined switching currents, normalized to
the maximum current during the measurement, as a function of Vg and B. The
right panel is a calculated plot of I/Imax versus θ and ng . Since EJ was well
known from the DC-IVC, EC was adjusted until a reasonable agreement between
the two plots was obtained. In future experiment this method can be used to ob-
tain a crude estimate forEC and the specific capacitance of the Josephson junction.
This would result in a better known value of the resonant frequency and help to
find the resonance peak.
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Pulse and hold measurements of the sample were performed in both, R-bias
and C-bias modes. The risetime (25 ns) and amplitude (7.3 mV) of the voltage step
in the C-bias method would result in a current throughCb (1.4 pF) that exceeded I0
by about 3 times. However, due to the short duration of the step and the symmetric
arrangement of the filters F1–F3, half of this current flows through the filters to
ground so that the current through the sample during the switch pulse was Ib ≈
208 nA. Exceeding I0 during the switch pulse is not unreasonable, bearing in mind
that the circuit is heavily overdamped at high frequencies, and a very short but
strong kick will be needed to overcome damping and bring the phase particle
close to the bifurcation point.

Switching currents Isw extracted from experimental and calculated S-curves
(see chapter 3.2) for constant values of Vg = 25 mV and B = 1.8 G are plotted
in figure 5.18 in the temperature range 100–500 mK. Experimental values are in-
dicated by crosses for pulse times τp = 20 µs. The filter F1 causes a rounding of
the applied square voltage pulse, which is accounted for by calculating the escape
probability for a time dependent current [67],

P = 1 − exp

(
− 1

di/dt

∫ i

0

Γ(i′)di′
)

(5.2)

where i = Ib/I0 is the reduced bias current and Γ is obtained via eqns. 2.35 or
2.26. Sample parameters used for this calculation are the measured bias (includ-
ing filter) resistanceR1 = 11600 Ω, the measured high frequency damping resistor,
R2 = 7.2 Ω, the high frequency damping capacitance C2 = 0.207 nF, the junction
capacitanceCJ = 30 fF, and the calculated critical current I0 = 148 nA. The critical
current I0 = 148 nA is not the bare critical current I0 = 158 nA since the quantro-
nium was biased at a magnetic field such that a persistent current of ≈ 10 nA was
flowing in the loop. These parameters are all independently determined, and not
adjusted to improve the fit. However, the capacitance of filter F1 was uncertain,
having a nominal value of 10nF, and unknown temperature dependence below
4 K. Cooling the same capacitance to 4 K, we observed a decrease of C1 by around
10%. This capacitor C1 determines the rounding of the square voltage pulse, and
thus the time dependence of the current applied to the junction. We found that it
was necessary to assume C1 = 3 nF in order for the simulations to agree with ex-
periment. This low value of C1 at low temperatures is not unreasonable, as circuit
simulations with the nominal value of 10 nF showed that the initial pulse would
not exceed the hold level, which clearly is not possible because excellent latching
of the circuit was observed. We see that the experimental data for the long pulses
(points marked by an X in fig. 5.18) are in reasonably good agreement with the
simulated values when the theory of switching in an environment with frequency
dependent damping is used (escape from a meta-potential, equation 2.35) which
is plotted as a solid line in fig. 5.18. We note that for the 20 µs pulses, escape occurs
at bias currents i ≈ 0.7, where the phase space has a topology as shown in figure
2.11. Hence we can neglect phase diffusion and escape is from a saddle point, so
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in the overdamped limit (dashed line).

that the non-absorbing boundary condition assumed in the theory is valid. For
comparison, we use the overdamped Kramers formula (equation 2.26) to simulate
the S-curve and calculate Isw , which is shown by the dashed line in fig. 5.18. For
the prefactor in the escape rate we have used the high frequency quality factor Q1

as determined by the resistor R2 only. We see that the Kramers formula overesti-
mates Isw by some 25%.

This sample has a damping value for the voltage across C2 of α = 4.49 (eqn.
2.20) and the requirement α � 1 for the decoupling of timescales in not perfectly
satisfied and probably being a major source of error. The frequency dependence
of the environment impedance has to be regarded only down to frequencies corre-
sponding to the duration of the pulse and can be truncated at ω = 2π/τp. Therefore
the bias resistor can be neglected in the model since its effect on the impedance is
only important at low frequencies, see fig. 5.19. We therefore actually used the
particular model for Γ as presented in refs.[46, 67] which neglects Rb and exactly
matches the circuit model realized by the on-chip environment. Those models use
Z(ω) as indicated by the dashed line in fig. 5.19. The deviation from the actual
impedance during the experiment (solid line in fig. 5.19) is most likely another
cause for the discrepancy between calculated and measured values in fig. 5.18.

Experimental data for the short pulses of duration τp = 25 ns generated by
the capacitive bias method is plotted in fig. 5.18 as circles. Here we see that the
value of Isw is constant in the temperature range studied, indicating that escape
is not from a thermal equilibrium state. For the ideal phase space topology, as
shown in figure 2.11, the initial pulse would bring the phase particle arbitrarily
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close to the saddle point S for the hold bias level. If the separation in to the basins
of attraction occurs before thermal equilibrium can be established, we would not
expect temperature dependence of Isw . In our experiments however, we may not
have achieved a constant hold level since the voltage ramp from the waveform
generator is not perfectly smooth. Knowing the bias capacitor we can calculate an
average hold level of ihold = 0.35, somewhat lower than the critical value of ihold =
0.67 necessary to achieve the phase space topology of figure 2.11. Nevertheless, we
observe excellent latching of the circuit for these 25 ns switch pulses. We conclude
that the observed temperature independence of Isw, and the fact that Isw exceeds
I0 by 20% is consistent with a very rapid switching of the junction.

Figure 5.20 shows ∆I/Isw for experimental data with τp = 20 µs as crosses
and calculated values based on eqns. 2.35 and 2.26 as a solid line and dashed line,
respectively. The experimental data does not show any appreciable change in the
width of the switching distribution ∆I over the temperature range studied, where
the theory predicts some widening of the distribution as the temperature is in-
creased. Here again, the theory of escape with frequency dependent damping is
in closer agreement with the measured data. For the 25 ns pulses, shown as open
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Figure 5.20: Relative resolution for pulsed readout of sample IV. Crosses mark
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Circles are measured values for τp = 20 µs.

circles in figure 5.20, we see that the width of the switching distribution is also
unaffected by temperature below 400 mK. The observed width is not due to ther-
mal noise, but rather due to variations in the pulse amplitude, or variations in the
accuracy with which we can put the system near the saddle point. These varia-
tions are significant because the 1/f noise from the waveform generator must be
taken in to account when generating the train of pulses over the time window of
the measurement which was about 0.5 sec. Here a much faster pulsing duty cy-
cle than the one used (fcyc = 4 kHz) would improve the measurement as good
statistics could be collected in a shorter time, and the low frequency fluctuation
of the pulse generator would be avoided. Nevertheless the 25 ns pulses show the
necessary resolution needed for a switching current detector.

The obtained resolution for T = 100 mK is ∆I/Isw = 0.055 or, in absolute
numbers, ∆I = 9.8 nA. For a quantronium style qubit with EJ/EC = 2.5 and
EC = 0.5 K the switching currents of the two different states at the optimal read-
out point differ by 9.6 nA. A calculated plot of switching current distributions of
such a quantronium for the ground and first excited state with the parameters of
the readout junction as the one in the present experiment is shown in figure 5.21(a)
for T = 50 mK. Figure 5.21(b) shows the difference ∆P of the two probability dis-
tributions, taking a maximum value of ∆P = 0.99. Single shot readout is possible.

The present state of the art detector implemented by Lupaşcu uses a dispersive
measurement[30, 42] and has a theoretical visibility of 98% with an achieved visi-
bility of 87%. This result is obtained by using a similar technique as in the present
work of probing the circuit close to its bifurcation point followed by a hold level
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Figure 5.21: (a) Simulated switching probabilities for the ground state |0〉 and first
excited state |1〉 for a quantronium with EJ/EC = 2.5 and EC = 0.45 K at T =
50 mK. (b) Difference in simulated switching probabilities ∆P = P|0〉 − P|1〉.

for letting the circuit settle in its final state. The hold duration was 10 µs resulting
in a duty cycle for this measurement of fcyc < 100 kHz. This is certainly the major
advantage of this method compared with the duty cycle in the present measure-
ment of fcyc = 4 kHz.

The modulation of Isw as a function of the gate voltage is shown in fig. 5.22.
It shows a 2e-periodic signal with respect to the gate voltage for temperatures
T < 250 mK. In the temperature range 250 mK to 300 mK a clear transition to e
periodicity of Isw is observed. For the size of the superconducting island used in
this experiment, we can estimate a crossover temperature T ∗ ≈ 300 mK, above
which the free energy difference between even and odd parity goes to zero.[76]
Hence we know that the sample is in equilibrium with the thermometer below T ∗,
and therefore heating effects that might occur in the short pulse experiments can
not explain the fact that the observed Isw is independent of temperature.

Figure 5.23 is a plot of the autocorrelation coefficient r1, see chapter 3.2, as a
function of τw. Similar to sample I an exponential decay of r1 for increasing values
of τw is measured. The solid line is a fit of equation

r1 = 3.345 · exp

(
−0.03

µs
τw

)
(5.3)

to the measured data. This implies that for the present circuit a correlation coeffi-
cient rk = 1 is obtained for τw = 40.2 µs. This wait time of 40.2 µs corresponds to a
minimum wait time necessary to retrap the phase in a minimum of the washboard
potential, after a switching event. The retrapping time is difficult to estimate for
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Figure 5.24: Spectrum of sample IV for f = 3–20 GHz measured with 1 µs pulses.

the case of frequency dependent damping, but it will certainly be of the order of
the discharge time of the large capacitance in filter F1, R1C1 = 3 µs, as the volt-
age across the junction will need to reach the unstable point (marked S in fig. 2.11)
before retrapping is possible. Thus we see that lowering the cutoff frequency of fil-
ter F1, while having the positive effect of reducing the high frequency noise from
the measurement circuitry, has the negative effect of increasing the duty cycle by
increasing both the hold and wait times.

Spectroscopic Measurements on Sample IV

Numerous, unfortunately unsuccessful, attempts were made for measuring the
resonance frequency for the two lowest energy state of this sample. The sample
was biased at different points in its energy landscape (see figure 2.16) correspond-
ing to a magic point, such as ng = 1/2 and θ = 0 or ng = 0 and θ = π. A radio
frequency pulse was formed by applying an envelope wavefunction of 1 µs du-
ration to a mixer circuit where it was mixed with the rf signal.[89] This duration
should be enough to lead to an incoherent mixture of the two qubit states. The fre-
quency was stepped in the range where the resonance peak was estimated to be.
Immediately after each rf-pulse a pulse and hold signal probed the circuit. This
was repeated for each frequency for typically 4000 to 10000 times and the result-
ing switching probability was calculated. A plot of a typical recorded spectrum
is shown in figure 5.24. The switching probability saturates in a region around
10 GHz. This was due to a too high rf-power in the displayed frequency sweep.
Lowering the power prevented the detector from saturation. The structure that
can be seen in the spectrum is due to environmental excitations. We adjusted the
power initially so that the spectrum did not show any peak and then increased the
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rf-power gradually with every new frequency sweep. Peaks that appeared in the
spectrum could be tested if they were due to resonant activation of the qubit. By
changing slightly either ng or θ the level spacing of the two states can be changed,
changing the position of the resonance peak in the frequency spectrum. This was
not the case for any of the peaks visible in any spectrum. Some measurements
were performed to frequencies up to 40 GHz. Since the mixer circuit was only
working up to 20 GHz, continuous wave had to be used in the frequency range
above. The installed cables in the cryostat had an attenuation of 30 dB at 20 GHz
that increased by 1.4 dB/GHz. We are not sure if the wave reaching the sample had
enough power to excite the qubit above 20 GHz. Similar measurements were per-
formed using continuous wave microwave excitation. This method was, however,
exciting even more environmental modes with the same result that the resonance
peak could not be found. The arrows in fig. 5.24 indicate jumps in background
charges. The relatively high rate of this jumps is a possible explanation that we
were not able to find the resonance.
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Chapter 6

Conclusions

Switching current measurements have been successfully used for determination
of the quantum state of different qubits.[6, 7, 8] This type of measurement showed
good visibility and long relaxation times. These switching current detectors have
been implemented in the underdamped limit for the dynamics of the external
phase.

In this work we investigated the switching behavior of Josephson junction cir-
cuits in an environment with frequency dependent damping. The frequency de-
pendence of the environment is overdamped at high frequencies when the circuit
is in the superconducting state and underdamped when the circuit is in the finite
voltage state. By analyzing the phase space topology of the circuit, a preferable
set of parameters can be found where our HF-overdamped circuit has a phase
space topology similar to an underdamped circuit. Such a topology consists of a
series of basins of attraction containing one fix point attractor A, corresponding to
the phase particle of the junction in a local minimum of the washboard potential
manifesting itself in the superconducting state of the circuit. These basins are sep-
arated from one another by the basin of attraction of the limiting cycle B where
the phase particle runs down the washboard, corresponding to the finite voltage
state. We use a pulse and hold technique to probe the switching current of the
circuit. A short initial current pulse is applied to the circuit that immediately is
followed by a hold level of lower amplitude. The purpose of the initial pulse is to
provide the phase particle with just enough energy that it reaches the bifurcation
point at the instance when the hold level is applied. The bifurcation point corre-
sponds to the saddle point S in the washboard potential. A tiny fluctuation can tip
the phase particle in either direction from where it will quickly separate into either
superconducting or finite voltage state which signal can be measured.

We realize the pulse waveform by applying a voltage step to an on-chip bias
capacitor which differentiates the voltage step into a short current spike. The hold
level is obtained by using a linear voltage rise immediately after the step. A current
step of 5 ns risetime results in a switching distribution of 2.5%, being comparable
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with the resolution obtained in the original quantronium experiment, although
our pulse is 20 times faster. The frequency dependent environment is formed by
an on-chip RC circuit defined by photo lithography. A comparison between IV
curves of two nearly identical junctions where one is embedded in the RC envi-
ronment and the other not, shows that the phase diffusion can be effectively sup-
pressed with an HF-overdamped environment. Switching current measurements
with 20 µs and 25 ns pulses are performed at different temperatures. The former
results in switching behavior that can be fitted to a generalization of Kramers’ es-
cape theory with good agreement taking into account the frequency dependent
damping. The result for the 25 ns pulses, however, do not show any temperature
dependence which we explain by switching not from an thermal equilibrium state.
Switching of a qubit detector that is not triggered by thermal processes is a desired
property. The only perturbation in the circuit that triggers the detector are the dif-
ferent quantum states of the qubit. Comparing the resolution of this detector to a
quantronium with parametersEJ/EC = 2.5 andEC = 0.5 K shows that our detec-
tor could discriminate two quantum state with a visibility of 99%. Unfortunately
we were not able to measure coherent oscillations in the quantronium, although
numerous attempts were performed. Reasons for this are fluctuations and jumps
in background charges visible in all recorded spectra and an imprecisely known
resonance frequency due to uncertainties in the charging energyEC . The detected
signal after a switch of the detector is the voltage that results from charging up the
capacitance of readout leads and filters. This voltage has to be amplified which
is achieved by a low-noise amplifier with high input impedance. The high input
impedance limited the bandwidth of this amplifier to 100 kHz. Since the charging
time of the largest filter stage was ≈ 10 µs the amplifier could follow the volt-
age directly across the sample and the duration of the hold level could be kept at
a minimum so that the voltage was kept well below the gap voltage 2∆/e. The
disadvantage of our method is the time needed to charge up the environment in
order to detect the signal which limited the duty cycle to 4 kHz, in comparison
with fcyc ≈ 100 kHz in a comparable dispersive measurement. However, we see
room for improvements in our design allowing us to approach comparable duty
cycles. A first step is to implement a cold transistor (HEMT) with larger band-
width close to the sample. To cut off the low frequency components of 1/f -noise
the qubit could be AC-coupled to the rest of the circuit.
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Appendix A

Recipes

A.1 E-beam lithography

• Bottom layer

- Resist: PMGI SF7
- Thickness: 400 nm

- Spinning parameters: 3000 rpm, 60 sec

- Baking: 10 min at 180◦C

- Developer: Developer Concentrate:H2O, 2:1

- Development time: 2:30 min with slight agitation

• Top Layer (ZEP520A:Anisol, 2:1)

- Resist: ZEP520A:Anisol, 2:1

- Thickness: 70–80 nm

- Spinning parameters: 3000 rpm, 60 sec
- Baking: 10 min at 180◦C

- Developer: P-xylene

- Development time: 1:30 min with slight agitation
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A.2 Optical lithography

- Resist: S1818:RC Solvent, 1:1

- Spinning parameters: 4000 rpm, 30 sec

- Baking: 90 sec at 105◦C

- Exposure time: 4 sec

- Developer: Microposit 352: deionized H2O, 1:3.5

- Development time: 20 sec with slight agitation

A.3 Oxidization of on chip capacitor groundplanes

- Reactive Ion Etch system: Oxford PlasmaLab 80

- Plasma: O2

- Pressure: 100 mTorr

- Etching time: 3 × 10 sec

- RF power: 100 W

- Etching time: 1 × 30 sec

- RF power: 35 W

Specific capacitance: ≈13.6 fF

A.4 PC-board fabrication

- Board: epoxy glass with copper film, coated with photoresist (MEGA
Electronics)

- Exposure time: 30 sec

- Developer: CPD5:H2O, 1:4

- Development time: 45 sec

- Etchant: saturated solution of ferric trichloride hexahydrate and water1

- Etching conditions: heated solution with good circulation of etchant

1Caution: Exothermic reaction, add crystals to water, NOT water to crystals!
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