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Chapter 1

Introduction

This thesis is devoted to experimental studies on the dispersive readout of
a superconducting quantum interference device (SQUID) which is used to
detect the state of a quantum bit (qubit). Superconducting circuits are one
of a number of possible technologies for storing and processing data in quan-
tum computers. Superconducting qubits offer the advantage of being man-
ufactured using standard micro fabrication technologies and can be easily
interconnected to larger qubit circuits. The success story of superconducting
qubits started in 1999, when Nakamura et al. [NPT99] showed quantum
coherence of a macroscopic system in experiments on charge qubits. This
pioneering discovery led to a rapid development of various approaches to
superconducting qubits, nowadays reaching coherence times up to microsec-
onds. However, coupling to the environment, including controlling wires as
well as the substrate material, leads to shorter coherence times. Studies of
sources of decoherence form a major part of recent research.

A vital ingredient of experiments on quantum bits is a detection tool to
efficiently read out the state of a qubit. This detector must introduce as
little back-action as possible, while showing a large measurement contrast; it
should have negligible dissipation and offer fast operation. Superconducting
quantum bits, such as the flux [MOL+99] and phase qubit [MNAU02a], con-
sist of superconducting loops interrupted by one or more Josephson junctions.
Since their readable states can be discriminated by the magnetic flux passing
through the qubit loop, it is common to use inductively coupled dc-SQUIDs
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Chapter 1. Introduction

as sensitive detectors.
The standard method to measure magnetic flux is to record the dc bias

current at which the SQUID switches to its non-superconducting state [CSM+04,
PDP+06, CFHB07, LLA+07]. This process generates heat directly on the
chip and quasi-particles in the circuitry. Both effects are responsible for a
relatively long cool-down time of about 1-2 ms after each switching event.
Together with the time needed to ramp up the bias current of the SQUID,
this limits the repetition rate of the experiment.

For the flux qubit, non-destructive dispersive readout schemes were imple-
mented in the past by coupling either to a high-quality LC-resonator [IOI+03]
or to a dc-SQUID [LmcVS+04]. So far, most measurements of phase qubits
have been performed typically by the switching current measurement of an
inductively coupled dc-SQUID. Recently, an experiment overcoming the lim-
itations of the switching readout was reported [SKD+10]. In that approach,
the phase qubit was capacitively coupled to a transmission line which al-
lows for direct probing of its resonance frequency with a microwave pulse.
This eliminates a readout dc-SQUID, but introduces decoherence via the line
coupled directly to the qubit.

In this thesis, we present experiments on the dispersive readout of a dc-
SQUID resonator coupled to a phase qubit. The flux dependent non-linear
Josephson inductance of the SQUID, together with a shunt capacitor forms
a resonator circuit which in turn has a flux dependent resonance frequency
around 2 GHz. The flux state of the qubit is detected by measuring the am-
plitude and phase of a microwave pulse reflected from the SQUID resonator.
By this low-dissipative method, the qubit state measurement time is reduced
to 25 μs, which is much faster than the conventional readout performed by
switching the SQUID to its non-zero dc voltage state.

By using weak coupling between the SQUID and the qubit, this scheme
protects the qubit from decoherence sources introduced by the readout cir-
cuitry. Moreover, while preserving the intrinsic coherence of the qubit, this
method is suitable for reading out many qubits using a single microwave line
and frequency-division multiplexing to address individual readout SQUID
resonators.

In chapter 2 of this thesis, the physics of small Josephson junctions is
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briefly introduced. It involves quantum interference of a macroscopic observ-
able in superconducting loops containing Josephson junctions. Since we make
use of SQUIDs with one and more junctions enclosed in the loop, the charac-
teristics of these devices are discussed. We describe the phase qubit system
which consists of an rf-SQUID, a dc-SQUID and a flux line. A description
of coherent oscillations in a single qubit concludes the second chapter.

A more detailed description of the dispersive readout scheme of the SQUID
resonator is given in chapter 3. The Josephson inductance of the SQUID is
introduced and it is explained how to yield the desired resonance frequency
of the system. This chapter concludes with a brief introduction of the non-
linear regime, the resonator can enter under strong microwave drive.

Chapter 4 gives an overview on how the experiments were done. It pro-
vides a brief description of the sample design and their fabrication. The
low temperature laser scanning microscope (LTLSM) and its measurement
technique is introduced. We describe the different measurement setups that
are used in our dilution refrigerator and at room temperature respectively,
to perform the switching readout of the phase qubit on the one hand, and
the dispersive readout on the other hand.

Chapter 5 is dedicated to the experimental results, starting from the
measurements of resonators performed with the LTLSM. The measurements
involving the switching readout of the qubit are briefly discussed. The last
section presents the measurements on the dispersive readout scheme of the
phase qubit, starting with the characterization of the SQUID detector in
the frequency domain by means of a vector network analyzer (VNA). Com-
parative measurements in the frequency domain involving a custom made
microwave board instead of the VNA are shown. Using this board, fast mea-
surements in the time domain were performed, revealing coherent oscillations
between the qubit states.

The thesis ends with a brief summary of the obtained results.
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Chapter 2

The Josephson Phase Qubit

2.1 A single Josephson junction

A Josephson junction is based on the phenomenon of superconductivity,
which was discovered in 1911 at the Leiden Laboratory by Heike Kamer-
lingh Onnes while measuring the temperature dependence of the electrical
resistance of mercury [KO11]. Kamerlingh Onnes noticed the resistance of
the sample dropping to zero when cooled down to about 4K.

In 1957, the BCS-theory, named after the authors John Bardeen, Leon
Neil Cooper and John Robert Schrieffer, was published [BCS57]. According
to their theory, conduction electrons of opposite momenta and spins form
bound pairs under the influence of phonon induced attraction. A so-called
Cooper pair has zero spin and is therefore subject to Bose-Einstein statistics.
At low temperatures, these Cooper pairs condense into the lowest energy
state (the ground state), in some respect similar to a Bose condensate. At
finite temperatures, thermal fluctuations break some of the Cooper pairs,
creating normal electrons. Because of the presence of superconductivity,
these electrons have different properties compared to normal-metal electrons
and are therefore called quasiparticles. The quasiparticle states are separated
from the ground state by a gap Δ which is proportional to the binding energy
of a Cooper pair. Since the size of a Cooper pair is larger than the mean
spacing between the pairs by three orders of magnitude [Lik86], the wave
functions of the Cooper pairs are overlapping. The resulting superconducting
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Chapter 2. The Josephson Phase Qubit

condensate can be described by a single wave function

Ψ = |Ψ0(�x, t)| exp {iφ(�x, t)}, (2.1)

also called the order parameter. Here |Ψ0|2 is proportional to the density of
Cooper pairs and φ(�x, t) is the phase of the wavefunction. The current in
a superconductor is formed by coherent motion of a macroscopic number of
Cooper pairs.

While the amplitude |Ψ|2 of the order parameter is constant inside the
superconductor, it extends beyond its physical (material) dimensions where
it decays exponentially. This allows an overlap of the wavefunctions of two
superconductors separated by a weak link and hence provides a coupling
between them, see Fig. 2.1.

Let us consider now two superconductors coupled by a weak link as
shown in Fig. 2.1. In 1962, Brian D. Josephson published his remarkable
theory [Jos62] about such systems of weakly coupled superconductors, which
later were called Josephson junctions. At room temperature, a Josephson
junction behaves as an Ohmic resistance Rn of a few Ohm. Once supercon-
ducting, the insulating barrier is penetrated by the wavefunctions of both
superconductors. These wavefunctions overlap as shown in the lower part
of Fig. 2.1 and allow a certain current of Cooper pairs to flow without re-
sistance. Josephson predicted that this supercurrent depends only on the
difference

ϕ = φ2 − φ1, (2.2)

between the phases of the wavefunctions in both superconductors. This phase
difference is also called Josephson phase and obeys the first Josephson equa-
tion

Ib = Ic sin ϕ, (2.3)

which describes the dc Josephson effect, where Ic is the maximum dissi-
pationless current which can flow through the junction, also called critical
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2.1. A single Josephson junction

Figure 2.1: At the boundary of a superconductor, the amplitude of the order
parameter decays exponentially, as shown in the lower part of the picture. This
allows an overlap (shaded grey) of the two wavefunctions and provides a coupling
between them.

current. Ic is specific for a junction and depends on the electrode material,
the normal resistance of the tunnel barrier and the temperature [AB63]. As
long as the amplitude of a constant current Ib flowing through the barrier
does not exceed the critical current Ic, there is no voltage drop across the
junction, and the Josephson phase according to Eq. (2.3) will be constant,
ϕ = arcsin( Ib

Ic
+ 2πn).

If the junction is biased with a current Ib > Ic, it will become resistive
and dissipation occurs. In this case a voltage drop V > 0 across the junction
is induced by an additional tunneling current of normal electrons.

In this case, the second fundamental equation relates the voltage drop
V across the junction to the time evolution of the phase difference ϕ:

V = Φ0

2π

dϕ

dt
, (2.4)

where Φ0 is the flux quantum Φ0 = h
2e

= 2.07 · 10−15V s, e is the electron
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Chapter 2. The Josephson Phase Qubit

charge e = 1.6022 ·10−19As and h is Planck’s constant h = 6.626 ·10−34V As2.
Equation (2.4) is called second Josephson equation. An instructive derivation
of both Josephson equations can be found in [FLS94].

By integration of Eq. (2.4) follows that ϕ = 2π
Φ0

V t + ϕ0. Combining
Eqs. (2.3) and (2.4) implies that a constant voltage applied to the junction
results in an alternating current,

I = Ic sin
(2π

Φ0
V t + ϕ0

)
= Ic sin (ωJt + ϕ0) , (2.5)

where the oscillation frequency is given by

νJ = ωJ

2π
= V

Φ0
, (2.6)

which is called Josephson frequency. The appearance of the ac current is the
ac Josephson effect. The conversion ratio between voltage and frequency,
according to Eq. (2.6), is known very precisely through the fundamental
constants e and h:

νJ

V
= 1

Φ0
= 2e

h
= 483.59767MHz

μV
. (2.7)

Hence any voltage V > 0 across the junction is converted to an oscillating
current and vice versa, a change in the supercurrent respectively Josephson
phase will result in a nonzero voltage. The junction thus acts like a non-
linear inductance. By combining the general current-voltage relation of an
inductance V = LdI

dt
with the two Josephson relations, Eqs. (2.3) and (2.4)

one can obtain the Josephson inductance

LJ(ϕ) = Φ0

2πIc

1
cos ϕ

= LJ(0) 1
cos ϕ

, (2.8)

where

LJ(0) = Φ0

2πIc

, (2.9)
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2.1. A single Josephson junction

is the Josephson inductance for the Josephson phase ϕ = 0.
One should be aware of the fact that the Josephson inductance given

by Eq. (2.8) is time dependent, following the changes of the Josephson phase
ϕ and can also take negative values.

The total current flowing in a Josephson junction consists of two parts,
due to the presence of superconducting and normal electrons. Stewart [Ste68]
and McCumber [McC68] introduced the resistively and capacitively shunted
junction model (RCSJ - model) which applies to small junctions, with di-
mensions smaller than the characteristic length of variations in the Joseph-
son phase ϕ across the junction. They considered the Josephson junction as
a parallel combination of an ohmic resistor R, which represents its effective
shunt resistance, the Josephson supercurrent element, which behaves accord-
ing to Eq. (2.3) and a capacitor C, accounting for the total capacitance of
the electrodes.

According to Kirchhoff’s law, the total current I flowing trough this
circuit is the sum of the currents in each of the three branches. Using Eq.
(2.4), leads to:

I = Ic sin ϕ + V

R
+ C

dV

dt
= Ic sin ϕ + 1

R

Φ0

2π
ϕ̇ + C

Φ0

2π
ϕ̈. (2.10)

We can rewrite Eq. (2.10) as an equation of motion,

mϕ̈ + m
1

RC
ϕ̇ + Φ0

2π
(Ic sin ϕ − I) = 0, (2.11)

or

mϕ̈ + m
1

RC
ϕ̇ + ∂U(ϕ)

∂ϕ
= 0 (2.12)

for a virtual particle of mass m = C(Φ0/2π)2 moving along its generalized
coordinate ϕ in a potential U(ϕ). The potential is given by

U(ϕ) = IcΦ0

2π

(
− I

Ic

ϕ − cos ϕ
)

= EJ(−γϕ − cos ϕ), (2.13)
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Chapter 2. The Josephson Phase Qubit

where γ = I/Ic is the normalized bias current and EJ is the Josephson energy,

EJ = IcΦ0

2π
. (2.14)

Put together with the effective inductance L of the junction, given by Eq.
(2.8), the capacitance C of the barrier gives rise to an oscillation of the voltage
across the junction at the characteristic frequency

ν0 = ω0

2π
= 1

2π
√

LC
= νp(cos ϕ)1/2, (2.15)

where νp is the Josephson plasma frequency,

νp = ωp

2π
= 1

2π

(2πIc

Φ0C

)1/2

. (2.16)

In terms of the normalized bias current γ, the characteristic frequency can
be written as

ν0 = νp(1 − γ2)1/4. (2.17)

A Josephson tunnel junction can be viewed as a nonlinear oscillator, whose
characteristic time scale is determined by the plasma frequency. For typical
tunnel junctions, νp is in the microwave range of several tens of GHz.

2.2 Superconducting quantum interference devices

This section is dedicated to the devices know as superconducting quantum in-
terferometers. These devices, though very simple in design, have opened new
horizons in low temperature measurement techniques providing new tools to
measure extremely small magnetic fields, and moreover are the basis of many
solid state qubits. A further and more detailed discussion of SQUIDs and
their applications can be found in [CB04].
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2.2. Superconducting quantum interference devices

2.2.1 A Josephson junction in a superconducting loop

In this section we describe the rf-SQUID, which consists of a Josephson
junction enclosed in a superconducting loop, see Fig. 2.2.

When an external magnetic field is applied to the loop, a screening
current Icirc circulates in the ring. This screening current produces a magnetic
flux LselfIcirc, which changes the external flux. The resulting flux is given by

Φ = Φext − LselfIcirc, (2.18)

where Lself is the self inductance of the loop. The circulating current obeys
the first Josephson equation (2.3) and is therefore:

Icirc = Ic sin ϕ. (2.19)

By combining Eqs. (2.18) and (2.19) and the phase-flux-relation

ϕ = 2π

Φ0
Φ, (2.20)

we obtain the following equation,

Φ = Φext − LselfIc sin
(2π

Φ0
Φ

)
, (2.21)

Icirc

L
Φ XΦext

Figure 2.2: A superconducting loop with a Josephson junction, which is exposed
to the external flux Φext. A circulating current is generated which leads to a
resulting flux Φ inside the loop.
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Chapter 2. The Josephson Phase Qubit

which relates the resulting flux inside the loop Φ to the externally applied flux
Φext. Figure 2.3 shows this relation, plotted for different values of LselfIc. We
also marked the flux jumps which occur due to the change of the external flux
and are periodic with respect to a change of Φ0 in the loop. These flux jumps
are essential for the use of the rf-SQUID as an qubit, as will be explained
later in this chapter.

The potential energy of a single Josephson junction is already known
from section 2.1, Eq. (2.13). By adding the magnetic energy of a loop, one
obtains the potential energy of the rf-SQUID:

Urf−SQUID = EJ(1 − cos ϕ) + 1
2Lself(Icirc)2

︸ ︷︷ ︸
magnetic energy

. (2.22)

Using equation (2.18) and (2.20), the potential energy of the rf-SQUID is

0 0.5 1 1.5 2

0.5

1

1.5

External flux [�ext/�0]

Fl
ux

 [�
/�

0]

�L = 0.5

�L = 2

�L = 4

Figure 2.3: Resulting flux in the rf-SQUID Φ versus externally applied flux Φext.
Arrows mark the flux jumps.
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2.2. Superconducting quantum interference devices

expressed as,

Urf−SQUID = EJ

[
1 − cos ϕ +

(ϕ − 2π
Φ0

Φext)2

2βL

]
, (2.23)

where

βL = 2πLselfIc

Φ0
(2.24)

is the self-inductance parameter, which is proportional to Ic and Lself , the two
design parameters of the rf-SQUID. Thus, the dynamics of the rf-SQUID can
be visualized as motion of a virtual particle in a one-dimensional potential,
as shown in Fig. 2.4 and in Fig. 2.5.

At low temperatures the classical analog, which describes a particle
oscillating in the potential, is no longer useful for an appropriate description
of the phase dynamics because the quantization of the energy of the phase
becomes relevant. This was experimentally observed for the first time in the
pioneering work of John Martinis, Michel Devoret and John Clarke [MDC85]
using microwave activation.

15 10 5 0 5 10 15
0

5

10

U/EJ

Phase difference ϕ

β  =1
L=32 pH

L

β  =5
L=165 pH

L

β  =20
L=650 pH

L

Figure 2.4: Potential energy of an rf-SQUID, plotted for Φext = 0 and different
values of βL. The corresponding self-inductances are also denoted for a critical
current Ic = 10 μA. The energy scale is normalized to the Josephson energy EJ .
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-2 0 2 4 6 8 10
0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

Phase difference ϕ

U
/E

J

phase jump

Figure 2.5: Potential energy of an rf-SQUID, plotted for βL = 5 and Φext = 0.7
Φ0. Biasing the rf-SQUID at Φext ≈ Φ0, leads to a double well potential with a
shallow left and a deep right well. The arrow denotes a phase jump of the virtual
particle.

The positions of the energy levels may be estimated by a harmonic
approximation to one potential well, see Figure 2.6.

For a quadratic potential, the energy of the ground state is given by

0

1

2E

E

E U0

Figure 2.6: Harmonic approximation to one metastable well and the correspond-
ing discrete and equidistant energy levels. U0 is the height of the potential barrier.
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2.2. Superconducting quantum interference devices

E0 = �ω0/2, while the excited states satisfy

En = (n + 1
2) �ω0, (2.25)

where n is the quantum number of the state. In reality, the potential is not
harmonic, and this has the consequence that the spacing between adjacent
levels decreases with increasing energy. Increasing the bias current implies
according to Eqs. (2.15) and (2.16), that all levels move closer together, while
upper levels drop out of the well due to the decrease of the barrier height U0.
A rough estimate for the number of levels N in the well is

N ≈ U0

�ω0
. (2.26)

2.2.2 The dc-SQUID

As the rf-SQUID, a dc-SQUID basically consists of a superconducting loop,
but interrupted by more then one Josephson junctions, as seen in the left
part of Fig. 2.7. Let us assume a symmetric configuration, both junctions are
identical, have the same critical current Ic and therefore the same Josephson
inductance LJ . The self inductance of the loop Lself is neglected for the
moment.

An externally applied magnetic field gives rise to a circulating current
as in the rf-SQUID. This current I splits equally to both branches of the
ring. Following the derivation in [Sch97], we find that the maximum critical
current of the dc-SQUID is determined by

Ic,SQUID(Φ) = 2Ic0

∣∣∣∣∣cos(πΦ
Φ0

)
∣∣∣∣∣ , (2.27)

where Ic0 is the critical current of a single junction in the SQUID. Figure
2.8 shows the dependence of the critical current of the dc-SQUID on the
externally applied magnetic flux.
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X

IcIc

X

I

sq

Φext

Figure 2.7: A symmetric dc-SQUID (green) with two identical junctions. The
SQUID is connected to a current source, which biases the SQUID at Isq.

−2 −1 0 1 2

0

0.2

0.4

0.6

0.8

1

flux Φ
ext

/Φ
0

cr
iti

ca
l c

ur
re

nt
   

I /
 2

I c

Figure 2.8: Dependence of the critical current of a dc-SQUID on the externally
applied magnetic flux.
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2.3. The flux biased phase qubit system

2.3 The flux biased phase qubit system

Current-biased large Josephson junctions have been recently proposed and re-
alized as Josephson phase qubits, see [MNAU02b], [YHC+02] and [BXR+03].
To galvanically decouple the qubit from the environment, a superconducting
transformer has been introduced. Figure 2.9 shows a model of such a qubit
system. The rf-SQUID in the middle is the qubit itself. A dc-SQUID, which
is inductively coupled to the rf-SQUID, is used to read out the qubit states.
A current source connected to a flux line, which is inductively coupled to the
system, is used to bias the rf-SQUID.

When biased at a flux Φ ≈ Φ0, the system is described by a double well
potential in the phase coordinate, with one shallow and one deep potential
well, as shown in Fig. 2.5.

Figure 2.10 shows the shallow well of this potential. In the quantum
picture the state of the Josephson phase is described by its quantized energy
levels. The lowest energy levels remaining in the anharmonic shallow poten-
tial well can be treated as a two level quantum system, usable as a qubit.
The qubit states |0〉 and |1〉 are represented by the phase ground and first
excited state, respectively.

For a single shot read-out of the quantum state, a short flux pulse is
applied to the rf-SQUID by increasing the bias current of the flux line for

Ib
L
Φq

b

I

SQ VSQ

MqSQ

Φ

Mqb

   
rf-SQUID

 
dc-SQUID

 
flux bias

Rb
q

LSQ

Control Qubit Readout

Figure 2.9: Qubit system, which consists of the flux bias, the rf-SQUID and the
dc-SQUID.
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l E
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J

ωR

1>

0 >
01νh

Γ1

Γ0

ΔΕ

Figure 2.10: Quantum picture of the states of the Josephson phase inside the
shallow well, wherein the discrete energy levels are indicated as grey horizontal
lines. Tunneling from the excited state |1〉 happens at a rate Γ1, which is about
1000 times larger than the tunnel rate Γ0 from the ground state |0〉 , since the
corresponding barrier height is reduced by the energy difference ΔE. The green
arrow illustrates the resonant activation of the phase from the ground state to
the first excited state by absorbing a photon, if the photon energy hν01 is equal
to the energy difference ΔE. The blue cyclic arrow indicates coherent oscillations
between the eigenstates of the two-level quantum system which is subject to a con-
tinuous resonant perturbation. These so-called Rabi oscillations with a frequency
νR = ωR/2π will be illustrated in more detail later in this section.

a short period of time. This corresponds to an additional tilt of the double
well potential that decreases the potential barrier height and increases the
escape rate exponentially. Figure 2.11 illustrates the situation for a flux-
pulse-induced potential tilt leading to a reduction of the potential barrier
height. In the case that state |1〉 is occupied, the phase tunnels to the right
well. This effectively maps the states |0〉 and |1〉 to macroscopically distinct
states of magnetic flux in the qubit loop. These flux changes in the qubit loop
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2.3. The flux biased phase qubit system

are detected by a SQUID (Superconducting Quantum Interference Device)
magnetometer which is coupled by a mutual inductance to the qubit.

A crucial point about the dc-SQUID is the coupling to the rf-SQUID.
The flux states of the rf-SQUID are mapped to the switching current of the
dc-SQUID. For a single-shot readout with a flux pulse, one yields to have a
large change in the switching current between the two states. The change in
the switching current is given by

ΔISQUID = M · ΔIq · ∂ISQUID

∂Φext
, (2.28)

where M is the mutual inductance between the rf-SQUID and the dc-SQUID
loop and ΔIq is the change in circulating current in the rf-SQUID.

The sensitivity of the dc-SQUID can be increased by choosing a working
point of the dc-SQUID where ∂ISQUID/∂Φext is large, as on the slopes of the
pattern shown in Fig. 2.8. This can be done, even for Φext = 0, by using an
asymmetric SQUID. [Lis08], [Wir06]

Γ1

Γ1,pulse

Figure 2.11: Schematic drawing of a metastable well with its two lowest energy
levels. Drawn in dashed red lines is the situation at normal biasing, in solid blue
lines the potential is additionally tilted by a flux pulse. The solid arrow indicates
the immediate escape from the excited level due to a very small remaining potential
barrier.
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Chapter 2. The Josephson Phase Qubit

2.3.1 Qubit operation cycle

Figure 2.12 shows a complete operation cycle of the qubit system. One cycle
consists of three basic steps: Qubit initialization, the operation of the qubit
itself and finally freezing of the qubit state. During the latter part, the
readout is being done.

Qubit initialization: Figure 2.12(a) shows that in the beginning a
negative flux Φext is applied to the system. This tilts the rf-SQUID potential
so that only a single deep well exists, as shown by the blue potential curve
in Fig 2.13, and all phase eigenstates are located in this well.

The external flux is then increased to reach a value of Φext ≈ Φ0, where
the potential has the shape of the red curve in Fig. 2.13 and only the two
lowest phase eigenstates remain in the shallow well. This quantum two level
system is now usable as a qubit. The qubit states |0〉 and |1〉 are represented
by the phase ground and first excited state, respectively.

Qubit operation: Now a microwave pulse (green) is used to control
the state of the qubit. In the picture of the quantum two level system, this
microwave current is a resonant perturbation, which leads to a coupling of
the two levels. The coupling gives rise to coherent oscillations between the
eigenstates of the system.

For a single-shot state readout, a short flux pulse is applied, moving
the state |1〉 close to the top of the well, see Fig. 2.11. In the case that state
|1〉 is occupied, the phase tunnels to the right well. This phase jump changes
the flux in the qubit loop according to Eq. (2.20) as shown in Fig. 2.3. This
effectively maps the states |0〉 and |1〉 to macroscopically distinct states of
magnetic flux in the qubit loop.

Freezing and readout: To avoid further tunneling, the potential is
tilted back a little by reducing the external flux.

2.3.2 Rabi oscillations

Rabi oscillations describe the coherent oscillations between the eigenstates
of a quantum two level system, which is subject to a resonant perturbation.
They are named after Isidor Isaac Rabi, who was awarded the Nobel Prize
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Figure 2.12: One operation cycle of the qubit system. The red line shows the
time dependence of the flux which is applied to the qubit (a). The violet line shows
the time dependence of the bias current of the dc-SQUID (b). The vertical dashed
lines divide the whole cycle into three parts which are explained in the text. The
time line is not to scale.

for Physics in 1944 for his work on the magnetic properties of atomic nuclei.
These oscillations create a superposition of the two states and are therefore
crucial or any two level system which should work as a qubit. In our case
the oscillations occur between the two phase eigenstates and are induced by
a microwave current as the resonant perturbation.

The derivation of the Rabi frequency and the amplitude of the oscilla-
tions is a standard problem which is discussed in many books on quantum
mechanics. I will follow the notation of [CTDL77] and present only the main
results.

A two level system without any perturbation is described by its Hamil-
tonian H0. By using its eingenstates |ϕ0〉 and |ϕ1〉 the stationary Schrödinger
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Figure 2.13: Potential of the rf-SQUID for different values of applied flux, as
denoted in the legend. The red curve shows the potential with the shallow well
prepared for qubit operation, while the blue curve shows the deep well at the
beginning of initialization. The dashed arrows indicate the tilting of the potential
between the beginning and the end of initialization. The corresponding points on
the time line are marked in 2.12 with I and II, respectively.

equation can be written as

H0|ϕ0〉 = E0|ϕ0〉,

H0|ϕ1〉 = E1|ϕ1〉,
(2.29)

where E0 and E1 are the corresponding eigenenergies and the Hamiltonian
has the diagonal form

H0 =
(

E0 0
0 E1

)
(2.30)
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2.3. The flux biased phase qubit system

When we take into account the perturbation, the Hamiltonian reads as

H = H0 + W, (2.31)

where W is the perturbation or coupling operator. For the Hamiltonian H,
we expect both, new eigenenergies E+ and E− and new eigenstates |ψ+〉 and
|ψ−〉. Equation (2.29) then becomes

H|ψ+〉 = E+|ψ+〉,

H|ψ−〉 = E−|ψ−〉.
(2.32)

The coupling operator is represented by the hermitian matrix

W =
(

W00 W01

W10 W11

)
(2.33)

where W00 and W11 are real and W01 = W ∗
10. We assume that W00 = W11 = 0,

otherwise their effect can be implicitly taken into account by replacing E0

and E1 in Eq. (2.30) by Ẽ0 = E0 +W00 and Ẽ1 = E1 +W11, respectively. For
the diagonalization of the new Hamiltonian (2.31) we follow the procedure
in [CTDL77], which yields the eigenvalues

E± = 1
2(E0 + E1) ± 1

2
√

(E0 − E1)2 + 4|W01|2 (2.34)

and the two corresponding eigenvectors

|ψ+〉 = e−i ϕ
2 cos

(
θ

2

)
|ϕ0〉 + e−i ϕ

2 sin
(

θ

2

)
|ϕ1〉, (2.35)

|ψ−〉 = −e−i ϕ
2 sin

(
θ

2

)
|ϕ0〉 + e−i ϕ

2 cos
(

θ

2

)
|ϕ1〉, (2.36)

wherein angles θ and ϕ are defined by,
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Chapter 2. The Josephson Phase Qubit

tan θ = 2|W01|
E0 − E1

, 0 ≤ θ < π, (2.37)

W10 = |W10|eiϕ. (2.38)

Since the time evolution of the quantum state is determined by the Schrödinger
equation:

i�
d

dt
|ψ(t)〉 = H|ψ(t)〉, (2.39)

we can write

|ψ(t)〉 = λe−iE+t/�|ψ+〉 + μe−iE−t/�|ψ−〉, (2.40)

wherein λ and μ are determined by the initial conditions, for which we define
the system to be in the ground state |ψ(0)〉 = |ϕ0〉 for t = 0.

Now we can calculate the probability P1(t) to find the system in quan-
tum state |ϕ1〉 at a definite time t. By rewriting Eqs. (2.35) and (2.36) we
obtain,

|ψ(0)〉 = |φ0〉 = ei ϕ
2

[
cos

(
θ

2

)
|ψ+〉 − sin

(
θ

2

)
|ψ−〉

]
. (2.41)

With Eq. (2.40) follows:

|ψ(t)〉 = ei ϕ
2

[
e−iE+t/� cos

(
θ

2

)
|ψ+〉 − e−iE−t/� sin

(
θ

2

)
|ψ−〉

]
, (2.42)

With this, the probability amplitude, to find the system in state |ϕ1〉 at time
t, is given by

〈ϕ1|ψ(t)〉 = ei ϕ
2 sin

(
θ

2

)
cos

(
θ

2

) [
e−iE+t/� − e−iE−t/�

]
. (2.43)
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2.3. The flux biased phase qubit system

For the probability P1(t) = |〈ϕ1|ψ(t)〉|2 we then obtain

P1(t) = 1
2 sin2 θ

[
1 − cos

(
E+ − E−

�
t
)]

= sin2 θ sin2
(

E+ − E−
2� t

)
, (2.44)

which after consideration of (2.34) and (2.37) reads as

P1(t) = 4|W01|2
4|W01|2 + (E0 − E1)2 sin2

[
t

2�
√

4|W01|2 + (E0 − E1)2
]

. (2.45)

Known as Rabi’s formula, Eq. (2.45) describes a sinusoidal oscillation of P1

at the Rabi frequency

ωR = 1
2�

√
4|W01|2 + (E0 − E1)2, (2.46)

and with an amplitude

AR = 2|W01|2
4|W01|2 + (E0 − E1)2 . (2.47)

2AR is close to one if the coupling is strong, or |W01| � |E0 − E1|.
A further discussion, including decoherence effects and detuning the

microwave frequency from the transition frequency and the consequences for
Rabi frequency and amplitude, can be found in [Lis03].

The off-diagonal (coupling) matrix element of the Hamiltonian can be
reduced to be proportional to the microwave amplitude by applying the ro-
tating wave approximation and is then given by [MNA+03]

|W01| = 〈0|ϕ|1〉Φ0

2π
Irf , (2.48)
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where Irf is the absolute amplitude of the alternating current. If we assume
the potential is sufficiently harmonic for U(ϕ) � E1, we can look up the
result for the harmonic oscillator to find

〈0|ϕ|1〉 =
√

�

2mω01
= 2π

Φ0

√√√√ �

2ω01Cj

, (2.49)

where the effective mass of the virtual particle m = Cj(Φ0/2π)2 has been
inserted. For the case of strong coupling (|W01| � |E0 − E1|), we find the
Rabi frequency from Eq. (2.46), which reduces to

ωR = |W01|
�

, (2.50)

Finally, we obtain

ωR = Irf

�

√√√√ �

2ω01Cj

= Irf

√
1

2�ω01Cj

. (2.51)
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Chapter 3

Dispersive readout scheme of the
SQUID resonator

For the flux qubit [MOL+99], non-destructive dispersive readout schemes
were implemented in the past by coupling either to a high-quality LC-resonator
circuit [IOI+03] or to a dc-SQUID [LmcVS+04].

So far, most measurements of phase qubits have been performed typ-
ically by the switching current measurement of an inductively coupled dc-
SQUID. Recently, an experiment overcoming the limitations of the switching
readout was reported [SKD+10]. In this approach, the phase qubit was ca-
pacitively coupled to a transmission line which allows for direct probing of
its resonance frequency with a microwave pulse. This approach eliminates a
readout dc-SQUID, but introduces decoherence via the line coupled directly
to the qubit.

This chapter is dedicated to the new microwave readout system, going
to be applied to the phase qubit, which has been described before in sec-
tion 2.3. There the readout was based on the conventional technique, the
switching current measurement of a dc-SQUID which is inductively coupled
to the qubit. For each readout event the switching of the SQUID to the non
superconducting state generates heat directly on the chip and quasi-particles
in the circuitry. Both effects are responsible for a relatively long cool-down
time of about 1-2 ms required after each switching event. Together with
the time needed to ramp up the bias current of the SQUID, this limits the
repetition rate of the experiment.
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Chapter 3. Dispersive readout scheme of the SQUID resonator

As it has been described in section 2.1, a Josephson junction itself
already forms an LC-resonator. The resonance frequency

f = 1
2π

√
LJCJ

, (3.1)

is determined by the Josephson inductance given by Eq. (2.8) and the ca-
pacitance

CJ = ε0εrA

d
, (3.2)

where εr is the dielectric constant of the material forming the oxide layer and
d is the thickness of this layer separating the two superconducting electrodes,
each of the area A.

By combining the Josephson inductance of a single junction, given
by Eq. (2.8) and the first Josephson Eq. (2.3) written in the form ϕ =
arcsin(Ib/Ic), we obtain the Josephson inductance in dependence of the junc-
tion critical current Ic and the bias current Ib:

LJ(Ic, Ib) = Φ0

2π

1
Ic cos(arcsin(Ib/Ic))

= Φ0

2π

1√
I2

c − I2
b

. (3.3)

3.1 SQUID-resonator in the linear regime

A dc-SQUID can be considered in its behavior similar to a single Joseph-
son junction with a critical current Ic(Φ) which is tunable by an externally
applied magnetic flux Φ. By introducing the flux dependent critical current
Ic,SQUID(Φ) of the dc-SQUID given by Eq. (2.27), we obtain the Josephson
inductance of the dc-SQUID

LJ(Φ, Ib) = Φ0

2π

1√(
2Ic0

∣∣∣cos(πΦ
Φ0

)
∣∣∣)2 − I2

b

(3.4)
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3.1. SQUID-resonator in the linear regime

where Ic0 is the critical current of a single junction in the SQUID. For a
SQUID bias current Ib = 0 this reduces to

LJ(Φ) = Φ0

4πIc0

∣∣∣cos(πΦ
Φ0

)
∣∣∣ (3.5)

For a critical current of a single junction Ic0 = 2 μA the dependence of the
Josephson inductance of the SQUID on the applied flux is shown in Fig. 3.1.

−1 −0.5 0 0.5 1
0

0.2

0.4

0.6

0.8

1

Applied magnetic flux [Φ/Φ0]

S
Q

U
ID

 J
os

ep
hs

on
 in

du
ct

an
ce

 [n
H

]

Figure 3.1: Dependence of the Josephson inductance of the SQUID on the applied
magnetic flux as given by Eq. (3.5). The critical current of a single junction of the
SQUID is Ic0 = 2.1 μA, giving a minimal Josephson inductance LJ0 = 78.4 pH.

For typical values LJ = 160 pH and CJ = 320 fF of a single Josephson
junction in our samples this yields a resonance frequency in the range of
f ≈ 22 GHz. This high frequency is somewhat inconvenient to use, since
it is in the frequency range of the energy level splitting of the qubit. An
additional more practical reason to prefer working at lower frequencies is,
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Chapter 3. Dispersive readout scheme of the SQUID resonator

that these frequencies are easier accessible with our standard lab equipment,
eg. microwave sources, power splitters, mixers which usually have an upper
frequency limit of 20 GHz. The reduction of the resonance frequency of the
SQUID resonator is therefore achieved by an additional shunt capacitor C1

which is shown in the schematic of the resonator circuit in Fig. 3.2. The
probe signal is applied via a coupling capacitor C0 which serves as high pass
filter to protect the SQUID from low frequency noise and to avoid any dc-
current flow through the SQUID.

LS

LJ, CJ LJ, CJ

Figure 3.2: Schematic of the SQUID-resonator circuit. Josephson junctions are
indicated by red crosses with their Josephson inductance LJ and their capacitance
CJ respectively. LS denotes the SQUID loop inductance, and C1 the capacitance
of the shunt capacitor. The probe signal is applied via the coupling capacitor C0.

The shunt capacitor C1, the SQUID loop inductance LS and Josephson
inductance LJ form a lumped element resonator with a resonance frequency
given by

fres = 1
2π

√
(LS + LJ)C1

(3.6)

where the capacitances CJ of both junctions are already included in C1, since
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3.1. SQUID-resonator in the linear regime

they are two orders of magnitude smaller than C1.
With the flux dependent Josephson inductance, as written in Eq. (3.5),

the flux dependent resonance frequency is then given by

fres(Φ) = 1

2π

√√√√√
⎛
⎝LS + Φ0

4πIc0

∣∣∣cos( πΦ
Φ0

)
∣∣∣
⎞
⎠ C1

(3.7)

The expected dependence of the resonance frequency on the externally ap-
plied flux, for sample parameters yielding a maximum resonance frequency
f = 1.93 GHz, is shown in Fig. 3.3.
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Figure 3.3: Dependence of the resonance frequency of the SQUID-resonator on
the applied magnetic flux as given by Eq. (3.7).

In this section we considered the driving power of the microwave signal,
probing the resonator to be low, corresponding to a small AC current in the
SQUID compared to its critical current. This leads to a behavior of the
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Chapter 3. Dispersive readout scheme of the SQUID resonator

system according to a linear oscillator which does not show a dependence of
the resonance frequency on the driving power. This low power, linear regime
is later going to be used for the readout of the qubit which will be described
in section 4.4

3.2 SQUID-resonator in the non-linear regime

For a higher driving power the non-linearity of the SQUID introduces qual-
itatively new features which can be seen in the measurement data shown in
Fig. 3.4. The figure shows the amplitude of the microwave signal reflected
from the SQUID-resonator versus the applied frequency.
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Figure 3.4: Resonance curves of the SQUID-resonator for different values of the
microwave drive power. From bottom to top: -18dBm, -12dBm, -6dBm, -3dBm,
0dBm and 3dBm respectively at the output of the network analyzer. See text for
a more detailed description.

The measurement was performed by a vector-network-analyzer and is
usually referred to as S11 measurement. Each curve corresponds to a different
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3.2. SQUID-resonator in the non-linear regime

microwave drive power according to the values shown in the figure caption.
The power is increased from the bottom to the top curve. Each curve shows
a dip in the spectrum at the resonance frequency, typical for a reflection
measurement on a resonator.

For low driving powers the curves show a symmetric Lorentzian shape
as expected for a linear oscillator. As the driving power is increased the res-
onance curves become asymmetric and the maximum shifts to lower frequen-
cies. This behavior is described by the dynamics of the Duffing oscillator,
a driven oscillator with a restoring force asymmetric around the origin. A
more detailed discussion of the Duffing oscillator in general can be found in
[Bla66], while a further investigation of the non-linear regime of the SQUID
resonator and its application for reading out a flux qubit can be found in
[Lup05].

While already in the non-linear regime of the resonator, an even stronger
driving at higher microwave power results in a bistable behavior of the sys-
tem with hysteresis [SVP+04], [VDS09]. By using this bifurcation regime,
a quantum non-demolition readout of a flux qubit has already been realized
[LSP+07].

For the readout of a phase qubit on the other hand, the qubit states
are mapped to distinct flux states, which differ on the order of one Φ0 in the
qubit loop. Therefore the sensitivity of the SQUID in the linear regime is
already high enough to perform a single shot readout of the phase qubit. In
this thesis only the linear regime is used for the readout of the phase qubit
and will be referred to in chapter 5.3.

While the operation of the readout in the linear regime and in the
nonlinear regime below the bifurcation point serves very well in a destruc-
tive readout scheme for the phase qubit, the extremely sensitive bifurcation
readout regime mentioned above may give rise to the possibility of a direct
quantum non-demolition readout of a phase qubit.
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Chapter 4

Experimental Technique

In this chapter, the measurement techniques used to obtain the data pre-
sented in Chapter 5 are described. We are starting with a description of the
samples that have been measured and continue to report about the different
types of measurement setups that have been used.

The low temperature laser scanning microscopy (LTLSM) setup which
was used to characterize the resonator structures is described in section 4.2.
The main part of chapter 4 is attributed to the description of the two differ-
ent types of electronic setups that have been used for the switching current
readout of the qubit (section 4.3) on one hand and for the dispersive readout
of the qubit (section 4.4) on the other hand.

4.1 Sample design and fabrication

The measured samples where fabricated by a commercial foundry on 5 x
5 mm2 oxidized Silicon chips by using superconductive integrated circuit
technology, including photolithography. Silicon-oxide (SiO2) is used as an
insulator between the superconducting layers. Figure 4.1 shows an optical
micrograph of the measured structure.

While the design was done for a Jc = 30 A/cm2 process, the fabrication
yielded a critical current density of Jc = 27 A/cm2. Together with the
designed junction diameter of 3 μm this leads to critical current Ic = 1.91 μA
of both, the qubit junction as well as the SQUID junctions. This in turn gives,

35



Chapter 4. Experimental Technique

according to Eq. (2.8) a minimum Josephson inductance LJ0 = 172 pH for
a single junction, and LJ0,SQUID = 86 pH for the SQUID. The SQUID loop
has a size of 78.5 × 75.5 μm2, so the loop inductance is calculated with
FastHenry [Whi] to LS = 111 pH. For symmetry reasons the SQUID shunt
capacitor C1 = 36.6 pF is combined from two capacitors in parallel with a
designed capacitance of C1/2 = 18.3 pF and a size of 97 × 97 μm2 each.
The inductance of the SQUID loop LS = 111 pH, the minimum Josephson
inductance of the SQUID LJ0,SQUID = 86 pH and the capacitance of the shunt
capacitor C1 = 36.6 pF yield, according to Eq. (3.6) a resonance frequency
of the structure f = 1.87GHz. The qubit loop inductance was calculated
([Whi]) to Lqubit = 644 pH, which gives, according to Eq. (2.24), βL = 4.1.
The coupling between the qubit and the SQUID is defined by the mutual
inductance of the two loops M = 30 pH.

4.2 LTLSM setup

For the first characterization of our resonator structures we used the tech-
nique of low temperature laser scanning microscopy (LTLSM). The sample
is mounted on a copper table which is cooled by volume of approximately 1
liter of 4He. The top cover of the cryostat is fitted with an optical window
which allows the laser beam from the room temperature optical setup to
enter. The illuminated spot is scanned over the surface of the sample and
allows for different modes of imaging. Figure 4.2 shows a photograph of the
LTLSM setup with the cryostat containing the sample and the optical system
on top.
Figure 4.3 shows a schematic drawing of our custom made [Luka] stainless
steel LTLSM cryostat, with a cross-sectional view on the left an a top view
on the right. An inside view of this cryostat is shown in Fig. 4.4.

The LTLSM can be operated in several different modes [ZST+06], de-
pending on the properties of the sample that should be determined by the
measurement. Here I will only refer to the two modes that where used to
obtain the measurement results shown in this thesis in section 5.1.

The reflectivity measurement is done to obtain the optical properties
the sample. For this, a modulated, sharply focused laser beam is used as a
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Figure 4.1: Optical microscope image of the measured structure. Different colors
correspond to different layers of metallization: blue: top layer; green: bottom
layer; light grey: contact pads; dark grey: substrate. Josephson junctions are
indicated by red circles. The SQUID loop with the shunt capacitors C1/2 and
the coplanar microwave launcher is shown on the left, with its flux line below. C0

is a coupling capacitor which servers for protecting the SQUID from dc and low
frequency noise. The qubit and its microwave port are located on the right side,
with the corresponding flux line above. A detailed description of the layout is
given in the text.

probe, scanned over the surface of the sample. The reflected laser power is
detected by a photo diode as a function of the probe coordinates x and y. The
output of the phot diode is amplified using lock-in technique, synchronized to
the laser modulation. A data acquisition card in the measurement computer
is used to digitize the signal. This so called optical contrast mode is used
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Figure 4.2: LTLSM setup showing the cryostat containing the sample and the
optical system on top. A diode laser (right) generates the probe signal which is
fed into the scanner unit at the top of the optical system by an optical fibre. Two
mirrors, one for the x and y direction each, allow for a deflection of the laser beam
which is controlled by software on the measurement computer via the scanner
control electronics. A photo diode allows for measurement of the reflected laser
power.

here to establish a correlation to the microwave photo response mode, the
second operation mode of the LTLSM that we used in further measurements.

The absorbed part of the laser energy heats the sample locally for prob-
ing the thermosensitive microwave transmittance S21(f) of the sample. The
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4.2. LTLSM setup

Figure 4.3: Schematic drawing of the LTLSM cryostat [Luka], cross-sectional
view on the left side and top view on the right side. The sample is mounted on the
sample table in middle (brown) and is cooled by the Helium bath underneath. Sev-
eral radiation shields (green) protect the sample and bath from room temperature
heat radiation, while windows on top allow for optical access.

thermally induced changes of S21(f) by the probe are understood as mi-
crowave photo response (PR) and can be expressed as

PR ∝ ∂|(S21(f)|2
∂T

δT (4.1)

It has been shown in [CNW98] that the modulation of the kinetic in-
ductance by the thermal probe allows one to measure a quantity proportional
to

A λ2
eff(x, y) J2

μw(x, y) δλeff , (4.2)

where A is illuminated area, λeff is the local magnetic penetration depth,
Jμw is microwave current density and δλeff is the light-induced change in λeff .
This consequently can be used to extract J2

μw(x, y) maps.
In the microwave photo response mode the sample is supplied with a

microwave signal generated by a commercially available source which is con-
trolled by the measurement computer via GPIB. Together with an appro-
priate diode or a spectrum analyzer serving as a detector this setup allows
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Figure 4.4: LTLSM cryostat without top cover. The 5 mm × 5 mm sample chip
is located in the middle on the sample holder underneath the objective lens of
the microscope. The sample holder is attached to the copper table which is in
thermal contact to the Helium volume underneath. Everything is contained in a
stainless steel vessel which is evacuated for operation. Two concentric radiation
shields made from aluminium protect the sample and the Helium volume from the
room temperature radiation.

for measurements of the microwave transmittance S21(f) of the sample, as
it is done in [ZST+06]. Our measurement is carried out in a little different
way, since we are measuring the microwave reflectance S11(f) of the SQUID
resonator. Since the microwave transmittance S21(f) and the microwave
reflectance S11(f) of a dissipationless device are linked by

|(S11(f)|2 + |(S21(f)|2 = 1, (4.3)

and therefore

δ|(S11(f)|2 = −δ|(S21(f)|2, (4.4)
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4.2. LTLSM setup

what was said above can also be applied to the detection of the thermally
induced change of S11(f), the microwave signal reflected from the SQUID
resonator.

Figure 4.5 illustrates the method of extraction of the data. Two res-
onance curves are plotted in Fig 4.5(a), how they would be obtained by a
reflection measurement with a vector network analyzer. The blue curve cor-
responds to the |S11|2 characteristics for the unperturbed resonator, while
the the red curve corresponds to the |S11|2 characteristics of the resonator
perturbed by the laser. Figure 4.5(b) shows the difference of the two traces
in (a), corresponding to the shift of the microwave reflectance ∂|(S11(f)|2 of
the resonator by the LSM probe.

It has been shown in [ZST+06] that the total LSM microwave photore-
sponse ∂|(S12(f)|2, and therefore according to Eq. (4.4) also ∂|(S11(f)|2 has
contributions from the effect of the resonance frequency detuning δf0 and the
broadening Δf3dB of the resonance curve. The resonance frequency detuning
is associated with the change of the kinetic inductance due to the thermal
probe, while the broadening is directly related to the light-induced modula-
tion of the inverse quality factor due to an increase in local Ohmic dissipation.
At temperatures well below TC the microwave current driven resistive com-
ponent of the photo response can be neglected, and only the inductive com-
ponent produces contrast [ZUHA02, CNW98] in the LSM photo response,
due to modulation of the kinetic inductance of the resonator by the thermal
probe. This allows to measure a quantity proportional to J2

μw(x, y). [NC93]
The according measurement on the resonators are shown in section 5.1.

Figure 4.6 shows a schematic of one of the microwave setups that were
used for the measurements. The band of the circulator, from 1.7 GHz to 2.4
GHz puts the limitation of usage to this frequency range. The signal level
of the source can be reduced by a step attenuator before it passed through
the circulator to the sample. A dc-break serves for protecting the sample
from low frequency noise, while the 10 dB attenuator is used for impedance
matching, to reduce reflections due to mismatches at the transition from
the cable to the sample holder and further to the chip. The reflected signal
passes the circulator again and is then amplified by two amplifiers in series
to achieve a signal level that is high enough to operate the detector diode
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Figure 4.5: (a) Microwave reflectance of a resonator for ’laser off’(blue), and
’laser on’(red). (b) Difference of the two traces in (a), that is proportional to the
LSM microwave photo response according to Eq. (4.1)

.

at its working point. The isolator between the two amplifiers avoids signal
reflections from the input port of the second amplifier which could excite
the first amplifier and lead to oscillations between the two amplifiers, driving
them into saturation.

Figure 4.7 shows the schematic of the setup modified for a broader
frequency range from 1.5 GHz to 4 GHz. The narrow band circulator as
the limiting element has been replaced by a directional coupler with a larger
bandwidth. A second directional coupler is used here, directly at the output
of the microwave source for a different reason. By applying a microwave
current larger than the critical current of the Josephson junctions in the
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Figure 4.6: Schematic of the LTLSM microwave setup for measurements in the
frequency range from 1.7 GHz to 2.4 GHz, limited by the bandwidth of the circu-
lator.

SQUID one would bring them to the resistive state and microwave power
would be dissipated. To avoid this one should operate at low microwave
powers applied to the SQUID. As the power should be large enough operate
the detector diode at its working point, the second directional coupler is used
as a power splitter, allowing the signal from the source to be directly used
as bias for the detector diode. The other branch, which carries the signal
propagating to the sample, is coupled to the source with an attenuation of
20 dB. An additional step attenuator is used to adjust the signal level at the
sample independently from the output power of the source. The reflected
signal is amplified as mentioned for the setup before and is then combined
with the bias signal just before the detector diode.

The measurements of the optical contrast and the microwave photo
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Figure 4.7: Schematic of the LTLSM microwave setup for measurements in a
wider frequency range from 1.5 GHz to 4 GHz. The circulator as the bandwidth
limiting element has been replaced by a broad band directional coupler. See text
for detailed description.

response which were done in the different operation modes of the LTLSM
described here, are shown in section 5.1.

4.3 Switching current measurement setup

This work mainly concentrates on the dispersive readout of a Josephson phase
qubit by probing the detector SQUID with a weak microwave tone.

To be able to compare this new type of readout with the conventional
readout of Josephson phase qubits that has been used so far, comparative
measurements have been done. The samples for both measurements have
been produced during the same fabrication run to make them comparable
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4.3. Switching current measurement setup

with respect to the junction parameters and to avoid changes between two
runs in the inevitable deviation of the designed parameters from the actually
fabricated ones.

The conventional readout of a Josephson phase qubit relies on the
recording of the switching current of the dc-SQUID which is determined
by the flux state of the qubit that is inductively coupled to the SQUID.

In the following section we therefore describe the electronic setup that
has been used to perform the switching current measurements.

4.3.1 Wiring and filtering

The sample is placed inside a closed copper cell, see Figures 4.8 and 4.9,
thermally anchored to the mixing chamber of an Oxford 3He / 4He dilution
refrigerator, which has a base temperature of about 20 mK. Wires are con-
nected to the readout-SQUID for current-biasing and measuring the voltage
drop across it.

The leads pass through a series of filters and current dividers to shield
the qubits from noise. Custom-made microwave filters [WLC+03] are in-
stalled close to the sample housing. These consist of a long resistive wire
furled inside a copper tube which is filled with a mixture of STYCASTTM

2850 FT [Eme] and copper powder. Each grain is isolated from another by a
naturally grown oxide layer. Due to the large net surface of the powder, skin-
effect losses are substantial and this kind of filter provides an attenuation of
more than 50 dB above 1 GHz. On top of the sample holder every wire passes
trough a π-type feedthrough filter [Spe]. The next filter stage consists of RC
low pass filters with a cutoff frequency of around 50 kHz, thermally anchored
to the 1 K pot of the cryostat. At room temperature, the leads finally pass
through another stage of π-type feedthrough filters with a cutoff of about 10
MHz before they are connected to the analog electronics.

Inside the copper cell, the flux line as well as microwave line of the
qubit are connected to coaxial cables. These semi-rigid cables are made from
copper up to the 1 K pot. Each microwave cable has a 10 dB attenuator [Aer]
thermally anchored to the mixing chamber and another 10 dB attenuator
thermally anchored to the 1 K pot. From there towards the top of the
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cryostat, semi-rigid cables made from stainless steel are used to provide a
good thermal isolation. At room temperature, a bias-tee on the flux line
allows for feeding the bias current together with the nanosecond long flux-
pulses.

4.3.2 Electronics

In the following section, the electronics are described. By function, the elec-
tronics can be divided in two main parts. One part is used for the current
ramp measurement to determine the switching current of the dc-SQUID.
The second part controls the flux line currents and generates the flux pulse
sequences. Figure 4.10 shows a block diagram of the switching current mea-
surement setup.

Qubit control

The qubit is controlled by the external flux bias to tilt the rf-SQUID potential
to the working point, as described in section 2.3.1. A microwave pulse is
applied to populate the first excited state of the two level system. Finally a
flux pulse is applied to allow tunneling from the first excited state.

The qubit flux bias is provided by two current sources, which are control-
lable independently. The output current is proportional to a control voltage
by a factor of 10−3A/V for the first, and by a factor of 10−4A/V for the
second source. The current outputs are added and connected via a coaxial
line and an attenuator (see section 4.3.1) to the flux bias loop. The control
voltages are generated by DACs inside the shielded room. The DACs are
controlled by a DAC logic, which is connected to the output of a NIDAQ
card outside the shielded room via an optical fiber link. The DAC outputs
are not directly connected to the input of the corresponding current source,
but via a multiplexer, a switch, controlled by a gate signal. When a signal is
applied to the start gate of the multiplexer, the output is connected to input
U1. Without a gate signal, the output is connected to input U0. This allows
to switch the input of the current source between two fixed voltages. The
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Figure 4.8: Sample holder [Lukb] with opened copper cell. Semi-rigid coaxial
cables coming from the left side, enter the copper cell from the back and are
soldered to coplanar launchers. The blue square denotes the area of 15 x 15 mm2,
to where the samples can be glued. The inner side of the cover is coated with
a 1 mm thick mixture of STYCASTTM epoxy and copper powder to reduce the
amplitude of standing waves in the sample cell.

first multiplexer (MPX1) switches the output of DAC1 or DAC3 to the input
of the first current source, thus changing the flux bias from the beginning of
the initialization sequence (marked by I in Fig. 2.12(a)) to Φ ≈ Φ0. The
second multiplexer (MPX2) switches the output of DAC2 or zero voltage to
the input of the second current source, thus allowing to switch the additional
small field on and off.

To map the phase states of the two level system to flux states of the
rf-SQUID, a flux pulse is applied, which allows immediate tunneling from
the first excited state. This flux pulse is typically 1 ns long and is generated
by an Agilent 81130A pulse generator. The generator is located outside the
shielded room and is connected via 10 dB attenuator to a SMA feed-through
connector, which is installed on the wall of the shielded room. On top of the
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copper powder
filters

Figure 4.9: Sample holder with closed cover of the copper cell. The twisted pair
wires leave the copper cell at the back side and are connected to the copper powder
filters, which can be seen on the left side of the picture.

cryostat a bias-tee combines the flux pulse and the dc flux bias currents.

The qubit rf-bias is generated by a microwave generator. The microwave
pulse is shaped by mixing it with a DC-pulse, generated by the Agilent
E81130 pulse generator. Two mixers are connected in series to the output of
the rf-source to increase isolation. Before the signal enters the shielded room,
it is attenuated by 20 dB to reduce noise in the microwave line. The inter-
mediate frequency inputs of the mixers are connected to the output of the
pulse generator via a power divider. Several attenuators and low pass filters
provide a pulse of appropriate shape and amplitude. These characteristics
are checked with a 1 GHz oscilloscope.
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Figure 4.10: Electronic setup for qubit control and switching readout. Electron-
ics, necessary only for the switching readout is indicated by the red dashed line.
Qubit flux control electronics, also used with the new readout is indicated by the
blue dashed line. Rotate clockwise for better view. Filters and attenuators are
not shown for a better overview. Devices on the left side of the black dashed line
are located in a rack outside the shielded room. The other electronics is installed
inside the shielded room. The explanation of the setup is given in the text.
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Qubit readout

Together with the cryostat, and the electronics mentioned above to control
the fluxes, the electronics to control the dc-SQUID is installed in the shielded
room. A sawtooth generator with adjustable ramp rate and trigger inputs
(to start and stop the ramp) drives the current source, biasing the readout-
SQUID. The current is ramped up and a trigger signal is delivered when
the current crosses zero. The voltage across the junction is monitored and
as soon as a voltage drop across the junction is registered, a second trigger
signal is generated, which switches off the current ramp immediately. Both
trigger signals are guided outside the shielded room via optical fibers to guar-
antee electrical isolation between the biasing electronics and data acquisition
devices. A time interval counter with a time-base of 20 GHz is used to mea-
sure the time Δt between the pulses indicating the zero-crossing of the bias
and the switching of the dc-SQUID.

With the knowledge of the ramp rate dI/dt , the switching current
is reconstructed via Isw = dI/dt Δt. The experiment is typically repeated
500 times per second, stimulated by the Agilent 81130A pulse generator
connected to the start gate of the multiplexers to provide the flux pulses
and the ramp generator via an additional optical fiber. A further and more
detailed description of the current ramp measurement can be found in [Lis03].

Data acquisition is done by a computer connected to the counter via
a GPIB interface. Custom-made software based on MATLABTM allows for
on-line calculation of the switching current distribution and the escape prob-
ability, and provides the means to control any further device like flux line
current sources, microwave generators and temperature control.

4.4 Measurement setup for dispersive readout

In this section we are going to describe the measurement setup that we use
to perform the dispersive readout of the Josephson phase qubit. In the first
part we report about the dc electronics which in this setup are necessary to
supply the flux bias to SQUID and to the qubit. In contrast to the readout
electronics described before in section 4.3.2, now there is no dc bias directly
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4.4. Measurement setup for dispersive readout

applied to the SQUID. Therefore there is no need for the components that
were used for preparation of the current ramp, the monitoring of the SQUID
voltage, the triggering on the switching events and time counter which are
indicated by the red dashed line in Fig. 4.10.

4.4.1 DC electronics

Additionally to the flux control electronics mentioned in section 4.3.2, and
indicated in Fig. 4.10 by the blue dashed line, to tune the qubit flux bias, a
fourth DAC channel is used to control an extra current source which supplies
the flux bias for the dc-SQUID. This flux line is equipped with a current
divider and an RC type low pass filter at the 1K pot stage with a cut-off
frequency of 10 kHz. At the sample holder, a new type of powder filter [LU08]
is installed.

4.4.2 Microwave electronics setup

The microwave setup for the dispersive readout has been newly designed
for our qubit experiments. So far, microwave signals were only used to ma-
nipulate the qubit, but not for the readout. For the qubit manipulation, a
signal is only sent from the room temperature setup down to the qubit in
the cryostat. For this one way transmission, a frequency dependent coupling
strength of the signal to qubit would be the main problem, which however
could be solved relatively easy by readjusting the output power of the mi-
crowave source at room temperature.

To use in addition a readout process based on microwave signals makes
it necessary to transmit the signal containing the information about the qubit
state back from the bottom of the cryostat to the room temperature electron-
ics. The readout SQUID and the qubit can not be protected from thermal
noise in this line by just installing large attenuation, as it is done in the down-
ward line. Instead, one has to use a series of cryogenic isolators together with
appropriate filters. This will protect the readout system and the qubit from
thermal and high frequency noise, but on the other hand, a narrow band is
kept open in the frequency spectrum where the very weak signal reflected
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from the SQUID resonator can pass to a cold amplifier at 4K. These ad-
ditional components will always have small impedance mismatches and will
therefore introduce extra reflections which will influence the amplitude and
phase of the weak measurement signal. So one has to carefully design the
path of the microwave to avoid unwanted contributions to the signal. In
the following paragraph we describe our microwave setup. The written de-
scription is supported by several figures. Figures 4.11, 4.12 and 4.13 show a
schematic of the microwave components installed in the dilution refrigerator.
Each figure is accompanied by a photograph of a certain section of the low
temperature microwave setup. The photograph in Fig. 4.11 shows the mix-
ing chamber plate with the nut to which the sample holder will be screwed.
In the back the cryogenic circulator is visible which is attached to the cold
plate by a copper fixture. On the left side, four SMA sockets are located
which serve for applying fast microwave and dc-pulses to the qubit. On the
right side seven MCX sockets are placed to supply the necessary currents for
on-chip flux lines.

The photograph in Fig. 4.12 shows the mixing chamber plate, now
with the sample holder, magnetic shielding and all dc and microwave lines
carefully installed and fixed.

The photograph in Fig. 4.13 shows the top of the inner vacuum chamber
(IVC) flange, where a copper plate is installed. A cold amplifier which can
be seen on top, is attached to this plate together with a cryogenic circulator
below. One port of the circulator is terminated by a 50 Ω and serves here as
an isolator to protect lower temperature stages from the thermal noise of the
amplifier and increases the isolation of the amplifier for room temperature
thermal noise. During operation of the cryostat this whole part will be
immersed in the Helium bath.

For the frequency domain measurements performing the spectroscopy
of the SQUID resonator, a vector network analyzer (VNA) (Agilent E5071C)
was used, and the according measurement data are shown in section 5.3.1.
For the time resolved measurements, including the measurements of coherent
oscillations between the qubit states which are shown in 5.3.2, a different
setup, schematically shown in Fig. 4.14 is used.

All microwave components shown in Fig. 4.14, besides the microwave
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Figure 4.11: Schematic of the microwave setup inside the dilution refrigerator.
Attenuators are installed on the input line at several temperature stages to reduce
the room temperature thermal noise. A cryogenic circulator is installed at the
mixing chamber cold plate. A cold amplifier is placed at the 4 K stage which will
be immersed in the Helium bath. The photograph shows the mixing chamber plate
with the cryogenic circulator and flexible microwave cables installed for a test of
all microwave components at room temperature.

source, are arranged on a custom made microwave board, shown in Fig. 4.15.
This board serves for a reliable ground connection between the different com-
ponents and at the same time minimizes the phase fluctuations which would
be additionally introduced by accidental bending of the microwave cables.

Now, the microwave signal path will be explained in detail for the
measurements involving the microwave board, shown in Fig. 4.15.

The microwave signal for measuring the resonance frequency of the
SQUID resonator is generated by a commercially available synthesizer (An-
ritsu MG37020A) which is controlled by the measurement computer via
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Figure 4.12: Schematic of the microwave setup inside the dilution refrigerator,
as shown in Fig. 4.11. The photograph shows the mixing chamber, now with the
sample holder and magnetic shielding attached, and all microwave and dc lines
prepared just before closing the inner vacuum chamber.

GPIB (General Purpose Interface Bus). The continuous wave output sig-
nal of the source is split into two parts with equal amplitude and phase by
a power divider (Pasternack PE2011). One part is used as a reference sig-
nal with respect to phase and amplitude and is directly fed into the local
oscillator (LO) input of an IQ-mixer (Marki IQ1545LMP), which we later
will refer to. The probe signal passes through a manually adjustable phase
shifter (Pasternack PE8247) and is amplitude-modulated by means of two
mixers (Mini-Circuits (MC) ZX05-C24LH-S+) connected in series in order
to achieve a large on-off ratio of about 64 dB. The modulation signal coming
from the second channel of a pulse generator (Agilent E81130) is split by a
power divider (Pasternack PE2008) and fed into the IF inputs of both mixers.
The pulsed signal passes through a manual step attenuator (Narda 4745-69)
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Figure 4.13: Schematic of the microwave setup inside the dilution refrigerator, as
shown in Fig. 4.11. The photograph shows the 4K stage of the dilution refrigerator,
with the cold amplifier on top and a cryogenic circulator below, here used as an
isolator with a 50 Ω load at one port.

and a 40 dB fixed attenuator (Mini-Circuits) to set the proper power level
for the experiment before it enters on top of the cryostat.

Inside the cryostat, the signal is attenuated by 70 dB in total using
30 dB attenuators at the 1K pot stage and the 500 mK stage and a 10 dB
attenuator at 30 mK. The signal is then passed through a cryogenic circu-
lator (Pamtech STE1438K) with isolation of 18 dB in the frequency range
between 1.9 GHz and 2.4 GHz. From there, the signal is guided to the sam-
ple holder by a flexible microwave cable and further to the SQUID circuit
by an on-chip coplanar transmission line. Two additional 1 dB attenuators,
one at the circulator and one at the sample holder, serve for reduction of
reflections due to mismatches at the transitions from the cable to the sample
holder and further to the chip. Measurements showed that reflections reach
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Figure 4.14: Schematic of the microwave electronics of the room temperature
setup. The signal form the source is split into the reference signal passed to the
LO input of the IQ-mixer, and the probe signal passed through the phase shifter,
the mixer for pulsing (here only one shown) and the step attenuator, before it
enters the cryostat. The reflected signal is amplified and passed to the RF input
of the IQ-mixer.

a minimum with the attenuators in this configuration, in contrast to having
only one larger attenuator at just one end of the cable, either at the circu-
lator or at the sample holder. For all attenuators used at low temperatures
it is crucial to assure that they are not changing their characteristics by be-
coming superconducting. Here we use attenuators of the Type 18AH from
Aeroflex/Inmet [Aer].

The signal reflected by the sample returns to the circulator towards
a cold amplifier installed at the 4 K stage, designed for a 42 dB gain at a
noise temperature of 6 K (Quinstar QCA-S.3-30H). A narrow-band isolator,
installed on the input of the amplifier together with a filter (Mini-Circuits
VBFZ-2130) having its pass band between 1.7 GHz and 2.4 GHz, serves
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Figure 4.15: Custom made microwave board, used to generate the pulsed probe
signal for the SQUID resonator, and to determine the change in amplitude and
phase of the reflected signal by means of the IQ-mixer.

to protect the sample from the noise of the amplifier. At the output of the
amplifier, a low-pass filter (Mini-Circuits VLF-3000) with a cut-off frequency
of 3 GHz protects the amplifier and the whole system from high frequency
noise.

At room temperature, the signal is amplified by two amplifiers (Mini-
Circuits ZX60-2534M) of 76 dB total gain and mixed with the reference
signal in an IQ mixer (Marki IQ1545LMP). The I and Q outputs of this
mixer are determined by a combination of the phase and amplitude of the
reflected signal with respect to reference signal. They are low pass filtered
to avoid high frequency noise leaking through the mixer and amplified by
a low-noise amplifier (SRS SR560) each, which are able of handling pulsed
signals. Finally both signals are digitized by means of an 8-bit, 100 MS/s
data acquisition card (Spectrum M2i.2030).

Fig. 4.16 shows a schematic of an IQ-mixer which is now going to be
explained.
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Figure 4.16: Schematic of an IQ-mixer, consisting of a power splitter, two mixers
and a 90◦ hybrid, which splits the input signal and shifts the phase by 90◦ in one
branch.

Let us consider a sinusoidal signal with a constant amplitude V LO
0 and

frequency ω from the synthesizer as local oscillator (LO) input to the IQ-
mixer

V LO = V LO
0 sin(ωt), (4.5)

and a signal having the same frequency but different amplitude and shifted
in phase by α as the reflected signal from the SQUID resonator at the radio
frequency input (RF) to the IQ-mixer

V RF = V RF
0 sin(ωt + α). (4.6)

The output voltage V I is then given by the product of these two input signals

V I = V LO
0 · V RF

0 · K · sin(ωt) sin(ωt + α), (4.7)

where K is a mixer constant including the typical conversion loss. The output
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voltage V Q is also given by the product taking into account the phase shift
of the LO signal,

V Q = V LO
0 · V RF

0 · K · sin(ωt + π/2) sin(ωt + α). (4.8)

This yields

V I = V LO
0 · V RF

0 · K · 1
2[cos(−α) − cos(2ωt + α)], (4.9)

and

V Q = V LO
0 · V RF

0 · K · 1
2[cos(π/2 − α) − cos(2ωt + π/2 + α)]. (4.10)

For both voltages the oscillating term is now going to be neglected which is
taken care of in the measurement by low pass filtering both signals.

V I = V LO
0 · V RF

0 · K · 1
2 cos(−α) = V LO

0 · V RF
0 · K · 1

2 cos(α), (4.11)

V Q = V LO
0 · V RF

0 · K · 1
2 cos(π/2 − α) = V LO

0 · V RF
0 · K · 1

2 sin(α). (4.12)

Taking into account that the amplitude of the incident signal V LO
0 is consid-

ered to be constant, one can define a new constant K ′ = 1
2 · V RF

0 · K and
gets

V I = V RF
0 · K ′ cos(α), (4.13)

and

V Q = V RF
0 · K ′ sin(α). (4.14)
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One can see that V I is proportional to the real part of the complex signal
while V Q is proportional to the imaginary part of the complex signal with
amplitude R = V RF

0 · K ′ and the phase α which are given by

R =
√

(V I)2 + (V Q)2, (4.15)

and

α = arctan
(

V Q

V I

)
. (4.16)

This setup allows for recording the I and Q data and to calculate the
amplitude and phase of the reflected microwave signal for each measurement
point during a sweep in frequency and applied magnetic flux. The mea-
surements are shown in section 5.3.1 related to the characterization of the
SQUID.

Then, for the qubit readout, the SQUID is only probed at a fixed
frequency. For these measurements which are shown in section 5.3.2 the
phase shifter mentioned above is used to adjust the phase of the signal in the
measurement loop in a way so that one of either I and Q signals becomes
zero and the other one reaches a maximum for the chosen frequency. This
allows for a maximal readout contrast while only occupying one channel of the
data acquisition card and leaving the second channel for future experiments
involving a second SQUID resonator coupled to second qubit.

A pulse generator (Agilent E81130) which is controlled by the mea-
surement computer via GPIB is used to create a proper pulse sequence to
control the qubit manipulation and the readout of the SQUID. The trig-
ger signal for the analog flux control electronics, the pulse modulation for
SQUID microwave signal and the trigger signal for the data acquisition card
are directly supplied by this generator. Additionally it triggers an arbitrary
waveform generator (Tektronix AWG7062B) which is used because of its
better time resolution and its versatility with respect to the pulse shape to
generate the microwave and the flux pulse for the qubit.
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4.4. Measurement setup for dispersive readout

The qubit microwave line and the qubit flux line are realized by two
semi-rigid coaxial cables. Each line has a 20 dB attenuator installed at the
500mK stage and another 10 dB at the 30mK cold plate.

Figure 4.17 shows the phase qubit operation cycle for the dispersive
readout scheme in contrast to the operation cycle of the switching current
readout shown in Fig. 2.12. The initialization by the flux bias and the qubit
operation by the applied microwave pulse are explained in section 2.3.1. Here
one qubit operation cycle takes only 100 μs including 20 μs for setting the
flux back to the initialization level. The actual measurement time of the
SQUID here is only 24 μs.

I μw

VI , VQ

80 μs

24 μs

+�,

+�,

+�,

80 μs

Figure 4.17: One operation cycle of the phase qubit with the dispersive readout.
(a) The red line shows the time dependence of the flux which is applied to the
qubit. (b) The light blue line shows the pulsed microwave probe signal that is
applied to the SQUID resonator. (c) The orange and the purple line show the
output voltages VI and VQ respectively of the IQ-mixer. The time line is not to
scale.
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Chapter 5

Measurement Results

In this chapter we are going to present the results of the measurements
that were performed on the samples described in section 4.1 by using the
different measurement setups shown in chapter 4. We start with a section
about the measurements done at 4K with the low temperature laser scanning
microscope (LTLSM) setup described in section 4.2 for a first characterization
of our resonators.

The measurements were then continued in a 3He / 4He dilution cryostat
at a base temperature of 30mK. Two different electronic setups have been
used for the SQUID switching current readout of the qubit on the one hand,
and the dispersive readout on the other hand which are described in sections
4.3 and 4.4 respectively.

5.1 LTLSM Measurements

In the following section we show measurement results that were obtained
by probing the resonator with a laser beam while it is at a temperature
of 4K in the LTLSM cryostat and supplied with a microwave signal. The
measurement setup and technique are described in section 4.2. This method
allows for extracting J2

μw(x, y) maps ([CNW98]) from the microwave photo
response according to the signal generation model in section 4.2.

Additionally, the optical contrast mode of the LTLSM was used for
mapping the results of the microwave photo response mode to the actual
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sample layout. Figure 5.1 shows an image of a resonator which was recorded
by measuring the reflectivity of the sample. The resonator is formed by a
loop that is shunted by a capacitor. This specific design is similar to the
sample layout shown in Fig. 4.1, but does not contain Josephson junctions.
It is designed for probing only the LC resonance of the structure.

Figure 5.1: Micrograph of an LC resonator obtained by recording the reflectivity
of the structure in the optical contrast mode of the LTLSM. The structure does
not contain Josepshon junctions, it is a plain lumped element LC-resonator.

Figure 5.2 shows a micrograph obtained with the LTLSM in the optical
contrast mode of the sample containing Josephson junctions depicted in Fig.
4.1.

In the following figures we will present the measurement results which
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5.1. LTLSM Measurements

Figure 5.2: Micrograph of the SQUID resonator, on the left, and the qubit on the
right, obtained by recording the reflectivity of the structure in the optical contrast
mode of the LTLSM.

were obtained for both these samples mentioned before, by using the LTLSM
setup in the microwave photo response mode, as described in section 4.2.

Figure 5.3 shows the local microwave photo response of the LC-resonator
without Josephson junctions versus the spatial coordinates x and y. This
measurement was recorded while a continuous microwave signal at f = 2.85
GHz was applied to the sample. The signal level is encoded in color and
shows a homogeneous distribution along the center conductor and in the two
branches of the loop.

To see the resonance of the structure in the frequency domain, we
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Figure 5.3: LTLSM microwave photo response (color-coded) of the LC resonator
without Josephson junctions. The resonator is excited with a microwave signal at
its expected resonance frequency fLC = 2.85 GHz, which is fed to the structure
from the left.

restrict the scan area for next measurement to a narrow line across the center
conductor of the resonator and the two branches of the loop. This cross
section is indicated in Fig. 5.3 by a white dashed line at x = 100 μm.
The illuminated spot is scanned just along this line while for each scan the
microwave frequency that is applied to the resonator is increased step by step.
After performing each of these measurements and merging them into one file,
one gets the frequency dependence of the microwave photo response. The
obtained data are shown in Fig. 5.4. The measurement reveals the largest
microwave photo response at the resonance frequency fLC = 2.85 GHz in
the center conductor and in the two branches of the loop. One can also
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5.1. LTLSM Measurements

notice side minima and maxima appearing for lower and higher frequencies.
These are attributed to the microwave setup that was used to access the
broad frequency range from 1.5 GHz to 4.5 GHz and which is shown in Fig.
4.7. As already mentioned there, a kind of bypass for the microwave signal
was necessary to bias the diode detector close to its working point, since the
microwave signal reflected from the sample was to weak. Just before the
diode, both signals were combined. Due to the different path lengths in the
microwave setup cabling and the phase difference occurring therefore, the
measurement data were overlayed with an interference pattern which can be
seen in Fig. 5.4.

Since for the measurement data shown in Fig. 5.4 the x-coordinate of
the scan has already been set to a fixed value, one can now extract the
microwave photo response versus frequency dependence at a specific point
of the resonator structure by choosing a certain value of the y-coordinate.
This is done by having a look at the cross section of measurement data
shown in Fig. 5.4 for a fixed value of y = 49μm. Figure 5.5 shows the
microwave photo response for the single point (x = 100μm, y = 49μm) in
the middle of the center conductor of the loop. Due to a change of the scan
step size this corresponds to the point (x = 100μm, y = 100μm) in Fig. 5.3.
Figure 5.5 clearly reveals the interference pattern, overlaying the expected
microwave photo response. The inset of of Fig. 5.5 shows a 165 MHz wide
spectrum, where in the central part, the photo response is not dominated by
the interference. There, the measured signal is in qualitative agreement with
the signal generation model, shown in section 4.2, and the shape of the curve
compares to Fig. 4.5(b).

The analysis of the LC resonator circuit by means of the LTLSM tech-
nique revealed the resonance frequency of the structure at fLC = 2.86 GHz.
The obtained results are nicely illustrated by Fig. 5.3 and Fig. 5.4.

A further experiment, done with LTLSM, was the investigation of the
SQUID resonator, consisting of the loop, the Josephson junctions and the
shunt capacitors, as shown in Fig. 4.1 and Fig. 5.2. Compared to the
LC resonator investigated before, the additional Josephson inductance intro-
duced by the junctions will reduce the resonance frequency of the structure
to the range below 2.1 GHz, actually depending on the externally applied
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Figure 5.4: Microwave photo response versus the excitation frequency and the
spatial coordinate y, corresponding to a line scan at x = 100μm in Fig. 5.3. The
largest response in the center conductor and the two branches of the resonator loop
is shown at a frequency f = 2.85 GHz. The response is overlayed by an interference
pattern which is explained in the text. The three spots at 2.85 Ghz correspond
to the lower and upper branch, and the center conductor of the resonator loop
repectively.

magnetic flux, as it is explained in section 3.1. The experiment was car-
ried out in the same way as it is described before in this section for the LC
resonator. Figure 5.6 shows the microwave photo response for the SQUID
resonator measured with the LTLSM setup.

The measurements showed that no distinct resonance point could be
detected for SQUID resonator, as compared to the measurement of the LC
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Figure 5.5: Microwave photo response versus the excitation frequency applied
to the resonator. The curve shows the measured data points for a fixed value of
y = 49μm of the measurement shown in Fig. 5.4. The inset shows a magnification
of a 165 Mhz wide spectrum, centered around 2.86 Ghz.

resonator, shown in Fig. 5.4. Despite the fact that the measurements also
showed the interference pattern, introduced by the setup, there was no sig-
nature of a resonance visible. The reason for this was attributed on the
one hand to the electromagnetic rf-noise in the environment which can enter
the cryostat through the optical window for the laser. The electromagnetic
noise suppresses the critical current of the SQUID which was verified by a
switching current measurement while the sample was installed in the LTLSM
cryostat. On the other hand, additional thermal noise from the room tem-
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Figure 5.6: LTLSM microwave photo response of the SQUID resonator at an
excitation frequency f = 1.925 GHz and a microwave power Pμw = -60 dBm.

perature setup was also introduced by the microwave line attached to the
SQUID. Therefore it can not be excluded that the noise current exceeded
the critical current of the SQUID and lead to a complete attenuation of the
resonance. For future measurements the problem of the thermal noise en-
tering via the the microwave line could be cured by installing a cryogenic
circulator inside the LTLSM cryostat.

Only after finishing the experiments with the LTLSM, we had an idea,
how to avoid the interference pattern introduced by the additional bias
needed to operate the detector diode at the working point, as it is explained
in section 4.2. The alternative would be, to use a bias-tee to supply an addi-
tional dc-bias to the diode instead of an rf-bias which is responsible for the
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interference.

5.2 Switching current measurements

In this section we are presenting the measurement results obtained by reading
out a phase qubit in the conventional way, by measuring the switching current
statistics of a dc-SQUID inductively coupled the phase qubit. The setup for
this kind of readout is described in section 4.3. The measured circuit contains
a Josephson phase qubit with the same parameters given in section 4.1.

In contrast to the symmetric dc-SQUID which is used for the dispersive
readout, the conventional readout typically uses a three junction asymmetric
dc-SQUID. The symmetric dc-SQUID contains two Josephson junctions of
the same size, and therefore of the same critical current. The asymmetric
dc-SQUID contains three junctions. While two of them are put in series in
one branch of the loop, the third junction, having a larger critical current
is placed in the other branch of the loop. A more detailed explanation of
the asymmetric dc-SQUID is given in [Lis08] and in [Wir06]. There, also the
switching current readout is explained in more detail, which allows to record
the switching currents statistics of the dc-SQUID.

After mapping the qubit states to distinct flux states in neighboring
wells of the qubit potential, as described in section 2.3, the switching current
statistics of the dc-SQUID are recorded. This measurement is shown in Fig.
5.7. There, one peak of the histogram corresponds to the qubit being detected
in the ground state, while the second peak corresponds to the qubit being
detected in the excited state.

By setting a thresh hold current at the overlap point of the histograms,
the measured switching current statistic is mapped to the escape probability
Pesc of the first excited qubit state from the shallow to deep potential well.
The probability P (|1〉) of qubit being measured in the excited state is thereby
defined as P (|1〉) = Pesc.

By doing microwave spectroscopy on the qubit, the dependance of the
qubit resonance frequency, corresponding to the energy level splitting be-
tween the qubit states, and the externally applied flux is found.

The qubit is then biased at a certain flux and excited by a microwave
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Figure 5.7: Switching current histograms of the readout dc-SQUID for two dif-
ferent flux states of the qubit.

signal of according frequency, as illustrated by Fig.2.12. This perturbation
introduces coupling of the ground and first excited state of the qubit and
drives coherent oscillations between the states, as explained in section 2.3.2.
The Rabi oscillations of the measured qubit are shown in Fig. 5.8 for three
different powers of the applied microwave. The frequency of the oscillations
(Rabi frequency) depends on the applied microwave current, and therefore
the applied microwave power according to Eq. (2.51).

The energy relaxation time T1 as well as the dephasing time T2 of the
qubit, are relevant measures for the actual quality of the qubit. The energy
relaxation time T1 is measured as the decay time of the qubit from first
excited state. Therefore a microwave pulse of defined length is applied which
is usually referred to as π-pulse. Figure 5.9 shows the energy relaxation time
T1 measurement, where a 1.4 ns long microwave pulse populates the first
exited state at time t = 0.
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Figure 5.8: Coherent oscillations (Rabi oscillations) between the qubit states,
measured for three different powers of applied microwave at a frequency of 12.6
GHz. An exponentially decaying sin2 is fitted to the measurement data. This
reveals a decay time of Td ≈ 2 ns.

5.3 Measurements on the dispersive readout

In section 4.3 we showed the standard method ( [CSM+04, PDP+06, CFHB07,
LLA+07]) to read out a Josephson phase qubit, and showed according mea-
surements done with our setup in section 5.2. The switching of the read-
out SQUID to its non-superconducting state generates heat directly on the
chip and quasi-particles in the circuitry. Both effects are responsible for a
relatively long cool-down time of about 1-2 ms that is required after each
switching event. This, together with the time needed to ramp up the bias
current of the SQUID, limits the repetition rate of the experiment.

To overcome these limitations of the conventional readout, the disper-
sive readout scheme was introduced in chapter 3. In the following section we
present the measurements done on the dispersive readout of the Josephson
phase qubit with the setup described in section 4.4 on the sample described
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Figure 5.9: Measurement of the energy relaxation time T1 of the first excited
state of the qubit. An exponential decay is fit to the measurement data, revealing
an energy relaxation time T1 = 1.8 ns.

in section 4.1
We start with a characterization of the microwave setup installed in our

3He/4He dilution refrigerator, as shown in Figs. 4.11, 4.12 and 4.13, together
with the sample, by performing a transmission measurement with a vector
network analyzer (VNA). Further experiments in the frequency domain were
then continued by using the IQ-mixer setup shown in Figs. 4.14 and 4.15
instead of the VNA. This setup together with a broad band data acquisition
hardware also allowed for time resolved measurements of the qubit evolution,
which are concluding this chapter.

5.3.1 SQUID detector characterization

The characterization of our microwave setup inside the dilution refrigerator
and our sample started with a transmission measurement (S21), done by
means of a vector network analyzer. This device applies a microwave signal,
swept in frequency to the input port of the low temperature microwave setup
(see Fig. 4.11) and receives the transmitted signal. Fig. 5.10 shows the
according measurement. The absorption dip at 2.08 GHz is atributed to the
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5.3. Measurements on the dispersive readout

resonance of the SQUID resonator. One can further see that the band width
of the system is limited to the range between 1.6 GHz and 2.8 GHz, mainly
by the band width of the cryogenic circulator, isolator and the additionally
installed filters at 4K. Outside this range the signal decreases to the noise
level of the VNA. The response between 1.8 GHz and 2.4 GHz is not flat due
to the installed filters.
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Figure 5.10: Measurement, showing the transmission spectrum of the cold setup.
The red arrow indicates the resonance frequency of the SQUID resonator fRes =
2.08 GHz.

As it was described in section 3, the resonance of the SQUID resonator
is tunable by an externally applied magnetic flux. For this, the on-chip flux
line (see Fig. 4.1), just below the SQUID loop was used. The flux can
be adjusted by means of a voltage controlled current source of our custom
made dc-electronics. This current source is controlled by the measurement
computer, running custom made scripts, based on MATLAB. Figure 5.11
shows the position of the resonance dip in the the spectrum of the applied
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frequency as a function of the applied flux. A frequency sweep was recorded
for each flux value, as it can be seen for ΦS = 0 in Fig. 5.10. Afterwards
the position of the resonance dip was extracted from the data. For each
flux value, the position of the dip is indicated by a red circle for the flux
swept from negative to positive values, and by a blue dot for the flux swept
in opposite direction. During each flux sweep, due to crosstalk between the
SQUID flux bias line and the qubit loop, approximately one flux quantum Φ0

enters or leaves the qubit loop, which gives rise to an abrupt shift of the dip
frequency at specific flux bias values. This frequency shift can be observed
in Fig. 5.11 at ΦS = -0.26Φ0 and ΦS = 0.02Φ0.
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Figure 5.11: Resonance frequency of the SQUID resonator as a function of ex-
ternally applied magnetic flux. Red circles and blue dots show the the positions
of the resonance dips as a function of the applied flux, for two different directions
of the flux sweep. See text for detailed explanation.
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As already mentioned before the band width of the setup was limited,
and therefore it was not possible to record a complete period of the flux
dependency of the resonance. Since this dependence is know by Eq. (3.7),
it was possible to fit it to the data points. These fits together with the
measured data points are shown in Fig. 5.12. The solid red line indicates the
measurement data for the flux swept from negative to positive values, while
the solid blue line indicates the data for the flux swept in opposite direction.
The dotted blue line shows the fit to the blue data points on the right-hand
side of the step at ΦS = -0.26Φ0. The dashed red line displays the fit to the
red data points on the left-hand side of the step at ΦS = 0.02Φ0.

The fit formula is given by:

fRes(B) = 1

2π

√√√√(
Ls + Φ0

4πIc0| cos(π B+Boffs
B0

)|

)
C1

, (5.1)

where B is the applied flux in units of the volt, applied to the voltage con-
trolled current source, biasing the flux line. Boffs is the x-offset of the curve
maximum in units of volt, and B0 is a normalizing factor, relating the volt-
age scale to the actual flux scale. These three variables are fit parameters,
and additionally the loop inductance LS, the shunt capacitance C1 and the
critical current of a single Josephson junction Ic0. The yielded values of the
fit parameters are in good agreement with the designed values, as they are
(design values are given in parenthesis):

Single junction critical current: Ic0 ≈ 2 μA (2.1 μA);

SQUID loop inductance: LS ≈ 161 pH (111 pH);

Shunt capacitance: C1 ≈ 24 pF (36 pF);

More over, the shift between the to curves in Fig. 5.12 of 26 mΦ0 = M Ic0,
introduced by a flux jump in the qubit, reveals a mutual inductance between
the SQUID loop and the qubit loop M ≈ 27 pH, which matches very well to
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Figure 5.12: Resonance frequency of the SQUID resonator as a function of exter-
nally applied magnetic flux. The blue solid line and the red solid line correspond to
the measurement data, shown in Fig. 5.11. The dashed and dotted lines correspond
to fits to the measured data. See text for detailed explanation.

the designed value of M = 30 pH.

Since the measurement speed of the vector network analyzer and its
data transfer rate to the measurement computer limit the data acquisition
rate, the following measurements are done by using the IQ-mixer setup,
shown in Figs. 4.14 and 4.15, instead of the VNA. A broad band data
acquisition card in the measurement computer is used to record the output
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voltages of the IQ-mixer.
From the recorded values of the IQ-mixer output voltages the signal

amplitude can be calculated according to Eq. 4.15. The frequency of the
probe signal is swept by the microwave source, supplying the probe signal to
the microwave board and further to the sample. The microwave board also
allows for pulsing the probe signal in contrast to the VNA which is applying
a continuous signal.

As described before for the VNA measurements, again the flux is swept,
but now the flux is applied via the qubit flux line, since this configuration
is also going to be used later for the time resolved measurements on the
qubit. The qubit flux line is shown in Fig. 4.1, above the qubit loop. Due
to crosstalk between the qubit flux line and the SQUID loop, the SQUID
resonator is also de-tuned by this flux. For each flux value, the probe signal
frequency is swept by the microwave source, while the output voltages of the
IQ-mixer are recorded. This allows to acquire a frequency spectrum for each
flux point. The position of the resonance dip in the spectrum is determined in
the same way as described before by a script on the measurement computer.
Fig 5.13 shows the positions of the dips with respect to the probe signal
frequency, for the flux swept from negative to positive values, while Fig
5.14 shows the position of the dips, for the flux swept in opposite direction.
During each flux sweep approximately two flux quanta Φ0 enter or leave the
qubit loop, each of which gives rise to an abrupt shift of the dip frequency at
specific flux bias values. These values are 0.001 Φ0 and 0.25 Φ0 in Fig. 5.13,
and -0.124 Φ0, and 0.124 Φ0 in Fig. 5.14, which are indicated by arrows.

The flux jump in Fig. 5.13 at ΦQ = 0.25 Φ0, is now going to be further
investigated. The SQUID resonator frequency shift induced by the qubit
is shown in detail in Fig. 5.15(a). It displays two traces of the normal-
ized reflected signal amplitude versus the applied microwave frequency in
the vicinity of qubit-state switching. The left curve, with its minimum at
1.896 GHz corresponds to the lower data point at the respective flux jump in
Fig. 5.13, while the right curve, with its minimum at 1.926 GHz corresponds
to upper data point. For this measurement, a very low microwave power of
-120 dBm was applied to the SQUID to stay in the linear regime, giving rise
to the Lorentzian shape of the resonance dips. Taking into account the line
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Figure 5.13: Resonance frequency of the SQUID resonator as a function of mag-
netic flux swept upward and applied via the qubit flux line. Each red circle corre-
sponds to the resonance dip at the respective value of flux bias. Arrows indicate
flux jumps in the qubit. See text for detailed explanation.

width of 4 MHz and the dependence of the resonance frequency on the flux, a
resolution of the detector of 2 - 3 mΦ0 is achieved at an operating frequency
of 1.9 GHz. As the two qubit states differ by a magnetic flux on the order of
Φ0, very weak inductive coupling between the SQUID and qubit for future
experiments is possible.

Fig. 5.15 (b) shows the same frequency range as above, but now the
power of the input signal is larger, -115 dBm, driving the SQUID into the
nonlinear regime. This is revealed by the asymmetric shape of the dips, as
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Figure 5.14: Resonance frequency of the SQUID resonator as a function of mag-
netic flux swept downward and applied via the qubit flux line. Each blue dot
corresponds to the resonance dip at the respective value of bias flux. Arrows
indicate flux jumps in the qubit. See text for detailed explanation.

shown in section 3.2. The advantage of the non-linear regime is the sharper
edge on the low-frequency side which allows for an imporoved flux resolution
of about 0.5 - 0.7 mΦ0.

The resonance frequency shift at a bias flux of 0.25 Φ0 (Fig. 5.13)
is 30 MHz, which is larger than the resonance line width of about 4 MHz.
Hence, this scheme is capable of single-shot detection of the qubit flux state,
which is going to be utilized in the next section for the qubit readout.
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Figure 5.15: Shift of the resonance frequency of the SQUID resonator by 30
MHz due to the qubit changing its magnetic flux by approximately Φ0. (a) In the
linear regime. (b) SQUID driven in the non-linear regime. Note the larger signal
amplitude compared to the linear regime.

5.3.2 Qubit readout

After performing the measurements on the SQUID resonator in the frequency
domain, to characterize the detector and to find the largest frequency shift,
as the best working point for the qubit readout, we finally come to the actual
measurements of the qubit itself. As already explained in section 5.2, the next
measurement to do, is the qubit spectroscopy, to find the dependence of the
qubit energy level splitting on the applied magnetic flux. Figure 5.16 shows
the measured spectroscopy data of the qubit, acquired with the dispersive
readout scheme, discussed in this thesis.
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Figure 5.16: Qubit spectroscopy data. The probability of the qubit to be in
the excited state, measured as the escape probability from the shallow potential
well is shown here color encoded, versus the applied qubit bias flux [a.u.] on the
horizontal axes, and the microwave frequency applied to the qubit on the vertical
axis.

To demonstrate the successful implementation of the dispersive readout
scheme for a Josephson phase qubit, we finally measured coherent oscillations
between the first excited and the ground state of the qubit. Figure 5.17 shows
Rabi oscillations of the qubit measured for different driving powers of the
qubit microwave. As expected, the frequency of Rabi oscillations increases
approximately linearly with the driving field amplitude.
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Figure 5.17: Coherent oscillations of the qubit for different driving powers, from
bottom to top: -18 dBm, -15 dBm, -12 dBm, -9 dBm and -6 dBm. Curves are
offset by 0.1 for better visibility.

The measured energy relaxation time of the tested qubit is rather short
and on the order of T1 = 5 ns. This time is not limited by the chosen type
of readout, but rather determined by the intrinsic coherence of the qubit
itself. This is verified by measuring the same qubit with the conventional
SQUID switching current method, which yields very similar T1. The ob-
served short coherence time is likely to be caused by the dielectric loss in the
silicon oxide forming the insulating dielectric layer around the qubit Joseph-
son junction [LLA+07].
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Conclusions

In this thesis a new type of readout for a Josephson phase qubit is presented.
Instead of relying on the dissipative switching current measurement of a dc-
SQUID and its disadvantages, to detect the flux states of the phase qubit, we
make use of the Josephson inductance of the dc-SQUID. This flux dependent,
non-linear inductance, together with an on-chip capacitor, is formed into a
resonator circuit with a flux dependent resonance frequency around 2 GHz.
By measuring the amplitude and phase of a microwave pulse reflected from
the SQUID resonator, the flux state of the qubit is detected.

For this goal, a microwave setup including cabling, attenuators, filters
and a cryogenic circulator, was planned according to the experimental needs
and the restrictions predetermined by the installation in a dilution refrigera-
tor at temperatures as low as 30 mK. For the room temperature microwave
electronics, a custom made microwave board has been designed and assem-
bled, containing, among other parts, a phase shifter, mixers for pulsing the
probe signal, an optimized chain of amplifiers and, as a key element, an IQ-
mixer to determine the amplitude and phase of the probe signal. A new
broad band data acquisition card has been brought into operation to record
the measurement data with sufficiently high speed, to fulfill the requirement
of a high repetition rate. The dc-electronics have been improved to fulfill the
needs of the faster measurement, e.g. a shorter rise time of the qubit flux
bias current sources.

Additionally, low temperature laser scanning microscopy (LTLSM), a
versatile technique that allows for the determination of the optical, dc- and
microwave properties of an investigated device at the same time, was used
for a first characterization of the resonators.
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Conclusions

In conclusion, we have demonstrated a dispersive readout scheme for a
Josephson phase qubit which was the goal of the presented research. This
scheme avoids the switching of the SQUID flux detector into the resistive
state. Due to much lower dissipation in the circuit, we can reduce the SQUID
measurement time down to 25 μs without observing any noticeable heating
effects. This readout repetition time is about 40 times shorter than the
time typically achieved with the conventional readout. In our setup, the
shortest repetition time is limited by the amplifiers for the I and Q signals
and could be further reduced down to the 10 - 100 nanosecond range by
expanding the band of these amplifiers, as it has been already demonstrated
for flux qubits [LSP+07]. This short measurement time and the possibility of
using frequency-division multiplexing readout [MHI+08] make our approach
promising for future experiments scaled up to multiple phase qubits.

Depending on the applied microwave power, the SQUID resonator cir-
cuit can be operated in either linear or nonlinear regime. The nonlinear
regime allows for the use of extremely sensitive bifurcation readout [VDS09].
This may give rise to the possibility of direct quantum non-demolition read-
out of a Josephson phase qubit similar to what has already been realized for
a flux qubit [LSP+07].
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