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List of symbols and abbreviations

AC Alternating current

AM Amplitude modulation

CPS Cooper pair splitter

DC Direct current

EBL Electron beam lithography

EC Elastic cotunneling

FWHM Full width at half maximum (the -3 dB bandwidth of a resonance)

HEMT High-electron-mobility transistor

MWNT Multi-wall nanotube

I, Q In-phase and quadrature signal

IF Intermediate frequency (of a frequency mixer)

IV Current-voltage

JJ Josephson junction

JPA Josephson parametric amplifier

LNA Low noise amplifier

LO Local oscillator

RCSJ Resistively and capacitively shunted junction (model)

RF Radio frequency

RWA Rotating-wave approximation

SEM Scanning electron microscope

SET Single electron transistor

SMA Subminiature version A, a microwave connector

SIS Superconductor-insulator-superconductor junction

S/N, SNR Amplitude signal-to-noise ratio

SQUID Superconducting quantum interference device

QD Quantum dot

C Capacitor or capacitance

CG Gate capacitance

CJ Capacitance of a Josephson junction
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List of symbols and abbreviations

e Electron change, e ≈ 1.6022× 10−19C

EJ Josephson energy

f Frequency (Hz)

G Power gain

h Planck constant, h ≈ 6.62608× 10−34Js

h̄ h/2π ≈ 1.0546× 10−34Js

i Imaginary unit

I Electric current (A)

Ib Bias current (A)

IC Critical current (A)

kB Boltzmann constant, kB ≈ 1.3807× 10−23J/K

LJ Josephson inductance

R Resistance (Ω)

Rd Differential resistance (Ω)

S Power spectral density of noise (typically in Kelvin)

Sku Scattering parameters

T Temperature (K)

V Voltage (V)

Vb Bias voltage (V)

Z Impedance (Ω)

Z0 Standard transmission line impedance, Z0 = 50Ω

Γ Voltage reflection coefficient

Δ Superconducting energy gap

Δp Frequency ωp/2− ωres corresponding to half of pump p

ωp Frequency of the pump p

ωres Resonant frequency of the cavity

κ Total decay rate of a resonator

κi, κe Internal and external decay rate of a resonator

Φ Magnetic flux

Φ0 Magnetic flux quantum, Φ0 = h/2e ≈ 2.0678× 10−15 Wb

ω Angular frequency (rad/s)

ωJ Josephson junction plasma frequency

χ Electrical susceptibility

〈〉 Inner product or mean

[] Commutator

{} Anti-commutator

† Hermitian conjugate
∗ Complex conjugate
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1. Introduction

The term "noise" is typically defined as something unwanted, some ex-

tra signal which interferes with the measurement of the actual signal,

whether it be acoustic, electromagnetic or other power of interest. How-

ever, within the context of this thesis such a distinction is not the full

story. For a device designed to observe phenomena, such as a photon

counter or an electronic amplifier, the effect of noise is undoubtedly some-

thing which one hopes to eliminate. However, there is unavoidable quan-

tum noise, a fundamental aspect of quantum mechanics. This noise can

be regarded as being a consequence of Heisenberg’s uncertainty principle,

which states that there exists a minimum uncertainty between two con-

jugate quantum mechanical variables, such as position and momentum.

Within the context of this thesis, the relevant conjugate variables are

the two orthogonal quadrature components of the electromagnetic field.

RF-engineers know these as I and Q signals. No simple layman analogy

exists, but perhaps the information (amplitude and phase) contained in

these signals could be compared to the color of a photon and its arrival

time. A standard form of the uncertainty principle exists between them

as well.

The simplest consequence of this phenomenon is that the electromag-

netic environment, whether it is the radiation in free space or the noise

originating from a resistor in a closed system, cannot be "cooled" below a

minimum equivalent temperature set by quantum mechanics. At 10 GHz,

the equivalent power spectral density of this noise is about 0.24 Kelvin or

-272.91 degrees of Celsius. This is extremely low value by everyday stan-

dards, but not particularly low for a dilution refrigerator. But, just like

for two systems in thermal equilibrium, this state is special in such a way

that no work can be extracted from it and, thus it cannot be detected in a

direct manner, as it will not trigger any photon detector. One may also ar-
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Introduction

gue that no system can appear "colder" than that in regard to photons at

that frequency. However, a system warmer than that can exist and then

vacuum can absorb energy from this system. The vacuum here should

not be confused with the cosmic microwave background which contains

energy above that of a zero temperature emitter. Energy can be extracted

from the CMB, and it can be measured directly.

In spite of not being directly detectable, vacuum fluctuations do have

many observable consequences. One tangible consequence is that helium

will not freeze at 0 K at low pressures. The kinetic energy guaranteed by

the uncertainty principle in helium is so large relative to the strength of

the bonds between helium atoms that the element will not solidify even

at zero temperature.

Many of the experiments presented in this thesis manipulate the quan-

tum vacuum in such a way that its signature will become encoded in the

correlations and energy of the disturbances in the electromagnetic field in-

troduced by an applied coherent source. These disturbances are directly

seeded by the vacuum fluctuations. Strikingly, without the presence of

these "actual qualities" there would be no signal whatsoever for us to ob-

serve in our experiments.

12



2. Fundamentals

This chapter will give a brief overview of the fundamental theoretical

ideas behind the publications.

2.1 Josephson effect

The basic building block for active superconducting electronics at cryo-

genic temperatures is the superconducting tunnel junction, also known

as the Josephson junction (JJ). The JJ is a weak link between supercon-

ductors [1,2]. This is typically realized as a thin insulating oxide between

two metallic layers.

(a) (b)

Figure 2.1. a) A JJ [3, 4] formed by an insulator (black) between two layers of a super-
conducting metal. b) Energy diagram of a JJ. Energy on the vertical axis and
density of states (DOS) on the horizontal. Cooper pairs exist at Fermi energy
(dashed line). Bias voltage V shifts the Fermi energies of the superconductors
relative to each other.

The JJ encompasses an inherent nonlinearity and it can by used as a

threshold detector and as a source of both coherent and incoherent sig-

nals. The major advantage of a JJ is that it can, especially at low tem-

peratures and frequencies, be considered as an entirely lossless circuit

13
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Figure 2.2. a) Phase particle in washboard potential, a mechanical analogue used within
the context of the Resistively and Capacitively Shunted Junction (RCSJ)
model [5]. b) Current-voltage characteristics of a Josephson junction in ide-
alised noiseless environment.

The basic equations [6] governing the dynamics of Josephson junctions

are 1) the superconducting phase evolution equation (AC Josephson rela-

tion)

2eV = h̄
∂φ

∂t
(2.1)

and 2) the weak-link current-phase relation (DC Josephson relation)

I = IC sin(φ). (2.2)

Combining Eq. 2.1 with the derivative of Eq. 2.2, we obtain V = φ0

2πIC cos(φ)
∂I
∂t .

This is of the same form as the definition of inductive voltage. Using Eq.

2.2 and cos(φ) =
√
1− (I/IC)2, a JJ can be considered an inductor with

LJ =
φ0

2πIC
√
1− (I/IC)2

. (2.3)

for small currents below the critical current. Here φ0 = h
2e ≈ 2.07×10−15

Tm2 is the magnetic flux quantum.

The AC Josephson effect occurs when fixed voltage is applied to the junc-

tion. As a result, an AC current with amplitude IC and frequency 2e
h VDC

will flow in the junction. In the inverse AC Josephson effect a well de-

fined voltage will appear across the junction under AC exitation. This

phenomenon is employed as a voltage standard.

14
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2.2 Superconducting Quantum Interference Device

A loop made of superconducting material interrupted by JJs is called a su-

perconducting quantum interference device (SQUID). The magnetic flux

enclosed by any superconducting loop must be an integer number of flux

quanta φ = nφ0. If an external flux is applied, there will be a screening

current which exactly cancels the external flux. The critical current oscil-

lates as depicted in Fig. 2.4b. At φ = nφ0 +
1
2φ0 it becomes energetically

favourable for the SQUID to change the direction of the screening current.

Typically, two JJs are embedded into a SQUID loop in which case the

device is called a DC-SQUID.

Figure 2.3. Biasing a SQUID with current Ib above the critical current will result in
voltage V across the SQUID. Changing the current If to external coil will
attemp to change the flux Φ through the SQUID and will result in modulation
of the effective critical current 2I0C of the SQUID.

The effective critical current of a single idealized DC-SQUID is

IC = 2I0C |cos(πΦ/Φ0)|, (2.4)

where I0C is the critical current of a single junction in the SQUID, Φ/Φ0

is the magnetic flux enclosed by the SQUID loop in units of flux quanta.

This formula is valid for small loop inductances. The loop sizes used in

the experiments presented in this thesis are minimized and the geometric

inductance of the loop can be mostly ignored only contributing by slightly

lowering the resonant frequency of the devices. Both junctions are as-

sumed identical. This modulation of the effective critical current allows

the effective inductance of the SQUID to be modulated by external flux as

in the case of current modulating that of a single junction. This inductive

modulation is used throughout the publications presented in this thesis.

15
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Figure 2.4. a) IV-curve of resistively shunted SQUID with two different flux biases. Mod-
ulation of the external flux will result in modulated IV-curve for the SQUID
and for current Ib shall result in modulation of voltage ΔV across the SQUID.
b) Visualization of ΔV as a function of external flux bias.

A DC-SQUID can also be used as a magnetometer. This is done by cur-

rent biasing the SQUID on a point with steep linear slope in its flux to

voltage curve.

2.3 Quantum vacuum

The quantum noise studied in this thesis is typically considered to origi-

nate from resistors or semi-infinite transmission lines. However, in gen-

eral the origin of this noise is considered to be dissipation or vacuum.

Terms such as quantum fluctuation, virtual particles, vacuum energy,

zero-point energy, zero-point motion, and ground state energy are also

used. These are all consequences of the non-commuting nature of conju-

gate pairs of quantum observables. Heisinberg’s uncertainty principle

ΔxΔp ≥ h̄

2
(2.5)

states that there is a certain fundamental limit to the precision at which

these pairs of conjugate variables, such as position x and momentum p,

can be known. Similar uncertainty relations exist for many other pairs of

observables, including time & energy, number of charge carriers & phase

and the orthogonal quadratures of the electromagnetic field I & Q. Per-

haps the most tangible manifestation of quantum noise is shot noise in

single photon detectors which, rather than displaying a continuous read-

ing, are like Geiger counters which detect clicks corresponding to the ar-
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rival of an energy packet - a photon.

As for visible light, photons exist also for microwaves and indeed for all

frequencies of the electromagnetic spectrum. In contrast to the frequency

of visible light which is on the order of 5× 1014Hz, the microwave frequen-

cies in our experiments are on the order of 5 × 109Hz. Energy of a single

photon in Kelvin (K) is E = h̄ω
kb

. For visible light the photon energy is

20 000 K making it relatively easy to have detectors whose internal noise

contribution (≈ 100 K) is significantly less than this energy and they can

efficiently work as single photon detectors. The energy of microwave pho-

tons is in the range of 1 K.

Quantum effects become dominant in the limit of T → 0, where the nec-

essary temperature depends on the frequency (h̄ω � kbT ) to avoid thermal

noise. Void of interfering mechanisms like mixing by nonlinearities, the

quantum noise of a resistor (in an optimally coupled circuit) has a power

spectral density of the form

Sq =
h̄ω

2
. (2.6)

At non-zero temperature we can calculate the power spectrum by com-

bining Planck’s law with the quantum noise relation, which yields the

Callen-Welton formula [7]

Sn = h̄ω

(
1

eh̄ω/kBT − 1
+

1

2

)
. (2.7)

Experiments in this thesis are mostly done at the limit (h̄ω � kbT ) where

the effect of temperature is insignificant [8].

In this thesis, the central pair of non-commuting observables are the

field quadratures I and Q. These are related to the field operators [9] by

I =
1

2

(
aout + a†out

)
(2.8)

and

Q =
1

2i

(
aout − a†out

)
. (2.9)
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The commutation relation between I and Q is

[I,Q] =
i

2
. (2.10)

However, one should keep in mind that our measurements are performed

with noisy amplifiers which add noise on the order of 20 photons into

the measurement data. Consequently, the actual measurements are per-

formed over long averaging times. From the point of view of the theo-

retical introduction, we can ignore this here since the amplifier noise is

simply an uncorrelated, well behaving source of noise.
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(b)

Figure 2.5. a) Emission (ω < 0) and absorption (ω > 0) spectra. Notice that the emission
and absorption always sum up to the Callen-Welton form. b) Quadrature
plot of the standard vacuum state and squeezing of one quadrature below
the vacuum value (squeezed vacuum). Squeezing implies correlation of the
sidebands (relative to ω). Squeezing below the vacuum value implies that if
the sidebands were subtracted from each other the remaining value would be
less than vacuum noise.

A time domain signal x(t) can be perfectly described by its quadrature

form

x(t) = I(t) cos(ωt) +Q(t) sin(ωt), (2.11)

which can be conveniently expressed in a complex form

f(t) = I(t) + iQ(t). (2.12)

The quadratures I and Q are orthogonal to each other which means that
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the information they carry can be independent and uncorrelated. In-

stantaneous power of a quarature signal is proportional to |I|2+|Q|2, and

the instantaneous phase angle of the signal can be easily calculated by

ϕ = arg(z = I + iQ) = arctan(I/Q).

Figure 2.6. Block diagram for a standard IQ-mixer.

The time domain quadrature data may be converted into frequency spec-

trum around ω by the Fourier transform

F (ω) =

∫ ∞

−∞
f(t)e−iωtdt. (2.13)

Fast Fourier transform (FFT), which is the numerically efficient algo-

rithm for the discrete Fourier transform (DFT), was extensively utilized

in analyzing the data in Publication V. Processing the data in Fourier-

transformed format, i.e. in amplitude-phase form is especially convenient

for calculating correlation by splitting the data to different frequency

ranges of interest as well as analyzing the phase angle dependencies of

the correlations.

2.4 Quantum amplifiers

A device where a signal is amplified by modulating some system parame-

ter, such as its natural resonant frequency, by an external power source is

called a parametric amplifier. In the electrical systems, typically, some re-

active element of a lossless circuit is modulated by a pump at 2ω, thereby

resulting in gain at ω. In our samples, we modulate the effective induc-

tance of SQUIDs by external flux.

The lowest-order approximation of the Hamiltonian for a modulated

cavity is
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(a) (b)

Figure 2.7. a) A parametric resonance in a swing driven by a person [10] varying the
center of mass at twice the natural resonant frequency of the system. Driving
below oscillation threshold will amplify small variations in the fluctuations
of the swing. b) The principlal components of a simple parametric amplifier.
The SQUID inductance is pumped at 2ω by the coil on the left while being
tuned to the desired resonant frequency at ω by the DC-component. Input
signal at ω is fed through the circulator, experiences reflection gain and exits
through the third port of the circulator.

H = h̄ωresa
†a+

h̄

2

[
α∗eiωpt + αe−iωpt

]
(a+ a†)2. (2.14)

Here ωres is the resonant frequency of the cavity, the cavity is pumped by

ωp = 2ωres, α is the pumping strength and a is the cavity mode. Time de-

pendence can be removed by moving to a rotating-frame of ω by transfor-

mation U = eiωresa†at. The transformed Hamiltonian is then H = ih̄U̇U † +

UHU †. The rotating wave approximation becomes HRWA = − h̄
2 [α

∗a2 +

α(a†)2].

The Heisenberg-Langevin equations are then

ȧ =
i

h̄
[HRWA, a]− κ

2
−√

κain, (2.15)

or

ȧ = iαa† − κ

2
−√

κain, (2.16)

ȧ† = −iαa− κ

2
−√

κa†in. (2.17)

A Fourier transform yields

⎛⎝ χ−1(ξ) −iα
iα∗ χ−1(ξ)

⎞⎠⎛⎝ a(ξ)

a†(ξ)

⎞⎠ = −√
κ

⎛⎝ ain(ξ)

a†in(ξ)

⎞⎠ (2.18)
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Here χ = 1
κ/2−iξ is the electrical susceptibility of the resonator, κ is the

cavity decay rate, α denotes a parameter proportional to the pump ampli-

tude and ξ any frequency in the vicinity of ωres.

Using input-output relations we write

aout(ξ) = ain(ξ) +
√
κa(ξ), (2.19)

and the output field becomes

aout(ξ) =

(
1− κχ(ξ)

N (ξ)

)
ain(ξ)− iακ

N (ξ)
χ(ξ)χ(−ξ)∗ain(−ξ)†. (2.20)

Here N (ξ) = 1 − α2χ(ξ)χ(−ξ)∗ is an auxiliary variable (responsible for

gain).
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Figure 2.8. a) Spectrum of an ideal input signal (vacuum noise and h̄ω-level signal) and
output of a perfect JPA with that input. Idler generation is seen as a mirror
image of power with respect to the center in the spectrum. S/N is degraded
by an amount corresponding to quantum limit. b). Illustration of how the
signal from a) would look like in a real system amplified with a typical LNA
with a gain of 40 dB and noise temperature TN = 17h̄ω (4.1 K @ 5 GHz).

The performance of all amplifiers, including parametric amplifiers, can

be characterized by noise temperature. It is a measure of the amount of

noise power the amplifier adds to the measured input signal while am-

plifying it. Noise temperature is expressed in Kelvins. An ideal classical

amplifier has a noise temperature of TN = 0 K. However, all practical

amplifiers when operated in phase-insensitive mode in the limit of high

gain, are limited by the Heisenberg uncertainty principle [11] and thus

can only approach a minimum noise temperature of TQ = h̄ω
2kB

, which is

called the standard quantum limit (SQL) for amplifier noise. For exam-
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ple at 5 GHz, a frequency of interest in our measurements, this value is

around 120 mK.

The SQL of amplifier noise is specified by the Haus-Caves theorem

(Δâout)
2

G
≥ (Δâin)

2 +
1

2
− 1

2G
. (2.21)

Here, âout =
√
Gâin + F̂ , where â is the mode to be amplified and âout

denotes the output mode. F̂ represents the noise which gets added to

satisfy the commutation relations [âin, â
†
in] = [âout, â

†
out] = 1.

The theorem can be shown as follows. By definition (Δâout)
2 ≡ 1

2〈{âout, â†out}〉−
|〈âout〉|2= 1

2〈(
√
Gâin+F̂)(

√
Gâ†in+F̂†)+(

√
Gâ†in+F̂†)(

√
Gâin+F̂)〉−(

√
G〈âin〉+

〈F̂〉)(√G〈â†in〉+ 〈F̂†〉). The uncorrelated nature of the idler fields with the

input means [âin, F̂ ] = [âin, F̂†] = 〈âinF̂〉 = 〈âinF̂†〉 = 0. Therefore we get

(Δâout)
2 = G(Δâin)

2+ 1
2〈{F̂ , F̂†}〉 ≥ G(Δâin)

2+ 1
2 |〈[F̂ , F̂†]〉|. The commuta-

tor [âout, â
†
out] = 1 = G+ [F̂ , F̂†], leading to [F̂ , F̂†] = 1−G which, together

with the previous results, yields the Haus-Caves theorem [12].

2.5 Noise temperature

enin

Figure 2.9. Amplifier noise model separating the input current and voltage noise sources.
For an amplifier in a matched environment (with circulators for example) it
is sufficient to consider only one effective matched noise source such as only
the current source parallel to the input. However, in an unmatched case the
full model must be employed.

The total noise temperature of an arbitrary system with several ampli-

fiers with their respective noise temperatures Tn and gains Gn is given by

the Friis formula [13]. Clearly, if the first amplifier has a large enough

gain relative to T2/T1, its noise temperature dominates the total system

noise temperature:

Tsystem = T1 +
T2
G1

+
T3

G1G2
+ ...+

TN
G1G2...GN−1

. (2.22)
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One should keep in mind that, when amplifying standard signals from

quantum vacuum, the total noise of a quantum limited low noise ampli-

fier (LNA) equals h̄ω
kB

(in the limit of high gain), which is due to the fact

that half of the noise originates from the vacuum itself while the other half

comes from the amplification process. When using phase sensitive ampli-

fiers, the situation may change from the perspective of a single quadrature

as the vacuum can be squeezed to contain less noise in one quadrature

at the expense of the other one, and the amplifier may amplify a single

quadrature in a noiseless way. Even the phase insensitive amplifier can

be considered noiseless in the sense that it doesn’t add noise from any ex-

ternal sources, but the reduction in ideal S/N corresponding to the quan-

tum noise originates rather from the process of mixing of quantum noise

between the upper and lower sideband (relative to ω). Interestingly, this

process is reversible as the amplifier performs a unitary transformation.

Since there is no loss of information, restoration of the original unampli-

fied state is possible. However, this is true only for dissipationless devices,

i.e. when all stochastic elements are absent.

Noise temperature of an amplifier is commonly determined by the Y-

method. The method uses a known variable source of noise, such as a

heated resistor or a normal tunnel junction, which provide thermal and

shot noise, respectively. Varying the noise power at the input and record-

ing the power at the output of the amplifier yields a straigth line which

can be extrapolated to a point where the input noise source would provide

no noise at all. This point gives the noise temperature of the amplifier.

Voltage biased normal tunnel junction will produce shot noise which at

zero temperature and zero frequency has a power spectral density 〈δi2〉 of

SP = 2e|I|. For nonzero temperature and frequency the noise takes the

following form [14]:

S(f, V, T ) =
2kBT

R
[
eV + hf

2kBT
coth(

eV + hf

2kBT
) +

eV − hf

2kBT
coth(

eV − hf

2kBT
)].

(2.23)

Shot noise in a regular tunnel junction originates from the current con-

sisting of discrete charge carries. The number of electrons crossing the

barrier over a period of time follows Poisson statistics. Consequently, with

reference to Poissonian noise SP , a tunnel junction can be described by a

constant Fano factor of F = S/SP = 1. It can be used as a known noise

reference for calibrating the amplifier noise temperature (or for extract-
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ing a Fano factor of an unknown sample).
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Figure 2.10. Noise of a voltage biased normal tunnel junction as a function of current.
The curves are calculated at ω = 0 for a fully matched source-load system
at temperatures indicated in the figure.
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3. Superconducting Josephson
Junction based devices

This section gives an overview of Publications I, II and V which all fall

into the same category, concerning Josephson junction based devices and

noise in them. Publication I is discussed in Sect. 3.1, Publication II in

Sect. 3.2 and Publication V in Sect. 3.3.

3.1 Negative resistance single junction amplifier

The general principle behind the single junction amplifier (SJA) is the

negative differential resistance provided by the DC-biased JJ. This is eas-

ily seen by considering the current-voltage characteristics of resistively

shunted JJ. A junction with a critical current of IC when biased with a

current Ib has the following current-voltage (IV) characteristics

< V >= R
√
I2b − I2C , (3.1)

which can be derived from Eq. 2.1, 2.2 and Kirchhoff ’s circuit laws. The

result is plotted in Fig. 3.1b in blue. By subtracting the linear resistive

component (dashed yellow line), we obtain the IV with differential resis-

tance Rd = ∂<V >
∂<I> < 0 for a standalone junction (in red). The negative

differential resistance is a result of the high frequency phase dynamics

and is valid only for frequencies well below the Josephson frequency.

The regular reflection coefficient

Γ =
Z − Z0

Z + Z0
, (3.2)

is valid also at Z < 0 and the subsequent power gain is G = |Γ|2; for

negative values of Z, the gain diverges to infinity when Z → −Z0.
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The gain of the SJA ultimately derives its energy from the DC-bias

driven high frequency dynamics. The nonlinearity of the JJ and the Joseph-

son oscillations in turn makes it possible to mix signal power up and down

in frequency, producing gain through this mixing process. Hence, we can

consider the SJA as a special case of parametric amplifier which is oper-

ated by a self-generated pump at the Josephson frequency.

(a)

<V>
-4 -2 0 2 4

<I
>

-4

-2

0

2

4
Shunted junction
Junction only
Shunt

(b)

Figure 3.1. a) Schematic for the standard measurement setup for using the SJA with
the on-chip circuit depicted in dashed box. b) IV-curves for the resistively
shunted junction, a standalone junction and the junction shunt. Units are
specified by R = IC = 1. Biasing to the negative slope allows reflection gain
to be obtained from the device.

Circuit parameters, such as the characteristic environment impedance

Z0 = 50Ω and bandwidth limitations, do not allow a single JJ to be op-

erated as an amplifier directly because the negative slope of the IV-curve

is inherently unstable. To access the regime dI
dV < 0, the device must be

stabilized by properly engineering the impedances around it. To this end,

we divide the environment into two separate frequency ranges, the signal

band and the off-signal band. They are damped separately: signal band

is damped by the environment impedance which is further impedance

matched to the JJ by a matching network, depicted in Fig. 3.1a by Q.

The off-signal band is damped by an on-chip resistor. The on-chip resistor

is prevented from damping the signal band by a bandstop filter, in our

case a basic LC-circuit.

The bandstop filter has the additional benefit of simultaneously blocking

the Johnson noise of the shunt from entering the system at the signal

frequency. Theoretically, the only path for the noise in our device is the

high frequency dynamics i.e. the down mixing of quantum noise of the

on-chip shunt at the Josephson frequency.
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Figure 3.2. a) Reflection S11 in a Z0 = 50Ω environment from impedance Z allows gain
to be obtained at negative impedance values. This gain diverges to infinity at
Z = −Z0. The dramatic property of ideal negative resistance is that it allows
infinite bandwidth. In the experiment presented in this thesis the bandwidth
is, however, restricted by the on-chip bandpass filter. This filter is at the same
time partly responsible for the good noise performance. Practical systems are
in addition limited by stability conditions and high frequency dynamics, etc.
b) Micrograph of the actual sample. The field of the image is roughly to 270
μm× 230 μm. c) Short time solution based on Eq. 2.1 and 2.2 displaying the
high frequency dynamics along the IV-curve responsible for the generation of
the mean voltage values 〈V 〉 of the R-shunted junction for biases above IC in
an ideal circuit (IC = 1, R = 1 at ω � ωJ ).

Experimentally we obtained a gain of 28 dB with -3 dB bandwidth of 1

MHz. The -1 dB compression point Pin was -134 dBm. These values are

mainly set as a result of the circuit parameters and stability conditions.

Figure 3.3. The experimentally observed gain along with the best observed S/N improve-
ment by the SJA.

The lowest added noise was found to be TN = 1.6h̄ω, which was initially

unexpected as the linear noise model predicted 17 quanta. This value

is comparable to other near-quantum limited implementations [16–27].

This discrepancy was numerically explained by the power contained in

the wideband noise which alters the Josephson phase dynamics in a way
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which reduces the mixed down noise without equal degradation in the

gain. The operating point for this "self organizing" is sensitive and re-

quires sufficient gain and bandwidth to become realized.

3.2 Dynamical Casimir effect

The dynamical Casimir effect occurs when the boundary conditions of a

region of vacuum are changed rapidly [28–34]. Typically this is depicted

as a mirror moving in vacuum. This has the consequence of converting

vacuum fluctuations into real photons. These photons are generated in

pairs whose sum frequency matches that of the modulation frequency of

the mirror. This pairwise creation can be detected by measuring the cor-

relation of the emerging photons.

Similar effects due to vacuum fluctuations, such as the electron-positron

pair production in intense electrical field (Schwinger effect), evaporation

of black holes (Hawking radiation), and observation of thermal radiation

by an accelerating observer (Unruh effect), are predicted to occur as well.

Several proposals for observing such effects [35–47] have been suggested.

vacuum
fluctuations

x

t

m
irr
or

(a)

...

(b)

Figure 3.4. a) A mirror moving in vacuum will create photon pairs (blue and red wavy
lines) from vacuum fluctuations (in black). b) Illustration of the actual sam-
ple circuitry along with its mechanical analogue.

Moving a mechanical mirror literally at a rate large enough to create

detectable amounts of radiation has so far been impossible due to the nec-

essary relativistic velocities. If the mirror is not moving fast enough, the

vacuum field can adiabatically adapt to the changes of the boundary con-

dition and no excitation occurs. However, in our experiment we operate

an electrical analogue by changing the index of refraction of a cavity. This

is accomplished by modulating the inductive component of the unit cells

in our JJ metamaterial cavity. Our unit cell is comprised of a SQUID,
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and as described in Sect. 2.2, their inductance depends on the magnetic

flux. This way the effective boundary condition can be modulated at a

rate which corresponds to a significant proportion of the speed of light.

The cavity itself also acts as a means of increasing the generated photon

flux, making the detection of the generated photon pairs easier.

Traditionally, frequency-correlated photons are generated by nonlinear

effects [48,49]. The DCE occurs due to mismatch between the field modes

at different times when the vacuum is perturbed fast enough. In our case,

this perturbation is accomplished by changing the index of refraction of

the metamaterial cavity fast enough (while still keeping the modulation

linear).

Figure 3.5. Spontaneous parametric down conversion in optics [15]. A high energy pho-
ton fired at a nonlinear crystal is downconverted by the crystal into two en-
tangled photons of lower energy so that the total energy and momentum is
conserved. This process is seeded by vacuum fluctuations.

The dynamical Casimir effect under parametric pumping is equivalent

to parametric amplification of vacuum fluctuations to spontaneous para-

metric down conversion of a pump photon at 2ω down to two around ω as

depicted in Fig. 3.5; ωs and ωi do not need to be equal, but ωs + ωi = ωp.

The input-output relation in Eq. 2.20 for the parametric amplifier can

be broken further down into internal and external decay rates. This is

important when analyzing nonidealities of the actual samples and making

sure that the modulation acts on the vacuum ground state rather than on

some thermally excited state.

Perhaps the most counterintuitive aspect of this experiment is that the

device and its microwave environment is cooled down to near zero tem-

perature and, as such, one might classically expect it to be unable to yield

any detectable signals. Therefore the observation of correlated photon

pairs emanating from the sample is in agreement with the quantum me-

chanical prediction. It is important to stress that energy is conserved in
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Figure 3.6. Essential characteristic of the DCE sample is the tunability of the electrical
resonance quickly tunable by flux (the current supplied to the on-chip coil).
This effect is demonstrated in a) where ωres is modulated. Plotted is S11

where the peak of the resonance is seen in red/black. b) Typical S11 for the
resonator where the amplitude of the reflection is shown in blue and phase
in red.

this process. The observed energy ultimately originates from the down-

converted pump.

(a) (b)

Figure 3.7. a) Optical micrograph of our metamaterial sample. The unit cell consisting of
two SQUID loops is repeated 125 times constituting a cavity whose resonant
frequency can be tuned between 5-6 GHz. b) Measurement schematic used
for experiments presented in Publication II.

By observing symmetric bimodal spectra of generated photons when the

cavity resonance is detuned away from half of the pump frequency allows

us to be confident that no significant heating of the internal modes occurs
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in our system. Thermal excitation of photons could result in classical

signatures similar to the DCE.

(a)

0.7

-0.7

0

(b)

Figure 3.8. a) Observed cross-correlations for the in-phase (I) and quadrature (Q) am-
plitudes. b) Covariance matrix σ(A,B) = 1

2
〈{A,B}〉, where {, } denotes

anti-commutator. The standard vacuum power is marked in green. The
nonzero off-diagonal elements indicate the squeezing correlations. The or-
thogonal quadratures x and y of the lower (-) and upper (+) sidebands are
x± = (1/2)(a± + a†

±) and y± = (1/2i)(a± − a†
±). This covariance matrix

satisfies the nonseparability condition σ(x+, x+)− σ(x+, x−) < 1/4.

350 300 250 200 150400

200

0

200

400

Δ (MHz)

ν
(M
Hz

)

0

0.1

0.2

(a)

350 300 250 200 150400

200

0

200

400

Δ (MHz)

ν
(M
Hz

)

0

0.1

0.2

(b)

Figure 3.9. a) Emitted noise as a function of frequency measured in the vicinity of ωp/2

while tuning ωres at constant pump power. b) Theoretical prediction for over-
heated internal modes with a single quantum of classical noise. It is evident
that the result on the left matches better the quantum mechanical prediction
without overheating.

The sample was also characterized by measuring the standard scatter-

ing parameters in order to obtain the internal and external cavity de-

cay rates. Using the definition of χ, the reflection coefficient becomes

Γ = 1 − κeχ and κ = κi + κe. A network analyzer can be used to mea-

sure |S11|= 10log10|Γ|2 (dB) and Arg(S11), which can be employed to solve

for κi and κe.

For this experiment we had Q ≈ 100 and κe ≈ 2κi; the corresponding
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scattering parameters are given in Fig. 3.6. It is important that external

decay rate dominates the internal one because is essential to minimize

internal dissipation if squeezing of the external vacuum is desired. Noise

temperature is also affected by internal dissipation if the device is oper-

ated as a parametric amplifier.

If the value of the off-diagonal element σ(x+, x−) (in Fig. 3.8b) reaches

close to the total diagonal amplitude σ(x+, x+), such that σ(x+, x+) −
σ(x+, x−) < 1/4, the vacuum level has been squeezed (along a single

quadrature). This means that two parts of the perturbed vacuum have

acquired so high correlation that their interference (for example after ho-

modyne detection) would yield less noise than the standard vacuum (in

one quadrature) [50–53]. Our best value was σ(x+, x+) − σ(x+, x−) =

0.18 ± 0.01. Assuming Gaussian states, this corresponds to a logarithmic

negativity EN = 0.32 and to an entropy of formation EF = 0.125 entangled

bits, where EF = Tr[
√
σ†σ]−1
2 and EN = log2(2EF + 1).

Measurement of the correlation between the generated photon pairs was

done by capturing the I/Q signals by digitizing the two separate frequen-

cies, symmetrically located with respect to half of the pump frequency.

Due to software and data transfer related limitations, two analyzers were

used initially instead of one. If the relevant signal is within the digiti-

zation bandwidth of one analyzer, then a single analyzer is sufficient (as

was done in Publication V). All the devices were supplied with a common

frequency reference and the capture of the analyzers was triggered simul-

taneously. This method relies on the fact that the preamplifier noise at

different frequencies is uncorrelated. This was carefully checked prior to

the experiments and no correlation could be detected.

A careful calibration of certain quantities in the measurement system

is needed. In particular, the noise levels of the system must be known to

sufficient precision. Perhaps the most important single quantity needed

is the noise temperature of the preamplifier. This has to be known with

a good precision because it is used to determine the power level corre-

sponding to vacuum noise. Standard thermal Y-method and a correlation

method was used to verify the noise temperature of the preamplifier(s). In

the Y-method the source temperature is varied while the amplifier tem-

perature is kept constant. This method is accurate as long as the amplifier

gain doesn’t drift significantly while the source temperature is varied. In

addition to this, a correlation technique where a thermal signal is fed into

a splitter (or -3 dB coupler) thermalized to a fixed temperature is con-
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Figure 3.10. Scanning electron micrograph of the grounded end of the junction chain
showing two SQUID loops in the H-type structure.

nected into two amplifiers. Power levels can be deduced from the correla-

tion spectrum corresponding to the quantum noise floor. The correlation

method is significantly less sensitive to amplifier gain drift than direct

power measurement.

While measuring the power levels of the generated DCE photons, the

zero level was constantly monitored by switching the pump power on and

off. This allowed the difference from the vacuum level to be know to good

precision and helped to eliminate problems associated with the preampli-

fier gain drift.

Since the preamplifier gain compression caused by a strong pump signal

can act as a source of squeezing-like signals, we eliminated this possibil-

ity by checking separately that there is no gain compressed present with

the used pump powers. This is done by measing the amplifier gain off-

resonance with the pump on and off.

Serious difficulty is relate to the phase drift of microwave generators

and phase-sensitive detectors with respect to each other. This is espe-

cially important when measuring squeezing over long averaging times.

Too much drift will eliminate the squeezing correlation and make it ap-

pear as if no squeezing occurs. This problem can be compensated by av-

eraging only for short time windows during which the phase doesn’t have

enough time to drift significantly. However, this is not always an option.
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Another method is to introduce a small reference signal derived from the

pump (for example by using a frequency divider) which can then be used

to correct the phase drift afterwards.

3.3 Tripartite correlations

The dynamical Casimir effect can be regarded as spontaneous parametric

down conversion of a pump photon into two photons, with their energies

summing up to the energy of the pump photon. This process is stimu-

lated by vacuum fluctuations - whose existence is a fundamental feature

of quantum electrodynamics [54–77]. In Publication V, we used double

parametric pumping with small separation between the pump frequen-

cies. One might expect that the down conversion processes can be re-

garded as random, occuring independently for each pump. In this case,

the result would simply be the sum of the two DCE processes. However, it

is not the case. One can understand this by a simple intuitive argument:

suppose we look at the mode at a certain frequency - then the quantum

fluctuations of the mode will trigger two-photon decay in both pumps, re-

sulting in photons at the mirror-image frequencies with respect to half

the pump frequencies. These photons will necessarily be correlated, even

if they originate from different pumps, due to the fact that they were ‘born

into existence’ by the same quantum fluctuation.

The standard input-output formulas given for a parametric amplifier in

Sect. 2.4 are slightly modified due to the presence of two pumps. The full

Hamiltonian becomes

H = h̄ωresa
†a+

h̄

2i

∑
p=1,2

[
α∗
pe

iωpt − αpe
−iωpt

]
(a+ a†)2. (3.3)

The Heisenberg-Langevin equations are

ȧ = −iωresa+
∑
p=1,2

[
−α∗

pe
iωpt + αpe

−iωpt
]
(a+ a†)− κ

2
a−√

κain, (3.4)

and the rotating-wave approximation for operator ˜a(t) = eiωresta(t) is then

˙̃a =
∑
p=1,2

αpe
−2iΔp ã† − κ

2
ã−√

κãin. (3.5)
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Figure 3.11. a) Simplified schematic of the measurement setup. Micrograph of the sam-
ple is depicted in the upper left corner. The investigated resonator consists
of a photolithographically fabricated capacitively shunted SQUID. b) Illus-
tration of the first reflections in frequency space with respect to half of the
pump frequencies

Here ω1/2π and ω2/2π correspond to the two pump frequencies at 10 GHz

± 10 MHz and Δp = ωp/2 − ωres, where ωres corresponds to the electrical

resonant frequency of the resonator. This equation can be solved numeri-

cally in time domain (convenient if the pumps have some complicated time

dependent envelope) or the whole problem can be analyzed in frequency

domain by using the formula for the mode a at frequency ξ = ω − ωres.

ã[ξ] =

√
κχ(ξ)

1−∑2
p=1N [p]

1 (ξ)

⎧⎨⎩ãin[ξ] +
2∑

p=1

αpχ
∗(2Δp − ξ)

N [p]
2 (ξ)

{
(ãin[2Δp − ξ])† + . . .

}⎫⎬⎭ .(3.6)
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Here ã corresponds to the field inside the cavity, ãin to the input field and

ãout to the output field. One can see that now in the first order, one fre-

quency contains correlated power from the two other frequencies and as a

result we see tripartite correlations. The corresponding measurement re-

sults and theoretical predictions of the generated noise spectra 〈ã†outãout〉
are depicted in Fig. 3.12. Assuming that the downconversion processes

have equal probability amplitude, the state of the resonator at each fre-

quency ξ is a superposition,

|ψ〉 =
1√
2

(
|1〉ã1 |1〉ã0 |0〉ã2 + |0〉ã1 |1〉ã0 |1〉ã2

)
. (3.7)

First order process yields a tripartite state with bipartite squeezing cor-

relations. Higher order multipartite state is present, but not studied. Our

state (had the experiment been ideal) can be understood as a maximally

entangled state between the mode ã0 and the bright state b̃. The bright

state is a superposition of two modes ã1 and ã2. This does not contradict

the monogamy [78] of entanglement.

Figure 3.12. a) Observed noise power for fixed pump power and frequencies ω1/4π =

4.995 GHz, ω2/4π = 5.005 GHz at different values of the resonance fre-
quency ωr/2π and measurement frequency ω/2π relative to (ω1+ω2)/8π = 5

GHz. The quality factor Q ≈ 500 with the pumps off. The dashed magenta
lines along with the dashed yellow line indicate the measurement band and
the bias point at which the correlation data were collected. The red lines
indicate half of the pump frequencies. b) Numerically solved expectation
based on Eq. 3.3. The inset depicts an exaggerated power spectrum on
which the analyzed frequency bands are marked with dashed lines.

The "bright" and "dark" modes are introduced as follows:

b̃[ξ] = cos θe−iϕ1 ã[2Δ1 − ξ] + sin θe−iϕ2 ã[2Δ2 − ξ], (3.8)

d̃[ξ] = sin θe−iϕ1 ã[2Δ1 − ξ]− cos θe−iϕ2 ã[2Δ2 − ξ]. (3.9)

Here θ is a parameter to account for the asymmetry between the two

pump powers, where ϕ1 and ϕ2 are the phase factors corresponding to the
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Figure 3.13. Measured correlators (specified in the inset label according notations of
modes from Fig. 3.11) vs. photon flux/Hz from the cavity. The symbols refer
to measured data, while the curves are predictions from theory (dashed) and
simulations (solid). Our simulation reproduces also the residual population
in the dark mode. The 3-D histogram represents the measured covariance
matrix corresponding to the fields ã0 and ã1, where the two-mode quadra-

tures are defined as I0 =
a0+a

†
0

2
, Q0 =

a0−a
†
0

2i
, I1 =
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†
1

2
and Q1 =
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demonstrating two-mode squeezing correlations across the first pump.

individual pump phases. The significance of these is illustrated in Fig.

3.14a. The definition of the orthogonal bright and dark modes resembles

a beamsplitter operation in frequency (rather than in space, as in usual

interferometers). The simultaneous action of the two pumps results in

coherence 〈(ãout[2Δ1−ξ])†ãout[2Δ2−ξ′]〉 between the extremal frequencies

2Δ1 − ξ and 2Δ2 − ξ, which is identified as vacuum induced coherence.

The obtained measurement results along with theoretical predictions are

depicted in Fig. 3.13.

An experiment was also conducted to study the effect when the two

pumps were modulated by two mixers driven by two 1μs pulses with vary-

ing time offset. The full schematic for the measurement setup is depicted

in Fig. 3.16. Theory predicts that as the pulse overlap is reduced, vacuum

induced coherence will vanish while the squeezing correlations remain.

Experimental results are depicted in Fig. 3.15.

In conclusion, we conducted detailed studies of coherence effects due to
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Figure 3.14. a) Bright/dark mode amplitude vs. relative observation phase ϕ12 = ϕ1−ϕ2

and pump amplitude asymmetry θ. The maximum gives the bright mode
amplitude and the minimum the dark mode. b) Angle of the correlations vs.
ϕ12.
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Figure 3.15. Vacuum induced coherence vs. the overlap time of pulsed pump tones. Cor-
relation vanishes as the pulse overlap is reduced. The remaining correlation
in 〈b̃†b̃〉 is due to slightly asymmetric pump power. This behaviour was re-
produced by numerically solving Eq. 3.3.

vacuum fluctuations under double parametric pumping. A tripartite state

with nonzero number of photons at three separate frequencies, squeezing

correlations between neighboring frequency points and vacuum induced

coherence between the extremal frequencies were observed and the obser-

vations were found to be in line with the theoretical predictions.
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Figure 3.16. Schematic for the measurement setup including the pulse generators used
to create the two overlapping 10 GHz pulses with tunable delay. All devices
employed a common frequency reference derived from a rubidium atomic
clock for improved phase stability.
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4. Nanocarbon devices

This section gives an overview of Publication III and IV which both deal

with experiments on nanocarbon devices, nanotubes and graphene. Pub-

lication III is discussed in Sect. 4.1 and Publication IV in Sect. 4.2.

4.1 Nanotube electrometer

In this work, a superconducting multiwalled carbon nanotube is used as a

field-effect transistor (FET). The device is operated similarly to a regular

RF-SET, but here the nanotube plays the role of the island and barriers

are formed by the contact between the nanotube and the metallic reser-

voirs. The origin of superconductivity in the nanotube is via the proximity

effect induced by superconducting Ti/Al leads [79–89].

The low impedance of the weak supercurrent branch of such a device is

attractive because no impedance matching circuits are required to match

the device to the characteristic 50Ω impedance. The device can instead be

matched by tuning the gate charge, which modulates the critical current

IC , or by tuning the DC bias current. Carrier amplitude, through phase

diffusion, affects the impedance level as well.

The device is operated as a wideband charge detector as follows. An elec-

tromagnetic wave injected from the room temperature travels along cold

attenuators which eliminate high-temperature Johnson noise, the signal

is reflected from the sample behind a bias tee. The reflection amplitude

is sensitive to the impedance of the sample as described by Eq. 3.2. The

reflection is modulated by the gate signal and, as a result, will mix some

energy from the injected frequency to the sidebands similarly to ampli-

tude modulation (AM).

The reflected wave is then of the form

41



Nanocarbon devices

BP

LP

LP

50mK 0.8K 4K

1kHz

700-780
MHz

Bias tee 1kHz

RTALNAs

AC+DC

DC in

RF in

RF out 16dB 16dB 50dB

gate

RT

50 

-20dB -10dB -30dB

CK

Figure 4.1. Schematic of the nanotube electrometer measurement with the sample
marked as an SET.

(4.1)Vout(t) = [Γ+γ1 cos(Ωt)]Vin sin(ωt)+
Γγ1
2

[sin((ω+Ω)t)+sin((ω−Ω)t)] ,

where Ω is the gate modulation frequency, and Vin the amplitude of the

injected voltage at the sample and Γ1 is the "reflection coefficient" of the

sideband. For small δIC , it is

γ1 = − Z0Z
2

(Z0 + Z)2
∂2ISD

∂VSD∂IC
δIC . (4.2)

Here Z = (1/(−iωCK) + 1/(−iωC + ∂ISD/∂VSD))
−1, with CK as the cou-

pling capacitance between the sample and the microwave measurement

system.

The reflected carrier signal and the generated sidebands are directed

by two circulators to low noise amplifiers whose input noise is prevented

from flowing back to the sample by the circulators and their terminations.

The output is read at the room temperature using a spectrum analyzer

and charge sensitivity is deduced from the signal to noise ratio of the

sidebands. The measurement scheme is depicted in Fig. 4.1.

Gate-voltage-induced charge modifies the critical current (see Fig. 4.2),

which in turn changes the effective impedance of the junction under mi-

crowave irradiation. The device was probed for maximum sideband gen-

eration by sweeping the gate voltage VG, bias ISD and microwave pump

power PMW . The effective impedance of the sample can be tuned by

changing all of these parameters to achieve a good impedance match with-

out any extra matching elements. When operated well below the Joseph-
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son frequency (ω 
 ωJ ), it is the differential resistance Rd of the low-

frequency IV-curve that governs the reflection.

The S/N was recorded at maximum sideband amplitude is depicted in

Fig. 4.2b. By using a known AC-exitation on the gate as well as the gate

capacitance CG deduced from the period of the SET oscillations (ΔVG =

e/CG = 130 mV), a sensitivity of 3.1× 10−5e/
√
Hz could be calculated.

In these measurements, a gate modulation frequency of 470 Hz was cho-

sen. This frequency is far enough from the carrier not to suffer from the

phase noise of the generator signal, but small enough not to suffer from

frequency cutoffs due to filters in the employed DC lines.

The microwave signal in these measurements was in the 600-900 MHz

range due to existing equipment. This frequency range is somewhat of

a sweet spot in a sense that it is well above the flicker noise corner fre-

quency, but low enough to have limited dissipation associated with the

microwave components. Availability of passive circulators for isolation

purposes is also an important benefit.
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Figure 4.2. a) MWNT quantum dot IV-curves for two gate voltages giving maximum
difference. b) Using a carrier power of -120 dBm, a charge sensitivity of
3.1× 10−5e/

√
Hz was observed at IC = 1.3 nA.
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4.2 Cooper pair splitting in graphene

Splitting of a Cooper-pair (CPS) from a superconductor into two different

normal metal terminals forms a pair of electrons with entangled spins

[90,91]. Graphene is an ideal platform due to its large mean free path and

weak spin-orbit coupling which promise long spin coherence times [92,93].

A double quantum dot (QD) system made of graphene with supercon-

ducting leads was measured. The QDs in our sample, contrary to other

similar experiments so far, could be tuned independently. Based on con-

ductance correlations and current splitting between separately biased out-

put terminals while tuning over a resonance level, a splitting efficiency of

10% was obtained.

(a) (b)

Figure 4.3. a) False color scanning electron micrograph of the graphene sample
(graphene in dark grey). Ti/Al contacts are indicated in yellow. The light
gray is the uncovered SiO2 substrate. Two rectangle-shaped QDs and side-
gates were done by EBL and oxygen plasma etching. b) Stability diagram of
one of the QDs as a function of DC bias voltage and side gate voltage with
back gate at V = −14.49V . The dark blue color in the low bias region in-
dicates the superconducting gap. The addition energy varies over 1-4 meV
while the width of the resonance peaks is 0.1-0.2 meV.

The sample was made by standard mechanical exfoliation of graphene

and placed onto a highly doped silicon substrate coated with thermal SiO2.

The QDs were constructed with electron-beam lithography (EBL) tech-

niques and by plasma etching through windows in a PMMA mask. Fi-

nally, another EBL step was done to deposit the superconducting contacts.

The final device dimensions can be seen in Fig. 4.3a. Sample dimensions

were chosen based on the coherence length, mean free path, and the goal

of having small capacitive coupling between the QDs.
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Figure 4.4. a) When the quantum dot energy levels are asymmetric, CPS dominates. b)
Elastic cotunneling dominates if the levels are aligned. c) Conductance g1

and nonlocal current I2 as a function of sidegate voltage Vsg1 at backgate
voltage Vbg = 5V with AC bias on QD1 and the other terminals grounded.

The contribution of the CPS and EC are [95]

gCPS =
R�

8
K0

(√
2r

ξ

)∫
g1(E)g2(−E)

4T cosh2E/2T
dE, (4.3)

gEC =
R�

8
K0

(√
2r

ξ

)∫
g1(E)g2(E)

4T cosh2E/2T
dE. (4.4)

Here K0 is the modified Bessel function, g1 = dI1/dV1, g2 = dI1/dV2 are

the differential conductances of the quantum dots at V1,2 = E/e and R�

the sheet resistance. Based on these equations, it is clear that while the

energy levels of the two QDs are asymmetric, CPS is favoured. In the case

of symmetric energy levels elastic cotunneling (EC) is preferred.
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Figure 4.5. Differential conductance g1 and g2 of both QDs as a function of Vsg1 with con-
stant AC bias on both. When the energy level of QD1 crosses the Fermi level,
electrons will tunnel easily through it. Because of high addition energy to
QD1, transport of both electrons from a split Cooper pair will be suppressed
and the other electron will instead more likely tunnel through QD2. As a
result there is a corresponding peak in the conductance of the other QD as
well. This nonlocal positive conductance correlation is regarded as evidence
of CPS [94–118].

A maximum splitting efficiency of η = 2Δg2/(g1+ g2) = 0.1 was observed

in our conductance measurements. Here Δg2 is the conductance increase

in QD2 due to CPS. This value is two orders of magnitude higher than

the theoretical estimate η = 0.1%. This discrepancy is attributed to the

influence of high Ohmic graphene ribbons which may lead to disorder-

enhanced crossed Andreev reflection, as well as to the neglect of Coulomb

interaction in the theory.

An alternate goal of this experiment was to study the entanglement of

electrons directly by measuring the current-current cross correlation of

radio-frequency noise emanating from the quantum dots. The principle

for doing this is presented in Fig. 4.6. The current fluctuations from the

sample will be recorded by two separate amplifier chains. Circulators are

used to isolate the amplifier input noise and to prevent them from intro-

ducing unwanted cross-correlation through the sample. The signals are

I/Q demodulated, digitized and further processed on a PC. A calibration

sample can be connected via two microwave switches. This allows deter-

mination of the true power levels. Biasing circuitry and filters are not

separately indicated in the schematic.

Additionally, we have acquired a PCI Express digitizer from Alazartech,

(the ATS9440 for full 4 quadrature capture at 14-bit, 125 MS/s). Our

system can process these data in nearly real time with over 90% duty cy-
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Figure 4.6. Setup to directly measure the entangled electron pairs by measuring the
cross-correlation of the microwave noise from two sample terminals. Here,
the mixer is simply a general correlator symbol, but in the actual setup it
contains an I/Q demodulator and a digitizer, other mixing stages, additional
amplifiers, etc.

cle. This is accomplished with the help of a fast graphics processing unit

(GPU). The GPU is used for large-bandwidth parallel Fast Fourier Trans-

forms that form an essential part of calculating the full cross-correlation

functions. A large throughput is very useful in improving the speed and

sensitivity of the measurement system and it compares extremely favourably,

both in terms of performance and cost, to other methods such as direct

capture of the waveforms by a fast oscilloscope. We have found that the

use of GPU computation is less challanging and more flexible than appli-

cation of FPGA technology; yet it offers comparable performance.

47



Nanocarbon devices

48



5. Conclusions and outlook

A range of superconducting nanodevices operated near the fundamental

performance limits set by quantum mechanics have been studied in this

thesis along with the nature of the quantum vacuum itself. These devices

and techniques are among the most sensitive in the world: they shall

undoubtedly be of interest to future generations of scientists and will per-

haps even serve in the development of quantum information processing.

Besides being fundamental to the foundations of quantum mechanics,

the study of quantum noise is also closely related to fundamental phe-

nomena in the Universe such as Hawking radiation of black holes and

evolution of the early Universe. Metamaterials based on Josephson junc-

tions form a promising platform for studying such phenomena. Through

black hole physics and quantum theory, there exists also a connection to

holography and string theory [119]. Therefore, the present study of the

quantum vacuum yields relevant insight of the possibilities how to adress

the yet unknown aspects of fundamental physics.

Basic metamaterials research may offer several practical applications

in the future. Recent years have brought great advances exemplified by

negative index metamaterials, superlenses breaking the diffraction limit,

invisibility cloaks and other devices utilizing the electromagnetic near-

field etc.

Optimization of the cryogenic environment for all noise sources and ex-

tra dissipation is an extremely challenging and important task. This task

is essential for experiments in need of the near quantum limited perfor-

mance. None of the numerous samples tested in the experiments of this

thesis appeared to be particularly good or optimal for what they were in-

tended for. In fact, most of them were totally useless and extremely noisy,

and only a few best of the best results were worth analyzing.

By far, the biggest challange is the quality of the standard photolitho-
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graphic sample fabrication which was employed to provide the Nb-based

microwave samples used in this thesis. There is an obvious need for sig-

nificant improvements, in particular considering the realm of microwave

experiments on junction arrays where unwanted inhomogeneity and dissi-

pation cannot be tolerated. These improvements will become increasingly

important should a need arise for wideband devices with even stricter

quality requirements.

A brief study of some new and highly promising carbon nanomaterial

devices was also conducted in this thesis. These devices, too, are so far

plagued by poor manufacturing yield and lack of proper scalability. The

fundamental physics behind them, however, appears to be rich and nanocar-

bon devices may yet offer unexpected paths to develop new technologies.

There’s also a small chance Moore’s law may acquire a brief extention to

its life span due to carbon nanotube electronics. The carbon nanotube and

graphene work in this thesis, though, did not address traditional digital

logic, but focused on fundamental research of mesoscopic physics.
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"I am enough of an artist to draw freely upon 
my imagination. Imagination is more 
important than knowledge. Knowledge is 
limited. Imagination encircles the world." -- 
A. Einstein 
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