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ABSTRACT

The critical current in a Josephson junction is known to exhibit a 1/f* low frequency noise.
Implemented as a superconducting qubit, this low frequency noise can lead to decoherence.
While the 1/f noise has been known to arise from an ensemble of two level systems connected
to the tunnel barrier, the precise microscopic nature of these TLSs remain a mystery.

In this thesis we will present measurements of the 1/f“ low frequency noise in the critical
current and tunneling resistance of Al-AlO,-Al Josephson junctions. Measurements in a wide
range of resistively shunted and unshunted junctions confirm the equality of critical current and
tunneling resistance noise. That is the critical current fluctuation corresponds to fluctuations
of the tunneling resistance. In not too small Al-AlO,-Al junctions we have found that the
fractional power spectral density scales linearly with temperature, described by the formula:
Sr./I? = Sp/R?> ~ 1 x 1073(T(K)/A (um?))1/f Hz L.

We confirmed that the 1/f% power spectrum is the result of a large number of two level
systems modulating the tunneling resistance. At small junction areas and low temperatures,
the number of thermally active TLSs is insufficient to integrate out a featureless 1/f spectral
shape. By analyzing the spectral variance in small junction areas, we deduced a TLS density
of approximately, n ~ 2.53 per um? per Kelvin spread in the TLS energy per factor e in the
TLS lifetimes, or og = 69.7 um 2K ™!, consistent with the density of tunneling TLSs found
in glassy insulators, as well as the density deduced from coherent TLSs interacting at qubit
frequencies. This density combined with the magnitude of the 1/f power spectral density in
large area junctions, gives an average TLS effective area, (§4%) ~ (0.3 nm?)2.

In ultra small tunnel junctions, A ~ 0.008 um?, we have studied the time-domain dynamics
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of isolated TLSs. We have found a TLS whose dynamics is described by the quantum tunneling
between the two localized wells, and a one-phonon absorption/emission switching rate. From
the quantum limiting rate and the WKB approximation, we estimated that the TLS has a
mass and tunneling distance product, m'/2d ~ 1.5 x 10723 \/kg.m, consistent with an atomic
mass tunneling through crystal lattice distances, d ~ 1 A. At higher temperatures TLSs have
been found that obey a simple thermal activation dynamics.

By analyzing the TLS response to an external electric field, we have deduced that the TLS
electric dipole is in the order of, P ~ 1 eA ~ 5 D, consistent with the TLS having the charge

of one electron tunneling through a disorder potential of distances ~ 1 A.
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CHAPTER 1

INTRODUCTION

Superconducting quantum bits have developed into a promising quantum computing architec-
ture. The absence of dissipation associated with superconductivity provides a natural platform
for the manipulation of fragile quantum states, and their compatibility with microfabrication
techniques provide a path towards scalability.

The superconducting qubit can interact strongly through the electromagnetic environment,
a feature that allows for strong multi-qubit coupling accessible [9], but also makes controlling
unwanted interactions difficult [80]. One of the challenges for superconducting qubits is there-
fore the minimization of decoherence [48]. The quantum state encoded into a qubit has to be
preserved long enough for practical gate operations and multi-qubit coupling to take place.
Unfortunately the qubit resides in a solid-state environment that contains a variety of defects,
thus presenting numerous pathways for decoherence [48, 86].

Recent progress in superconducting qubits have resulted in longer coherence times [47]. How
far this improvement can continue depends crucially on understanding the various decoherence
mechanisms and developing strategies to mitigate them. One such decoherence source, and the
topic of this thesis, is critical current fluctuations. The critical current of a Josephson junction
is known to exhibit a low-frequency 1/f (a ~ 1) spectrum [67], which is generally understood
to arise from a collection of TLSs in the tunnel barrier [74, 17]. Despite decades of research, the
precise microscopic origin of these TLSs and the accompanying coupling mechanism remain

relatively unknown.
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1.1 Thesis organization

We will first discuss the background device physics of the Josephson junction and supercon-
ducting qubits, which will form the bulk of chapter 1. These will be invaluable in discussing
critical current noise in the context of qubit decoherence.

In chapter 2 we will discuss how critical current factors into qubit decoherence. We will also
describe the state of the field in critical current noise and discuss some of the motivations for
the experiments in this thesis.

In chapter 3 we will introduce the well established foundations of 1/ f noise, and a description
of the tunneling TLS model which may be important to describe defects at low temperatures.
Chapters 4 and 5 will discuss device fabrication and measurement methods.

The experiments, results, and analysis presented in this thesis are contained in chapters 6
and 7. In chapter 6 we will cover our measurements of the 1/f noise in Al-AlO,-Al junctions.
The second half of chapter 6 will discuss our observation of the breakdown of Gaussianity,
thus the emergence of isolated two level systems. Chapter 7 will detail our measurements and
analysis of individual TLSs in the time-domain.

Finally, we conclude the thesis with a brief discussion and some preliminary results of our
experiments into the strain response of the TLSs and their dynamics in a highly disordered
tunnel barrier (chapter 8). We will summarize and highlight our key findings in Chapter 9,

which will conclude this thesis.

1.2 The Josephson Junction

The Josephson junction is central to many superconducting quantum circuits. In superconduc-
tors the electrons at the Fermi energy pair up with opposite momentum states (k, —k) forming
a Cooper pair. A microscopic theory explaining the condensation of the Fermi electrons into a
Cooper pair condensate is given by the BCS theory [7]. The central idea is that an electron can

locally polarize the crystal by attracting the positively charged ions, which in turn provides
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an attractive force for the second electron. If this attractive electron-phonon interaction is
sufficiently strong to offset against the Coulomb repulsion, then the net attractive potential
results in the pairing of the electrons.

The resulting superconducting order can be described by a macroscopic order parameter
P(r) = @bo(r)ei‘p(r). If two superconducting regions are brought into contact through a weak
link such as a thin insulating barrier, the exponentially decaying tail of the wavefunction from
(I) can overlap into (II), and a phase difference Ap = ¢ — @ can exist across the junction
and a supercurrent can flow through the junction. Intuitively this can be understood as the
quantum mechanical tunneling of Cooper pairs. The supercurrent through the junction is

given by the first Josephson relation, also called the current-phase relation:

I15(¢) = Ipsin ¢, (1.1)

where I, is the supercurrent through the junction, Iy is the critical current, and ¢ = Ap —
2m/® [ A - ds is the gauge-invariant phase difference across the junction. More generally,
stemming from the fact the wavefunction must be 27 periodic, the current-phase relation is

given by the Fourier series:

I(¢) =Y I.nsin(ng) (1.2)
n=1

For the conventional superconductor-insulator-superconductor (SIS) tunnel junction, experi-
ments have shown that the n = 1 term is the dominant contribution, thus the current-phase
relation for SIS junctions take on the simple form of equation 1.1.

The second Josephson relation provides the relationship between the time evolution of the

gauge-invariant phase ¢ to a voltage difference across the junction:

dop 2eV
—_ = — 1.
dt h’ (13)

which leads to the ac-Josephson effect where a constant voltage Vj across the junction leads
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to a time evolution of the phase, ¢(t) = ¢(0) 4 2eVot/h, and resulting in an ac supercurrent:

I, = Ipsin (271'th + qbo) , (14)

where f; is the Josephson frequency given by:

=2V Vo 048 GH/uv (1.5)
h @

The energy stored in the Josephson element can be obtained by considering the work done by
an external battery in taking the junction from zero voltage to some voltage V. Using both

the junction current-phase relation and the second Josephson relation:

T hl T d
E—/ IV dt = —2 sin¢—¢ dt = Ej (1 — cos¢), (1.6)
0 2e 0 dt

where Fj = hly/2e is the Josephson energy. In the SIS junction an intrinsic capacitance is
created by the geometry of the two electrodes separated by the thin insulating dielectric. This
self-capacitance can often be approximated by a parallel plate geometry, C; = €A/d, leading
to a charging energy, E. = ¢?/2C;. The competition between the Josephson energy and the
junction charging energy is often characterized by the ratio E;/FE¢, which is one of the basic
parameters when designing a qubit system.

Another property of the junction is its non-linear Josephson inductance, an important effect
in all of the qubit systems and especially utilized in the fluxonium qubit to achieve a super-
inductance [42]. From the definition of self-inductance, V' = L dI/dt, we can use the Josephson

relations to arrive at:
00

Ly=——
J 2mlycos @

(1.7)

The importance of the Josephson inductance can be intuitively understood by considering the
qubit as a quantized LC oscillator. The quantized LC oscillator has a harmonic potential,

which results in regular Aw energy spacings of the excitation spectrum. The non-linearity of
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the Josephson inductance gives the required anharmonicity to isolate an effective two level

system to form the qubit.

1.2.1 The Ambegaokar-Baratoff Relation

Ambegaokar and Baratoff [1] derived a relationship between the critical current /. and the

normal state resistance R,,:

TA A
and in the limit 7" — 0:
7A(0)
1. — 1.
(O)Rn =5 (19)

Intuitively this can be understood by noting that the normal state resistance R,, parameterizes
the tunneling probability, which is identical in the cases of Cooper pair and normal electron
tunneling. More importantly in our discussion of noise processes, this relationship provides
a link between critical current and resistive fluctuations. Additionally it is also useful as a
practical tool to perform a quick estimate of the junction critical current based on its room

temperature tunneling resistance.

1.2.2  The RCSJ] Model

The circuit dynamics of the Josephson junction can be analyzed in the resistively and capaci-
tively shunted junction (RCSJ) model. In this model the equation of motion for the Josephson

junction is:

Vv av
I = Iysi — — 1.1
OSIn¢+R+Cdt’ (1.10)
and in terms of the gauge-invariant phase ¢:
1 2
I:IOSin¢+—E@+Chd¢ (1.11)

R2edt = 2edt?
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5¢/2n

Figure 1.1: RCSJ potential energy at three different bias points, I/Iy. At zero bias, the
phase is trapped in a local minimum. At I/Iy = 1, the tilting of the washboard turns the
local minima into inflection points, thus allowing the phase to roll and the junction enters its
voltage state, d¢/dt = 2eV/h.

We can also define a dimensionless time variable 7 = wyt, with w, = (2¢I,/hC)'/?, so that the

equation of motion can be re-written as:

. _1pde | Ao
_ 1/2
where,
21 R2CI
B, = L 220 (1.13)

D
is the Stewart-McCumber parameter.

An intuitive insight can be gained by noting that the equation of motion of the phase
particle, equation 1.12, is the equation of motion of a particle with mass, (®¢/27)2C, moving
in a potential U = —(®gly/2m)cos ¢ — (Pl /27)¢, with a drag force (®o/27)2(1/R) do/dt
representing the shunting resistance. Figure 1.1 plots this tilted washboard potential.

In the regime where 5. < 1, the junction is said to be overdamped and the IV is non-

hysteretic. In the limit 8. < 1 and at T' = 0 K, the IV characteristic is given by:
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Figure 1.2: IV characteristics of an overdamped (resistively shunted) Josephson junction.

0 <1y
V= (1.14)

R(IP—I)Y? 1>1y

In the regime 5. > 1 the junction is underdamped and the IV characteristic displays a
hysteresis corresponding to the inertia of the phase particle. The bias current I acts to tilt
the washboard potential and at I = Iy the potential has been tilted so far as to make the
local minima mere inflections, which then allows the phase particle to run freely, putting the
junction in the voltage state. In the retrapping branch, the inertia of the phase particle allows
it to escape the potential minima until the bias current has been sufficiently lowered to fully

re-trap the phase particle.

1.3 The dc-SQUID

The dc-Superconducting Quantum Interference Device (SQUID) is formed by two Josephson
junctions connected through a superconducting loop. The supercurrent through a SQUID
inherits a ®g periodic structure due to the fluxoid quantization in superconductors. This

periodicity in magnetic flux makes the SQUID a very sensitive flux-to-voltage amplifier (trans-
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Figure 1.3: (A) Circuit diagram of a SQUID. (B) Modulation of the SQUID’s critical current
I4 as a function of the magnetic flux ®/®¢, 21 is the maximum critical current.

ducer). In a SQUID with symmetric junctions of critical current I, the total supercurrent Iy,

is given by:

Iy = Iy (sind; + sin &) = 2Iysin (51‘2“52) cos <51 ; 52) (1.15)

The phase quantization condition for a SQUID is:

d
271'50 = 52 — 51, (1.16)

The total flux in the SQUID is the sum of the externally applied flux ®, and the flux generated

by the circulating current I, in the SQUID loop inductance L:
o=, + LI, (1.17)

If the loop inductance is small, such that the maximum flux contribution due to the circulating

current is much smaller than the flux quantum, 2L1y/®¢ < 1, then the SQUID supercurrent

O, \| . (0240
Isq = |2Ipcos | m— ) |sin 2+ 0 (1.18)
o, 2

takes on the form:
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The SQUID screening parameter fr, = 2IyL/®y, is important when designing a SQUID. For
Br, < 1 the SQUID supercurrent ICS @ modulates from its maximum 21y to 0. The modulation
depth decreases as (r, is increased. When 7 > 1, more than one value of the circulating

current is possible to satisfy the fluxoid quantization condition, leading to magnetic hysteresis.

1.4 Superconducting quantum bits

1.4.1 Model two level system

The simplest representation of the qubit is that of the hamiltonian of a pseudospin-1/2 system.
L, .
H = 5(62@ + €202) (1.19)

Labeling the eigenstates of the qubit |0) and |1), the generic state of the qubit takes on the

form:
[v) = al0) + B[1), (1.20)
with |af* + [8]* = 1. All the possible states of a qubit map out the surface of a sphere,

commonly referred to as the Bloch sphere.

1.4.2 Superconducting flux qubit

The three energy terms relevant in the superconducting flux qubit are the charging energy, the

Josephson energy, and the energy stored in the loop inductance by the circulating current:
1 2, 1. o
H = 50]‘/ + iLqu — Ejcos¢ (1.21)

We can recast the Hamiltonian slightly in terms of some more physically accessible variables:

the total flux is ® = ®, 4+ ®,, where ®, is the externally applied flux, and ®, is the flux due
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Figure 1.4: (Black line) Degenerate double well potential of a flux qubit biased at ®, = ®(/2.
(Red line) Tilted double well potential away from the degeneracy point. E; controls the
height of the tunneling barrier. The magnetic flux bias controls € which is the energy
difference between the left /right wells.

to the circulating current given by ®, = L,1,. Using the flux quantization condition:

()
2r— = 1.22
T = (122
and denoting the single electron charging energy, Ec = e2/2C, then the Hamiltonian can be

re-expressed as:

Q\? (®—d,)* )
H=4E, (= RSl 2 5 om— |, 1.2
<2€ + o1, gcos (27 By (1.23)

By analogy to mechanical systems, the charging energy term can be seen as the kinetic energy,
while the last two terms form the potential energy. At an external flux bias &, = ®(/2 the
flux qubit is biased at a special point called the degeneracy point. At this flux bias point, the
quadratic inductive potential is at a minimum at the same point where the Josephson energy
is at a maximum. This condition creates a double well potential as illustrated in figure 1.4.
The classic double well potential is formed where the potential barrier height is related to
the Josephson energy E;, which determines the tunnel coupling Ay between the left and right

wells. The energy asymmetry e is controlled by the external flux bias ®,. The double-well



INTRODUCTION

potential is degenerate, € = 0, when ®, = ®,/2. The qubit energy is given by:

Eo = \/A3+62 (124)

In the localized left/right well basis, the qubit eigenstates |0) and |1) at the degeneracy point

are the symmetric and anti-symmetric combinations:

_ L)+ [R)
0) = 7 (1.25)
L) — |R)

N

separated by an energy Ep; = A where A is the tunnel coupling strength controlled by the

1) = (1.26)

height of the barrier, which is in turn dependent on the critical current 1. of the Josephson junc-
tion forming the qubit. Hence fluctuations in the critical current will manifest as fluctuations

in the qubit frequency, fo1 = Fo1/h

1.4.3 Phase qubit

An earlier superconducting qubit architecture is the current-biased phase qubit. It makes use
of the tilted-washboard potential of the Josephson junction (figure 1.1), where the current bias
is tuned so that the local potential well contains three bound states used to realize the logical
qubit states and a readout state. Consequently the qubit is highly sensitive to noise coupled
in through this external current biasing line. A modern incarnation of the phase qubit places
the Josephson junction in a superconducting loop, so that the current bias can be achieved
through an external magnetic flux bias. Nevertheless, the Hamiltonian of the current biased
phase qubit still serves as a prototypical example of how the Hamiltonian of the Josephson
junction system can be engineered to realize a quantum bit.

The potential energy in the current biased phase qubit is essentially the current biased/tilted
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washboard potential, hence has the Hamiltonian:

2

H=—"—
2C;

— Ejcos¢p — (q;(;f) o) (1.27)

For current biases I ~ Iy, the potential well confining the phase particle is shallow, and it is
possible to choose the correct bias parameters such that there are only three discrete states in
the local minima. The first two states |0) and |1) form the logical qubit states, while the third
|3) serves as a read-out state. Since the local minima arises due to the cosine dependence of the
Josephson energy (Fj = Ejgcos ¢), fluctuations in the Josephson energy lead to perturbations
in the qubit states and eigenenergies.

The Hamiltonian of the flux biased phase qubit is identical to that of the flux qubit, the
differences in operation comes from the choice of circuit parameters. As such the potential
energy for the phase qubit is identical to figure 1.4. In the phase qubit the double well potential
is extremely tilted to one side, such that one of the localized potential well is so shallow that it
only supports about 3 discrete energy levels. The opposite well is now deep enough to contain
many energy states that it can be treated as essentially a continuum of energy states that
will serve as the readout states. Again in this architecture the Josephson energy FEj is the
term that gives rise to the localizing potential, thus fluctuations in Iy can perturb the qubit

frequency.

1.5 Fluctuations

Due to some fundamental physical processes, a physical quantity x (¢) can fluctuate around its
mean value (z). For example, Brownian motion is the fluctuation on the spatial coordinates
r (t) of particles suspended in a liquid. In the case of Brownian motion, the cause of this
fluctuation turns out to be the thermal motion of the molecules comprising the liquid. To
be able to deduce the physical processes responsible for fluctuations, it is imperative that we

understand how we can describe these fluctuations.
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We can assign a probability density function, w(z,t) to a physical variable x (t). The prob-
ability that at time ¢t the variable x takes on the value in the range of ¢y < x < xq, is given
by:

)
P(zg <z <x,t)= / w(z,t) dx (1.28)
x

0
The variable z(t) is said to be stationary if the probability density function independent of

time, so that: w(x,t) = w(z). The mean and mean square values are defined in the usual way:

“+oo

(x) = / z w(z) dz, (1.29)

—00

+0o0
(z%) = / 2 w(z) dr, (1.30)

ox(t) = x(t) — (x), (1.31)
and the variance o is defined as the mean value of the fluctuation squared:
o? = (02%) = ((x — (2))*) = (%) — (2)° (1.32)

An important class of fluctuations is when the physical quantity z(t) takes on values that

are distributed according to the normal (Gaussian) distribution:

1 6x)?
w(z) = Wexp <— (202 ) (1.33)

An extreme case of non-Gaussian distribution, one that is central to this thesis, is the case of
a random telegraph signal, or a two level system. In this case the variable x(t), usually either
voltage V (t) or the resistance R(t), takes on only two discrete values 21 and 9, instead of the
continuous range of values required for the Gaussian distribution. However the superposition

of many (N > 1) and independent two level systems can sum to fluctuations that are normally
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(Gaussian) distributed, a manifestation of the central limit theorem.

To describe how the fluctuations dx(t) evolve in time, we invoke the correlation function:

—+00

W(7) = (a(t +7)52(t)) = / Sa(t +7) Sx(t) dt (1.34)

—00

The correlator ¢ (7) measures how similar the signal x(¢) is to itself at a time offset 7 (autocor-
relator), it therefore reveals the time evolution of the fluctuations. In our analysis it is often
useful to analyze the spectral content of the fluctuations. The Wiener-Khintchine theorem
links the Fourier transform of the autocorrelator to the power spectral density, S;(f), of the
signal z(t):

S.0) = [ 0 e dr (1.35)

A random process is said to be Gaussian if its statistics is fully described by its power spectral
density, therefore equivalently its 2-point correlation functions v (t1,¢2). That is any higher
order n-point correlation functions do not contain information that is not already in the 2-point
correlations.

The spectral information contained in the power spectral density can reveal important char-
acteristics of the fundamental physical processes that drive the fluctuations under study. One
canonical example is the thermal noise of electrons in a resistor, commonly referred to as the
Johnson-Nyquist noise. The thermal excitations of electrons in a resistor give rise to finite
voltage fluctuations, even at zero voltage bias. While the instantaneous voltage fluctuates
from zero, the average voltage is of course zero. The power spectral density of the thermal

voltage fluctuations is a constant (white noise), given by:
Sy = 4kpTR, (1.36)

or in terms of current noise:
4kgT

SI R ’

(1.37)
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where kg is the Boltzmann constant.



CHAPTER 2

THE CRITICAL CURRENT NOISE PROBLEM IN
QUANTUM BITS

2.1 Qubit Coherence

b 4
710y + 1)
V2

10) + 1)
V2

¥ 10)

Figure 2.1: The Bloch sphere. The qubit state [¢) is represented by the Bloch vector M,
with components M, and M, is the vector component in the xy-plane.

A qubit can be described by the Hamiltonian of a Spin—% particle in a magnetic field:

1
H = E6:, (2.1)

with the energy eigenstates |0) and |1), and Ep; is the qubit energy. The general qubit state
is then the superposition, [¢) = a|0) 4+ 4]1), with the normalization |a|* + |3]* = 1.

The qubit state vector [¢)) can be thought of as mapping the surface of a sphere of unit

16
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radius, called the Bloch sphere (figure 2.1). Each possible state of the qubit corresponds to
a point on the surface of the Bloch sphere, represented by the Bloch vector M. The time
evolution (Schrédinger equation) of the Bloch vector turns out to be the precession about the
Z-axis with frequency wg; = Epi/h. To manipulate the qubit, microwave pulses are applied in

the & (or ) axis which will act to rotate the Bloch vector.

2.1.1 T - energy relaxation

If the qubit is able to exchange energy with an external bath of oscillators, then the information
encoded in the qubit is no longer preserved. In energy relaxation processes typically the qubit
loses its energy and decays into the ground state (it can also be excited and gain energy from
the environment, in either case the energy stored in the qubit is no longer controlled, thus the
information encoded is essentially lost). A qubit prepared in the excited state |1) will decay
into the ground state |0) over a characteristic energy relaxation time 77, where the probability

Py (t) for finding the qubit in the excited state is given by:

Pi(t) = e t/m (2.2)

2.1.2 T; free induction decay

In free induction decay, the qubit interaction with the external bath does not involve energy
exchange. Instead the interaction results in fluctuations in the qubit frequency, which can be
thought of as a spectral broadening dwg; of the qubit frequency wpi. At some time ¢ the qubit
should gain a phase ¢(t) = wpit, but in the presence of a random fluctuation dwp1, the phase
of the qubit is given by ¢(t) = woit + 0¢(t), where dp(t) = fg 0wp1(t) dt is the random phase
fluctuation.

The problem with this random phase accumulation (dephasing) is that in a qubit measure-
ment the state vector can only be reconstructed after the averaging of many projective mea-

surements (~ 10%). The xy-component of the Bloch vector is given by My, (t) = ) M, (0),
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therefore the result of the averaging at time ¢ contains the averaging over the random fluc-
tuation of the environment, <Mxy(t)> x <ei5¢(t)>, which results in an exponential decay enve-
lope [48]:

(990 = o=t/T5 (2.3)

where T35 is the characteristic timescale for qubit dephasing, called the free induction decay
time.

An important result well known from NMR is that the dephasing rate 1/T5 is the sum of
the contributions from energy relaxation (energy loss is ultimately a dephasing event) and the

sum of the pure dephasing rate from others sources [12]:

7 2T1 Z— (2.4)

Ton

2.2 Dephasing from critical current noise

The details of how fluctuations in the junction critical current appear as the spectral broadening
of the qubit frequency wp; depends on the particular superconducting qubit architecture. In
the simplest form, the superconducting qubit can be thought of as a quantum LC circuit with
frequency wo; = 1/ VLC, where in the case of a transmon [37, 29, 61] the inductance is provided

by the Josephson inductance L ;. The qubit frequency is thus:

1
= = \/8E;E 2.5

The spectral broadening due to I. fluctuation is thus: dwoi/dI. = (h/2e)\/2E./E;. To quan-
tify the different I. sensitivity in the various superconducting qubit architectures, the dimen-

sionless factor A = (I./wo1)|dwo1/dI.| was introduced by Van Harlingen et. al. [67]. For
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example the transmon sensitivity to critical current fluctuation is then given by:

I,

wo1

=2 (2.6)

dw01

A= dl.,

For other SC qubit architectures the sensitivity A in general cannot be found analytically,
necessitating a numerical solution. For example in the flux qubit the Josephson energy E;
determines the tunnel coupling strength Ay between the left and right circulating current
states, where at degeneracy, wo; =~ Ag/hA. The calculation in Van Harlingen et. al. [67] gives

A ~ 12.3 for the 3-JJ flux qubit architecture.

2.3 State of the field and open questions in critical current noise

The problem of critical current noise used to be discussed in terms of its contribution to the
pure dephasing of a qubit. The focus was the quantification of the 1/f noise magnitude at
temperatures typical of the operating point for qubits, and the effect of this 1/f noise on
the timescale for qubit dephasing. Ultimately measurements of the critical current noise at
T ~ 50 mK (typical qubit operating temperatures) proved difficult as most measurements
of the critical current noise involves some finite dissipation (chapter 5.2). With a wealth of
pre-existing measurements in the temperature range 7' ~ 1.4 — 4.2 K [60, 67, 77], a number
of experiments [18, 53| surfaced that focused on the functional form of the temperature de-
pendence, which would then be used to infer the 1/f noise magnitude for the typical qubit
operation.

One point of contention is the form of the temperature dependence for the power spectral
density. There appeared to be evidence for two very different conclusions, a handful of experi-
ments [77, 14, 67] observed and concluded a T? dependence, while another set of experiments
concluded a linear T-dependence [53, 18]. The T2 observing experiments were mostly from
older experiments in the 1980s and 1990s which were available at the time of the survey of

Van Harlingen et. al. [67], that found the critical current noise power spectral density to have
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a nearly universal value described by:

St _ —10 l 1 r ? -1
a0 (V) () (125) )

The observation of the T2 dependence was the most striking, as at low temperatures (T ~ 1 K)

the noise power is expected to vary linearly in 7', similar to that found in the low temperature
specific heat capacity of glasses [51, 82]. At low temperatures the thermally activated rates
of the TLSs should freeze-out, and the TLS dynamics are governed by the quantum tunneling
through the double-well potential of the TLS [51]. This leaves only a linear T-factor coming
from the thermodynamic selection of those TLSs with energies E < kT (section 3.2). Yet, the
T? dependence is not without precedent, the charge noise in single electron transistors (SETs)
have previously been measured to have a T2 dependence [6], and the noise power from thermally
activated TLSs in the classic Dutta-Horn model is expected to have a T2 dependence, although
the assumption of thermally activated rates at low temperatures (T ~ 1 K) is problematic [74].

The T- and T?-dependence discrepancy led to the development of the Kondo-like traps
theory, primarily by loffe and Faoro [19, 20, 21], and Wilhelm [3]. These theories pointed out
that measurements producing a T2-dependence have been carried out when the metal electrodes
are kept superconducting [14, 78|, and observed a much higher noise magnitude (at 7 = 4.2 K).
While the observation of a linear T-dependence was obtained on experiments measuring the
tunneling resistance with the metal electrodes in the normal state [18], and the critical current
noise was deduced assuming the equivalency of critical-current noise and tunneling resistance
noise, Sy, /12 = Sgr/R?. This equivalency is justified via the Ambegaokar-Baratoff relationship,
IyR,, = mA/2e, but only when provided that there is no additional noise mechanism. Some
electronic traps at the metal-dielectric interface can have a strong on-site repulsion that allows
only single occupancy of the trap. It was then proposed that the interaction of these traps with
the conduction electrons in the metal electrodes lead to the well known Kondo physics, where
the trapped electron interact with the conduction electrons to form a spin zero singlet ground

state, [1g) = (|14) + [41))/V/2, characterized by an energy scale Tk (the Kondo temperature).
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When superconductivity develops in the metal electrodes, a superconducting ground state is
formed with characteristic energy A, the superconducting energy gap. It was proposed that for
these traps at the metal-dielectric interface, the competition between the Kondo interaction
and superconductivity leads to the formation of additional localized trap states [3, 19, 20, 21],
that can account for the T?-dependence and the increased noise magnitude.

Critically however there exist contradictions on the available experimental data that would
cast doubt on the necessity of a Kondo-traps theory. Rogers and Buhrman [54] reported
in 1983 of measurements of the critical current noise in a shunted Nb-PbBi edge junction,
and measurements of the tunneling resistance in the same junction by measuring above the
superconducting energy gap. Their result supported the equivalency Sy /I? = Sr/R? which
at the very least implies that the Kondo-traps contribution was negligible. More recently
the measurements of Pottorf et. al. [53] of the critical current noise in shunted Nb/AlO,/Nb
junctions showed a linear T-dependence, with a magnitude consistent with other measurements
of the tunneling resistance noise [18]. This result implies that the critical-current and tunneling
resistance noise equivalency holds, S;, /12 = Si/R?. Furthermore Pottorf et. al. [53] performed
measurements of the tunneling resistance noise in their unshunted Nb/AlO,/Nb junctions and
observed the same linear T-dependence and noise magnitude as in their measurements of the
critical current noise, supporting the Sy, and Sk equivalency.

This contradictory state of the available experimental data led to our motivation for the
measurements of the critical current and resistance noise in Al/AlO, /Al junctions (first half of
chapter 6). It should be added that our own measurements agreed with the linear T-dependence

and confirms the equivalency of S, and Sg.

2.3.1 I, noise in zero-voltage and finite-voltage state

Another detail of critical current noise is the question of whether or not the fluctuations are
identical in both the zero-voltage and finite-voltage states. In measurements of the critical

current using the SQUID potentiometry method (section 5.2), the junction is biased out into
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a non-zero voltage state, typically V'~ 1 — 5 pV. Qubit operations on the other leaves the
junctions in the zero-voltage state, which raised the question of whether or not 1/f noise
measurements in the finite voltage state are applicable to qubits. This question mirrors that
from 1/f noise in resistors some four decades ago, over the question of whether or not the
1/f noise is an equilibrium fluctuation [74]. In that case Voss and Clarke [71] measured the
resistance fluctuation at zero applied current by measuring fluctuations in the Johnson noise
of a resistor. It was found that the resistance fluctuation at zero applied current is equal to
that at finite currents.

The 1/f noise in tunnel junctions was also found to be an equilibrium fluctuation. Miick et.
al. [44] measured the I. noise in the zero voltage state by performing a dispersive readout of a
rf-SQUID with a Nb-trilayer junction. The measured critical current noise was approximately
Sr./I? = 6.8 x 107" Hz™!, which is consistent with the old universal value Sy, /I? ~ 3.6 x
1071 Hz™! (at T = 4.2 K) (equation 2.7).

More recent measurements by Murch et. al. [45] measured the critical current fluctua-
tions in Al double angle junctions embedded in lumped-element microwave resonators. In this
measurement the Josephson inductance Lj(I.) = ®o/27l. contributes to the resonator total
inductance L(I.) = Lo + Lj(I.), where Ly is the lumped element inductance of the resonator.
The resonant frequency of the resonator is then dependent on the critical current of the junc-
tion: wo(I.) = 1/4/L(I.)C, where C is the lumped-element capacitance forming the resonator.
Fluctuations in the resonant frequency is therefore related to fluctuations in the critical current
of the junction via: S,,/wg = (p?/4)S1,/I%, where p = Ljo/L is the participation ratio of the
Josephson inductance to the total resonator inductance. Interestingly their measurements at
T = 50 mK were not able to measure the low frequency noise due to the junctions, above the
level of the background noise. This places a limit of Sy /I? < 1 x 10716 Hz™! for the critical
current noise at 50 mK, which is at least a factor of 400 lower than the value predicted by the
old universal formula (equation 2.7)

There is potentially a contradiction between the results of Miick et.al. [44] and Murch et.
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al. [45]. While Miick et. al. supported the equivalency of the zero-voltage and finite-voltage
noise, the results of Murch. et. al. taken in isolation can be interpreted as a contradiction to
that equivalency. The results of our own experiments in chapter 6 provides the final link to

resolve this contradiction.

2.3.2 Nature of the fluctuator: electronic or atomic?

It has been known that the origin of the 1/f critical current noise is an ensemble of two level
systems (TLSs) that modulate the transmissivity of the tunnel barrier [73, 72, 58]. What
remains unresolved is a definite identification of the microscopic origin of the TLSs, though it
is accepted that they are either fluctuating electrons or atoms.

The experiments of Wakai et. al. [72, 73] on PbInAu-InaO3-Pb junctions concluded that
the fluctuator is the trapping and un-trapping of electrons at the junction metal-dielectric
interfaces. Similar experiments by Rogers and Buhrman [56, 58] on Nb-NbyO5-PbBi concluded
that the TLS is a fluctuating atomic dipole. It may be important to resolve the microscopic
nature of the TLSs, as different microscopic sources may suggest vastly different strategies for
eliminating these TLSs.

More recent experiments, most notably in phase qubits [43], the energy spectroscopy of
qubits typically contains a density of parasitic avoided level crossings caused by the coherent
interaction with two level defects. It is not immediately clear if the two level systems coupling
at qubit frequencies represent the same ensemble that produce the low frequency 1/f noise.
But if they did, then it casts doubt on the electronic trapping model of Wakai et. al. [72], where
the fluctuator is modelled as the trapping/emptying of an electronic trap by the tunneling of
electrons from the degenerate metal electrodes. A TLS model involving the tunneling to a
degenerate fermi sea, like a metallic electrode, is incompatible with the observation that the
two level systems are coherent. Coherent dynamics is most readily obtained in a localized TLS
model, such as the double-well potential model (tunneling TLS). Note that this includes the

possibility for the fluctuator to be an electron, although we will argue that an atom fits the data
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better. In fact Lisenfeld et. al [39] directly measured the coherence properties of a TLS coupled
to a phase qubit, and measured a coherent TLS with 77 ~ 400 ns and 75 =~ 800 ns =~ 277,
which in fact exceeded the coherence times of the phase qubit used to measure the TLSs

(T 2 100 ns).



CHAPTER 3

THEORETICAL DESCRIPTION OF 1/F NOISE AND
TWO LEVEL SYSTEMS

3.1 1/f noise

The subject of low frequency 1/ f noise has had a rich and extensive history. It turns out that
the fluctuations in a wide range of physical systems can have a power spectral density that
varies as 1/f%, with the exponent typically o ~ 0.8 — 1.2 [74]. For example carrier density
fluctuations can lead to a 1/f resistance noise in MOSFETSs [84], resistance fluctuations in
CuMn thin films due to spin fluctuations [30], and magnetic flux noise in SQUIDs [63]. In non
solid-state systems, Voss and Clarke [70] have showed that even the “loudness” (amplitude
fluctuations) in speech and music can have a 1/f power spectrum, and even the historical
levels of the Nile river from the year 662 — 1469 has been shown to produce a 1/f power
spectrum [41].

It was realized that a 1/f“ spectrum can be constructed from the sum of Lorentzian power
spectra with a widely distributed characteristic frequencies [83]. Each Lorentzian contributes
a power spectral density given by:

T
X ——>5
1+ w2r?’

Si(w) (3.1)

with a characteristic lifetime 7;. The total noise power due to a distribution of these Lorentzians

is then:
S(w) o / T D) dr (3.2)

14 w272

Consequently if the characteristic times are distributed as, D(7) o< 1/7, then the total noise

25
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power density is 1/f, S(w) x 1/w.

3.2 The Dutta-Horn Model

Uy U

(C

v \@ A

Figure 3.1: Thermally activated double-well two level system. A particle in the well can
make a transition to the other well if there is sufficient thermal energy to overcome the
potential barrier U;.

In the Dutta-Horn model, the source of the Lorentzian is modeled as a thermally activated
fluctuator in a double-well potential. The TLS can be described in terms of the average of
the potential barrier in the left/right wells, U = (U1 + Uz)/2, and the energy difference of the
left /right wells (asymmetry) A, (figure 3.1). In this way the transition rates out of the wells

are given by:

U+ AJ2
w1 = wp exp (_k:T/) (3.3)
U—-A/2
w2 = w( exp <_k:T/> (3.4)
The TLS corner frequency is then given by:
U A
We = w1 + wa = w( exp (_kT> cosh <2kT> , (3.5)

where wj = 2wy, and as long as A < 2kT', then we recover the Arrhenius thermally activated
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rate for wg:

1/7 = we = wyexp (“U/KT) (3.6)

In a physical system there will be a distribution of these TLSs with respect to the energies

U and A, where the typical starting assumption is the uniform (flat )joint distribution:

P(U,A) dUdA = Py dUdA, (3.7)

however only those TLSs with A < 2kT will have enough variance to contribute to the total
noise power.

If we label the TLS’s probability to be in the left/right well as p;, and pg respectively, then:
pr +pr = 1 and pr/pr = exp (—A/kT). If for example the TLS couples into the junction’s
tunneling resistance so that it changes by an amount 0 R between the TLS in the left/right
wells, then the variance due to the TLS can be calculated as: 0% = (R?) — (R)?> = 6 R?pppy, =
§R%sech? (A/2kT) /4. The Lorentzian spectral density contributed due to the i-th TLS is
therefore weighted by this thermodynamic factor [74, 38]:

Ti

1+ w?7?

Si(w) = (6R)?sech?(A/2kT) (3.8)

Thus only those TLSs with A < 2kT will have enough variance to contribute to the total noise

power. The TLS distribution in the energy U can then be expressed as:

PU) = / = P(U, A)sech?(A/2kT) dA ~ 4kT Py, (3.9)

—00

where the integral is essentially selecting only those TLSs that will thermodynamically con-
tribute to the total noise power spectral density. Consequently the TLS lifetime distribution
in the Dutta-Horn model is:

d
P(r) dr ~ 4(kT)*P, ", (3.10)
T
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where the additional factor of kT comes from the Dutta-Horn activated kinetics. The integrated

power spectral density for the ensemble of TLSs is then:

T 2
S(w)oc/ A 4P°(T]€T) dr (3.11)
S(w) & 4Py (KT)>2 <i) , (3.12)

which gives a 1/f power spectral density that varies with 72?. One T-factor comes from
the Dutta-Horn activated kinetics, and the second T-factor comes from the sech?(A/2kT)
thermodynamic factor.

In fact for the generic 1/f* noise with 0.8 < o < 1.4, it is only required that the density of
states P(FE) is slowly varying compared to kgT'. Dutta and Horn [17] noted that for thermally

activated processes the total power spectral density is obtained from the integral:

10 exp(E/kT)
1 +w?rd exp(2E/kT)

S(w,T) o</ P(E) dE (3.13)

If the integration is carried out after Taylor expanding P(FE), then retaining only the first

term, the power spectral density is approximately:

S(w,T) o ]’“BTTP(E), (3.14)

where here only the Dutta-Horn activated kinetic T-factor has been explicitly shown, and
E = —kgT In(wmp) is the value of E' where the distribution P(F) is peaked at. A consequence
of P(E) to be only slowly varying, is that the shape of the power spectral density is a more

complicated function of w and T', summarized by the relationship [17]:

1
In(wTp)

OlnS(w,T)

awT)=1- olnT

-1

, (3.15)

where a(w,T) is the slope (exponent) of the 1/ f“ power spectrum defined locally at frequency
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w and temperature T'.

3.2.1 Tunneling TLSs

(A) (B)

Figure 3.2: (A) Potential diagram of the tunneling TLS model. (B) Absorption/emission of
a phonon modifies the TLS asymmetry energy A.

One concern with the thermal activation model is that at low temperatures there might not
be enough thermal energy to drive the TLS transitions. However, for temperatures k1" < U, the
tunnel coupling between the two localized well states may become important. This tunneling
TLS model was first proposed by Anderson, Halperin, and Varma [2], and independently by
Phillips [50], in order to explain the anomalous thermal conductivity and heat capacity of
insulating glasses. Subsequently it was realized that these tunneling TLSs can also give rise to
a wide distribution of lifetimes 7, thus a 1/ f power spectral density [81].

Figure 3.2 shows a schematic of the double-well potential annotated with the relevant energy
scales in the tunneling regime. In insulating glasses TLS state transitions are driven by the
absoprtion/emission of phonons, which couple to the TLS asymmetry energy A, (figure 3.2B).
In metallic systems the transitions can also be driven by coupling to the electrons. As will be

discussed in chapter 7, TLSs embedded in the dielectric of a tunnel junction may be driven by
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both the phonon and electron excitations.

In the localized basis, |L) and |R), the model Hamiltonian for the tunneling TLS is:

H =2 (A6, + Aoba), (3.16)

N | —

Where A is the energy difference between the left and right wells, and Ag is the tunnel coupling

strength between the two wells. Ay can be estimated via the WKB approximation:

2
Ay = fuwg exp (—Qd T};U> ) (3.17)

where wg is the attempt frequency of the particle in the potential well, m is the tunneling
particle effective mass, U is the barrier height, and d is the tunneling distance.

By defining;:
Ag

tan& = A (3.18)

The TLS hamiltonian (equation 3.16) takes the form:

1 cos¢  sing
= 2 2
H= 2w/A + A§ (3.19)

siné —cosé

The TLS energy is then given by:
E = /A2 + AZ, (3.20)
and the eigenstates |¢)1) and [i2) of the TLS are:

|Y1) = cos §|L> + sin §|R> (3.21)

|the) = sin §|L> — cos g|R> (3.22)

At degeneracy, A = 0 so that & = 7/2, then the eigenstates are the usual symmetric/anti-
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symmetric combinations:
1
V2

In the limit where the tunnel coupling is small Ag < A (£ = 0), the TLS Hamiltonian is

r0) = == (1) £IR)) (3.23)

diagonal in the local representation, and the eigenstates are the localized states: [i1) = |L)
and [¢2) = |R).
In bulk (3D) dielectrics the TLS relaxation rate due to interaction with the strain field

(phonons) can be shown to be [51]:

2 2

o EAj 1
[ e 24
’ ( - ) (2om) s @RI (324

2 2

Yo EAO 1
Ty = 2 : 3.25
g ( - vg) (27Tph4> 1 —exp (—E/kgT) (3.25)

where 7, and v, are the elastic dipole and velocity of sound for the « polarization, and p is

the mass density. The effective rate is then:

2 EA? E
“UE,Ag) =T = yp + [y = Jo 0\ coth [ —— 2
T ( ’ 0) g + g9 ~ Ug 27Tph4 co 2kBT (3 6)

In a typical physical system the TLSs are assumed to be uniformly distributed in the asymmetry
energy A and the WKB tunneling parameter \. Since Ag o< e, the joint TLS distribution is

then:

P(A,)) dA dX\ = Py dA d\ (3.27)
P(A, Ag) dA dAg = % dA dAg (3.28)
0

The total power spectral density due to fluctuating tunneling TLSs can then be calculated

from the integral:

S(w) / 1+;(2§5(AA0,) Ry P o) dA dAg (3.29)
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Note that in the tunneling TLS model, the T-dependence from the Dutta-Horn activated
kinetic factor drops out, leaving only the T-dependence from the thermodynamic factor. The
temperature dependence of the quantum tunneling rate is weak, thus the total noise scales
linearly in temperature.

It can be shown that the tunneling TLS relaxation rate and the distribution in equation 3.28
lead to the P o 1/7 wide distribution of TLS lifetimes required to integrate out to a 1/f power
spectral density [81]. Figure 3.3 shows a simulated distribution of tunneling TLS lifetimes 7,
given the presumed distribution (equation 3.28). It shows clearly the wide distribution of

lifetimes as P oc 1/7, which yields a 1/f power spectral density.
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Figure 3.3: Simulated distribution of the tunneling TLS lifetimes. The tunneling TLS model
results in a distribution P(7) o< 1/7, which gives rise to 1/w noise



CHAPTER 4

DEVICE FABRICATION

4.1 Alshadow evaporated junctions

(A) (B)

(

|
1
!
|
)

Figure 4.1: SEM images of the double angle evaporated aluminum Josephson junctions.

Our Al/AlO,/Al junctions were fabricated in the conventional double-angle shadow evap-
oration method. In contrast to the Nb-trilayer process, the Al double angle junctions have
the advantage of requiring only one lithography step to fully define the junction. It is this
simplicity that has made the double-angle evaporation method a popular standard in the su-
perconducting devices community.

The junctions are defined via standard e-beam lithography at a 30 kV accelerating voltage.
We used PMMA and MMA copolymer for our bi-layer resist stack. To maximize the undercut
in the MMA layer, we typically pre-sensitize the MMA layer in a commercial EEPROM eraser

unit, which is essentially a box with a timer controlled UV-lamp. The development was
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performed in a 1:3 MIBK:IPA solution at room temperature.

The Al evaporation was performed in an ultra-high vacuum electron-beam evaporation cham-
ber. The system is load-locked and can achieve a base pressure of Py = 3 x 10710 Torr. Prior
to Al deposition the substrate is cleaned via a gentle Ar ion-milling to remove residual con-
taminants. The typical Al evaporation rate is, ~ 2 — 3 A/s.

Our standard process recipe is to define the Al-AlO,-Al junctions with 40 nm of Al as the
base electrode, followed by the tunnel barrier oxidation, and a 80 nm top electrode, for a total
junction stack thickness of 120 nm. At the end of the top electrode evaporation, we typically
flood the chamber to ~ 2 Torr of pure Oy gas to cap the outer Al surfaces with a controlled

native oxide.

41.1 Resistive shunt design

The resistive shunts were fabricated out of thin films of Palladium. The resistor lithography and
deposition were done prior to the junction. We used e-beam lithography to define the resistor,
and electron-beam evaporated palladium thin films, typically to a thickness ¢t &~ 60 nm. An
in-situ Ar ion-mill was performed immediately prior to the Al deposition, in order to ensure a
good ohmic contact between the resistor and junction layers.

On each Pd evaporation we included a 4-terminal hall-bar test structure in parallel with
the process chip. The test structure sits on the evaporation stage alongside the process chip,
but on a separate substrate. The test structures were defined by a mechanical mask. This
test structure allowed us to calibrate the sheet resistances of the Pd resistor layer on each
evaporation run, allowing us to account for process variations. The Pd sheet resistance at
T = 4.2 K is typically about 40% of the its value at room temperature.

In the overdamped RSJ most of the power is dissipated in the shunt resistors as long as
V; < 2A. It is therefore important to design the shunting resistors to minimize the effects of
electron heating. The basic principle is to create shunt resistors as thick and large as possible

as to maximize the contact surface area to the substrate. In our resistively shunted junction
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designs, we fabricated our shunting resistors with large cooling fins.
The hot electron effect in metals have been described by Wellstood [76, 68]. A uniform
power, P, dissipated in a metallic thin film can raise the electron temperature T, above the

phonon temperature T}, of the thin film. The relationship is given by [76]:

p 1/5
T, = (W + T;?) (4.1)

Figure 4.2: Optical microscope image showing the Pd resistive shunt design with large
cooling fins.

In our typical measurement the junction is biased to approximately V; ~ 1—5 'V, meaning
the power dissipated in the shunts is approximately 1 —25 pW/Rg. Figure 4.2 shows an optical
microscope picture of our AlO, junction geometry. The lighter metallic traces are aluminum,
while the darker gold colored metal traces are the palladium resistor and cooling fins. Note

the size of the cooling fins, A =~ (300 um)?2, is the same size as the bonding pads.

4.2 SQUID Fabrication

As part of the TARPA collaboration we have performed low frequency noise measurements in

SQUIDs to characterize the 1/ f low frequency magnetic flux noise. The SQUID measurements
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were mainly performed by the group of John Clarke at the University of California, Berkeley,
with SQUIDs fabricated by our group as an extension of this thesis work [4].
While this thesis will not cover the details of the work on SQUIDs performed in this ITARPA

collaboration, T will briefly cover the processes used to fabricate the SQUIDs.

(A) (B)

Figure 4.3: Optical microscope image of one side of the SQUID arrays. (A) Field view. (B)
Higher magnification view.

We call this SQUID architecture the hybrid-SQUID design. The architecture was designed
to allow the testing of a variety of metal growth and surface treatments of the SQUID loop
superconductor, while the Josephson junctions are kept the same and made out of reliable
double-angle evaporated Al junctions.

First the base layer is patterned. This is either a subtractive etch-down process in the case of
epitaxially grown loop layer (such as epitaxial Nb or Al), or a simple lift-off process. Next the
shunting resistors are defined via electron beam lithography, followed by a Pd electron beam
evaporation and lift-off. We typically insert a 4-terminal test structure alongside the process
chips in order to calibrate the sheet resistance of the shunt resistor layer. The resistance probe
structures allow for small deviations of the sheet resistance to be adjusted in the subsequent
layers to yield the designed resistance, as well as to provide quality control to our process flow.

The loop design was standardized to allow for one-to-one comparison between different
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experiments. The loop design had dimensions D = 4 pm, W = 3 pm, giving a loop inductance,
L ~ 6.3 pH. The screening parameter is approximately 8 = I;YL/®q ~ 0.05 for the design
target 127 = 15 pA. Each of the junctions are designed to have an area A = 1.5 x 0.5 pum?,
with J. = 10 pA/pum? so that 127 = 15 pA.

Figure 4.3A is an optical microscope image showing a field view of the flux noise SQUID
array. The SQUID loops and parts of the wiring traces appear slightly darker than the brighter
sections of the Al junction and contact overlap sections. Figure 4.3B shows a higher magnifi-
cation view showing the details of the SQUID architecture. The palladium resistor is clearly

contrasted by the much darker color against the SQUID loop and junction layers.

4.3 Flux Qubit Fabrication

Figure 4.4: Optical microscope image of the lumped-element resonator layer. The qubit loop
and junctions are to the right of the image. The qubit loop shares a trace with the resonator
inductor. The current density determines the degree of flux coupling between the qubit and
the resonator.

In the same spirit as the hybrid-SQUIDs used to test magnetic flux noise, we have fabri-
cated hybrid flux qubits embedded in a lumped-element resonator. In the hybrid flux qubits
the resonator and the qubit loop were fabricated from epitaxially grown Nb, while the qubit
junctions were fabricated on a separate layer out of conventional aluminum double-angle evap-

orated junctions. Electrical contact between the junction and the base epitaxial layer was



DEVICE FABRICATION

ensured by performing a short ion mill prior to the junction deposition.

The following qubit measurements were performed by Jeffrey Birenbaum of John Clarke’s
group in UC Berkeley. In this section I will show some data to summarize our hybrid flux
qubit effort.

The energy splitting of the flux qubit states is, Ey1 = VA2 — €2, where at degeneracy
FEo1 = hwpr = A. The fabrication parameters will determine the strength of the level splitting

A, where a useful analytical approximation for the qubit energy splitting A is given by [27]:

A4 —EJEC (2a—1) exp 7E‘](2a +1) <cos_1 L — \/M) (4.2)
« akF,. 2c

Equation 4.2 above summarizes the difficulty in targeting fabrication parameters to yield
a desired qubit frequency at degeneracy. Three of the major fabrication design parameters,
the Josephson energy FE;, charging energy F., and the a-junction ratio « enters through the
exponential term. Thus small variations in the fabrication can yield vastly different qubit
characteristics.

We were never able to obtain hybrid flux qubits with good coherence properties. A typical
energy spectroscopy of the hybrid qubit is given in figure 4.5. A large spectral broadening is
already obvious from the energy spectroscopy and is typical of the results obtained from the
hybrid architecture. Consequently the free-induction decay time, T3, were usually very short
making time-domain spectroscopy extremely difficult. Some possible problems in the hybrid
architecture were: 1. Parasitic fourth junction. 2. Effect of ion-milling prior to junction
deposition. 3. Very low Nb quality in the area of the inductor constriction which is shared
with the qubit loop.

In contrast, our control device - all double-angle aluminum flux qubit - showed much higher
coherence properties, typical of the best flux qubits at that time. Figure 4.6 shows an energy
spectroscopy of a control all Al flux qubit, fabricated using the same process and instruments as

those used in fabricating the hybrid flux qubits (with the exception of the all Al architecture).
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Figure 4.7 shows a typical time-domain spectroscopy of the control all Al flux qubit, 77 = 2.6 us

and T5 ~ 1.4 us.

Qubit Frequency (GHz)

1.084 1.086 1.088 1.090 092
Flux Bias (mA)

Figure 4.5: Qubit spectroscopy of an epitaxial Nb hybrid flux qubit. Broad spectroscopic
linewidth is apparent and reflected in the extremely short T5'.
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Figure 4.6: Qubit spectroscopy of sample 5-ALA.
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Figure 4.7: (A) Ty energy relaxation spectroscopy. Dashed-line is an exponential decay time
with T} ~ 2.6 us. (B) Ramsey T3 spectroscopy. The Ramsey fringes are fitted to a decaying
exponential enveloped (dashed-lines) with 75 ~ 1.4 us.



CHAPTER 5

EXPERIMENTAL METHODS

51 dc-SQUID Amplifier

Figure 5.1: de-SQUID sensor in a Nb-enclosure mounted on the 1K plate of the Oxford He-3
system.

We used a commercial SQUID sensor package purchased from Robin Cantor’s STAR Cryo-
electronics. The SQUID chip itself is embedded in a hermetically sealed carrier and installed
inside a cylindrical Nb shielding enclosure. The SQUID used to perform the experiments in this
thesis had an input coupling of 0.13 pA/®y and a flux locked loop voltage feedback response
of 0.847 Vpp/®y at the Rpp = 100 k2 feedback resistor setting.

5.1.1 Flux-locked loop

The basic physics of the SQUID has been covered in section 1.3, in this section we will briefly
cover how the SQUID transfer function is linearized to operate it as an amplifier. We run our
de-SQUID amplifier in the flux-locked loop (FLL) mode, figure 5.3 shows the circuit schematic

of the FLL operation. When the SQUID is biased into the voltage state, its voltage-flux
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Figure 5.2: Voltage-Flux transfer function of a SQUID.

transfer function inherits the sinusoidal ®( periodic structure of the critical current as shown
in figure 5.2. The Voltage-Flux transfer coefficient is a maximum when the SQUID is biased
near ® ~ ®;/4. Small changes in flux d® about this operating point then translates to an
approximately linear voltage change 6V of the SQUID. In order to keep the SQUID operating
linearly at this operating point even for large d®, a flux-locked loop feedback circuit can be
used. The FLL circuit feeds back a flux bias d® ¢, = (Vyp/Ryp) M which acts to cancel out the
signal §® coupled into the SQUID loop, thus keeping the SQUID’s operating point unmoved
and remaining in the linear operating regime.

The SQUID is dc-current biased with a current I to some voltage state V.. Since the
SQUID impedance is low, the voltage readout is achieved by modulating the SQUID voltage
(fmoa = 256 kHz in our electronics) and impedance matching the SQUID through a cold
1 : 20 transformer. At the room-temperature amplification chain, the signal is demodulated
and passed through an integrator with an integrator capacitor, Cj,:. The signal is then fed
back into the SQUID through a feedback resistor Ry, appearing as a flux feedback signal
0® , through a mutual inductance My. The product, R,Cint, defines the integration time
constant. The input coil of the SQUID couples an input current signal, I,,, through the mutual

inductance M;, so that Iy, is related to the flux feedback voltage Vy, as:
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Figure 5.3: Flux-locked loop circuit schematic for the operation of a de-SQUID.
M;
Vfb - <]\4f> Iqufb (51)

The parameters for the SQUID used in this thesis is given in the table below:

1/Mf 8.47 /LA/CI)Q

5.2 SQUID potentiometry circuit

To measure the critical current fluctuations of a Josephson junction, we used the SQUID
as a low input impedance current amplifier in series with the test junction. The circuit is
drawn in figure 5.4A. To make use of the SQUID potentiometry circuit we resistively shunt
the Josephson junctions, typically 5. ~ 0.3, to avoid hysteresis. For critical current noise
measurements, we bias the junctions to a very small voltage state, typically 1 — 5 pV, such
that the junction current is just above the critical current, Iy ~ Io. Also the standard resistor

Rg:q in the circuit is chosen so that Ry < Rp, where Rp is the dynamic resistance of the
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Figure 5.4: (A) Circuit schematic of the SQUID potentiometry circuit. (B) Illustration of the
effect of §1. fluctuations in the overdamped RCSJ model.

junction defined by:
vy

Rp = =7
D=1,

(5.2)

Under the above circuit parameters and biasing conditions, the relationship between the
critical current noise power spectral density and the noise power spectral density of the current

I detected through the SQUID is simply:
Sr.g = SI. (5.3)

The above result follows from a simple circuit consideration. The equipotential condition
dictates that:

VJ = IquStd7 (54)

and the current conservation forces:

Iy =17+ 144 (5.5)
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We are interested in finding an expression for the fluctuation in I, with respect to fluctua-

tions in I, of the junction, so from equation 5.4 above:

dl, 1 dvy; 1 [avydfj aIJ] 56)

dl, ~ Rug dl. _ Ruy |01, dI, T oL

From the current conservation condition, and using the fact that the bias current [ is a
constant, we have dl;/dl. = —dls;/dl., which implies:
dls, oVy /oI,

= 5.7
dl.  Rsa+ Rp’ (5.7)

We may use the ideal RSJ IV characteristics to simplify the above expression, from V; =

Ry/13 — 12, we can show that:

8Ic /13_12 B E
&

It follows then the noise spectral densities Sy, and Sj, are related as:

2 2
St = LQ <Ic> St (5.9)
(Rsta + Rp)” \1s

At the chosen circuit parameters, Ryq < Rp, and I; ~ I., then we can see that this reduces
to Si,, = S1,. For the standard resistors we thermally evaporated a thin film of Au/Cu alloy
on 10 x 10 mm? sapphire substrates, followed by a Au evaporation to form the bonding pads.
The Au bonding pads were not necessary but facilitates faster and more reliable wire bonds.
The Au/Cu thin film resistor can be mechanically trimmed to adjust for the desired resistance,
Rgiq, which is typically =~ 1 Q

How SQUID potentiometry measures changes in the critical current can be visualized as in
figure 5.4. The voltage across an overdamped Josephson junction biased just above its critical

current is very sensitive to the junction’s critical current. To detect changes in the voltage
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0V; using a SQUID, we turn the voltage signal 6V} into a current signal I, by the use of a
standard resistor Rgy. For small values of Ry the current gain is large and ideally suited for

SQUID amplification.

52.1 Extraction of junction IV

10 T T T T T T T T T T
] | (B)
- 5_ -
= 2]
1T ol m _
4 = i 0
10
] St -20 ]
i I 330-20-10 0 10 20 30 |
v, ()
- O o IR IR I | | I I T R _10 . 1 . 1 L 1 L 1 L 1 L
80 60 40 20 O 20 40 60 80 15 -10 -5 0 5 10 15
sQUID V,, (V) V, (V)

Figure 5.5: Measurement of Al-junctions at 7' = 320 mK. (A) SQUID response vs I,. (B)
Raw data converted into the junction IV parameters, I; and Vj. In this case the bias range
was not large enough, so that only the RCSJ IV range around the switching region was
explored.

The use of the circuit in figure 5.4A permits the extraction of the junction IV characteristics
after some mathematical transformation of the measured variables. The potentiometry circuit
is biased by a known input current I, and the measurement output is the SQUID feedback
voltage which is directly related to the current in the SQUID branch, I,,. The junction current
is then simply I; = I}, — I4. The junction voltage is V; = I3, R4, which requires a knowledge
of the value of the standard resistor, R4, and can be immediately calibrated by performing a
Johnson-Nyquist noise spectroscopy at zero bias current.

At zero-bias current the junction loop total resistance is given by the sum of the standard

resistor and other parasitic resistances such as the wirebond contact resistance and the copper
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lines of the printed circuit boards. Typically however the standard resistor, Ry, is the dom-
inant contribution, such that the Johnson-Nyquist noise seen by the SQUID at zero junction

bias is given by:

+ e (5.10)

5.3 External biasing noise and temperature fluctuations

One difficulty in measuring small noise signals is the necessity to differentiate between trivial
noise sources and the actual noise signal. Two common problems are the injection of current
noise present through the biasing circuitry and temperature fluctuations due to poor cryostat
stability. Low levels of 1/f low frequency noise are especially difficult to measure as they often
necessitate long measurements, requiring system stability over 100s of seconds (f =~ 0.01 Hz).

In this work, external biasing noise is minimized by using an isolated battery to avoid the
1/ f noise present in solid state amplifiers, especially in the active semiconductor amplifiers that
are typically used in current source circuits. We used large capacity (8 Ahcapacity) Pb-acid
batteries in series with a large biasing resistor R, as our current bias source which is typically
in the range I, = 10 — 100 pA. We typically find a detectable battery drift in the first 1 — 2 hrs
after a re-charge, followed by a long period of stability. The battery would start to drift again
once it has been discharged far enough, which is typically after approximately 1 month in our
typical experiment run.

Temperature fluctuations of the cryostat can have an excess low frequency component and
mimic a 1/f%like spectral density due to fluctuations in the temperature PID control loop.
Often these instabilities appear as drifts which manifest as a 1/f? power spectral component,
therefore high values of @ may (but not necessarily) indicate temperature instability. In the
case of pressure oscillations in the 1 K plate pumping lines, the temperature instability appear

as long period oscillations. In collaboration with Steven Anton at UC Berkeley, we have
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investigated the manifestation of temperature induced fluctuations in the junction critical
current [5]. The junction critical current is a temperature dependent quantity, given by the

Ambegaokar-Baratoff relation:

I(T)R, = ”AQ(eT) tanh < j}gj{) (5.11)

We find that the following approximate analytical form for A(T) is a good fit to our actual

junctions [66]:

A(T) T. A
Ay tanh <T AO) (5.12)

Unfortunately equation 5.12 above is transcendental in A(7") /Ay, hence we cannot explicitly
solve for A(T)/Ap, however we can gain powerful insights from a numerical solution. The
circles in figure 5.6A show the measured critical current of an Al/AlO,/Al shunted junction at
several temperature points, and fitted to the approximate theoretical temperature dependence
(equations 5.11 and 5.12). The figure has been plotted in dimensionless units i, = I./Iy and
7 = T /T, the normalization for the measured data are [y = 2.34 pA and T, = 1.27 K. The
green triangles are data point from a second junction with normalization factors Ip = 10.8 pA
and T, = 1.27 K. From the temperature dependence of the junction critical currents, we
see that the AlO, junctions we fabricated follow the ideal SIS behavior. Figure 5.6B is a
numerical differentiation of the theoretical dependence in figure 5.6A, showing the sensitivity
of the critical current to temperature, di./dr. For the theoretical curves we have used the BCS
result Ag = 1.764 kpT,.

For T >~ 0.3 T, di./dr # 0 and one must be careful to exclude thermal fluctuations from
measurements of the junction critical current. The temperature induced critical current noise,

S}FC, can be related to the noise power spectral density of the temperature instability (S7):

S%; di, 2 St
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Figure 5.6: (A) I. vs Temperature. In dimensionless units i. = I./Iy and 7 = T/T,. (B) The
dimensionless sensitivity di./dr vs T.

Note that the dimensionless transfer coefficient di./dr can be significant as plotted in figure
5.6B. That is, bath temperature variation is of no concern in Nb junctions due to its high
T, ~ 9.2 K, implying di./dr ~ 0 for temperatures T' <~ 3 K. On the other hand measurements
involving Al junctions are susceptible to bath temperature fluctuations due to the low T, of
Al. This necessitates a good control of the temperature in order to minimize Sy, and/or as
we shall discuss in the next section, a method that removes this sensitivity. Fortunately the
problems of external noise and bath temperature fluctuations polluting the noise signal to
be measured are not unique to the case of Josephson junctions. A wealth of knowledge has
been accumulated from experiments looking at low frequency noise in metallic thin films. In
particular, Scofield [62] has reviewed in 1987 a measurement circuit utilizing an ac-bridge with
a center-tapped four probe geometry in order to measure the low frequency resistance noise
in metal films, while rejecting contact noise and bath temperature fluctuations. In this same
spirit, we adapted our SQUID potentiometry circuit into a version of the bridge circuit in order

to exploit similar protection against external noise.
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5.4 Bridge SQUID potentiometry circuit

Ipq Iy,

Rstd

Figure 5.7: Electrical schematic of the SQUID bridge circuit.

Motivated by the center-tapped four probe resistance bridge circuit [62], we adapted a similar
geometry to work with the de-SQUID amplifier. Instead of the high-impedance amplifiers used
in the traditional bridge circuits to measure voltage fluctuations, we used the dc-SQUID as a
low-impedance and ultra low-noise current amplifier to measure current fluctuations. In place
of the center tapped four-probe resistance structure, we fabricated on a single chip two matched
resistively shunted Josephson junctions to be placed in each arm of the bridge circuit. Figure
5.8 shows a SEM image of junctions used in the bridge circuit. The two matched junctions in
essence act to replicate the role of the center-tapped resistor. The circuit is also essentially the
RSJ equivalent of the bridge circuit we used to measure resistance fluctuations in unshunted
junctions at voltages above the superconducting gap [18] (section 5.7). The matched junctions
are fabricated in the same lithographic step and are only spatially separated by 15 pm. The
close spatial proximity reduces spatial variations in the fabrication process, thereby achieving
high degree of matching. The bridge circuit is sensitive to the uncorrelated critical current
fluctuations of the two Josephson junctions, while at the same time insensitive to correlated

external noise sources such as the bias current noise and bath temperature fluctuations.
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Figure 5.8: SEM image of the on-chip and matched Josephson junctions for the SQUID
bridge measurement.

The electrical schematic of this SQUID bridge circuit is shown in figure 5.7. We used
potentiometers at room temperature to perform coarse and fine adjustment of the bias currents
Iy1 and Ips. In the zeroth order operation of the circuit, we current bias the two junctions such
that they are at equal potential, Vj1 = Vj2. The equipotential operating point is indicated by
zero current flowing through the standard resistor, /5y = 0, which can be precisely monitored
by tracking the de-SQUID response to the biasing currents. While we most often use the
equipotential operating point, Iy = 0, especially when the two junctions are well matched, we
have also operated the circuit with small voltage offsets, AV = Vj; — Vjo = I;4Rsq. Though
rarely operated in this way due to the added complexity in tuning the circuit, non-zero voltage
offsets can be used to compensate small junction I, mismatches, to regain the equality of
the junction voltage sensitivity with respect to temperature fluctuations, dVj/dT = dVjs/dT.
This procedure can be used to maximize the rejection of the correlated bath temperature
fluctuations.

In the zero-voltage state the only resistance in the loop is Ry, therefore the value of Ry
can be calibrated via Johnson-Nyquist spectroscopy (section 5.5). The standard resistor is
chosen such that the dynamic resistance Rg of the junctions at the measurement biasing point
is much larger than the standard resistor Rgqy. This is chosen to maximize the sensitivity of

the SQUID to I. fluctuations in the junctions. In practice we have implemented the circuit
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Figure 5.9: dc-SQUID response to a bath temperature step. The de-SQUID signal and
fridge cold finger thermometer are simultaneously sampled. The temperature of the He-3
fridge was increased in an abrupt step by AT ~ 220 uK. The effect of this temperature step
is not discernible in the dc-SQUID response.

with Rgq =~ 0.3 — 0.5 Q.

Similar to the single JJ SQUID potentiometry circuit, it is possible to obtain the full IV
characteristics of each of the two junctions. For example the full IV characteristics of J1
can be obtained by ramping the bias current I;;, while the current bias I;o is set to null out
the current flowing through J2 to keep J2 in the zero voltage state. This is done by setting
Iyp = —I4q, which forces Ijo = 0 from current conservation. With this biasing procedure the
current and voltage through J1 can be obtained in a similar manner as in section 5.2.1. The
junction current is, Ij1 = Iy — Ig¢, and the voltage, Vj1 = IsqRgq-

It is also possible to obtain the IV characteristics very near to the voltage state transition
by following a simpler procedure where Iy is kept at zero (for the IV of J1, and vice versa).
In this manner the IV characteristics in the voltage range V1 = 0 to Vj1 = I.oRsq can be
mapped out. For Vj; > I R4, J2 is driven into the voltage state and the extraction of Vj;
is no longer straightforward. Figure 5.10 shows an example of the IV curves at T' = 315 mK
obtained in this manner. The region around the voltage state transition is clearly mapped, a

sharp turn-on at approximately V; ~ 20 uV is related to the turn-on of the second junction.
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Figure 5.10: IV characteristics of two junctions in the SQUID bridge circuit at 7' = 315 mK.
(red solid line) IV curve of JJ1, I. ~ 39.7 pA. (black solid line) IV curve of JJ2,

I. ~ 39.9 pA. The two junctions are matched to within 99.5% (inset) Zoomed-in view around
the voltage-state transition region.

The inset of figure 5.10 is a zoomed-in view showing the high degree of I. matching across the

two junctions, I7' &~ 39.7 uA and )72 ~ 39.9 uA, giving a ~ 0.995 (99.5% matching).

5.4.1 Non-zero finite bias

Here the full RSJ behavior of the junctions need to be taken into account. This is where we get

sensitivity to critical-current fluctuations. We assume that the junctions follow RSJ behavior:

Vj = Ry\ /17 — I? (5.14)

The dynamic resistance Rp is given by:

9V, LR

o 1212

Rp (5.15)
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A related quantity is the partial derivative 0V}/01., which is given by:

] Ic Ic
ov; _ LR _ () (5.16)
ol 212 I

In the bridge circuit let us label I; and I5 to be the current flowing through the junctions.
Such that:
L :IA+Isq (517)

I =1Ip— I, (5.18)

where 14 and Ip are the constant bias currents in junctions 1 and 2 respectively. Next, the

voltage equality condition holds that:
‘/2 - Vi = Iqustd (519)
Without loss of generality, let us first assume that JJ1 is fluctuation-less. That is Sy, 1 = 0.

We will solve the signal sensitivity to fluctuations in I.o:

als dvp  dVy
R, g = — 5.20
“dl, I dle >:20)

Now, taking care to take the full derivative:

dVa Ve Ve dI

= —_— 5.21

AL, 0L, 0l dl (5:21)
) dls

= — — Rpo—— 5.22

Rpa <I2> + D2 (5.22)

Likewise the full derivative for the second term dV;/dI.o can be evaluated as follows:

Vi Vidl | OV dlg
dl.s  OIy dl.g  OI. dls
dl

(5.23)

(5.24)
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Putting these two terms together, this time observing that the current conservation condition

imposes the condition, dIy = —dl,, and dI; = dls,:

dls I dlg dl
Raga—2 = —Rpy— —R 1—R . 5.25
std’ Too D2 D2 Ly D1 Ly ( )
dl I
(Rsta + Rp1 + RDz)dIsq = —Rpo <IC2) (5.26)
c2 2
s _ _ L2 (“) (5.27)
dlco Rgta+ Rp1+ Rp2 \ I2 '
We find that the noise power due to fluctuations in I.o is given by:
R? 12\
Sy = D2 <> 51, 5.28
> (Rga 4+ Rp1+ Rp2)? \ I ez (5.28)
By symmetry the noise power due to fluctuations in I, is given by:
R? I
Sy = D1 = s 5.29
Tt = (Rga + Rp1 + Rp2)? \ 11 fer (5.29)

We note that since the critical-current noise in the two junctions are uncorrelated, then their
noise power adds to give the total noise power density. So that the total noise power density

at the SQUID is:

g5 _ R}, <I‘31)2 S+ R <ICQ)2 S (5.30)
I (Rga+ Rp1+ Rp2)? \ I v (Rya + Rp1 + Rp2)? \ I fe2 '

The above equation simplifies greatly if we now take into account that the two junctions
are very well matched such that Rp = Rp; = Rpe, and we operate the circuit in the regime
I.1/I) = I.2/I5 = 1. Furthermore we design the circuit such that Ry << Rp. Figuring all of
these factors:

s 1
qu = Z (Slcl + SICZ) (531)

Defining the average critical-current noise power to be, Sy, = %(5161 + S1,,), we have our
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final relationship:

1
Sp' = 350 (5.32)

The signal visibility at the SQUID is only half of the full critical-current noise power.
Compare this with the sensitivity of the non-bridge 1-JJ SQUID potentiometry circuit which
is S7? = S1.. However this small reduction in sensitivity is greatly offset by the common-mode
noise rejection offered by the bridge configuration. The immunity to common-mode noise is
critical in rejecting spurious temperature instabilities of the fridge, and allows us to isolate the

fundamental critical-current noise of the Josephson junctions.

5.4.2 Common-mode rejection

Making the standard simplification for the operating circuit:

dl, 1
I =3 (5.33)
dl, 1
== 34
dlg 2 (5:34)
Al  dlydl.  dlydlg
- 5.35
dT — dl, dT ' dlg dT (5:35)
Al 1 (dlq  dlo
ar 2 < dT  dT > (5-36)

The Ambegaokar-Baratoff relationship provides a functional form of the temperature depen-

dence:

[

_ T, <A(T)>

2eR, 2kpT (5:37)

Since both junctions are metallized at the same step, it is reasonable to assume that super-
conducting energy gap A(T'), which depends only on the superconductor quality, are identical
across both junctions. The temperature dependence is therefore parameterized in the normal-

state resistance of the junctions which may differ due to local oxidation variations. Suppose
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the two junctions are matched so that:

Icl (T) Rn2
_ fm2 5.38
IcQ(T) Rnl ( )
Then,
dIcl o dIcQ
=0 (5.39)

So that the common-mode signal seen at the SQUID is given by:

dl,, 1 dI,
ar ~ ol TN

(5.40)

1
Stsq = 3 (1= @)*(dl/dT)* St (5.41)

Compare this to the un-attenuated (non-bridge) signal sensitivity to temperature fluctua-

tions, SIT’:q = (dI./dT)*St, the common-mode attenuation is given by:
1
n=70- a)? (5.42)

For junctions with 99% matching, we have an attenuation of over n ~ 4 x 10*. Note that this

achieves the required attenuation of spurious temperature-noise even at 1 K (7'/7, = 0.77).

5.5 Johnson-Nyquist noise calibration of Ry,

Precise value of the standard resistor Rg;q can be obtained by performing a Johnson-Nyquist
noise spectrometry. At zero bias, I, = 0, the junctions are in the superconducting state and
the white noise component at high frequencies, typically in the range f = 10 — 10 kHz, is then

dominate by the thermal Johnson-Nyquist noise of the standard resistor:

4kgT
_ 4kBT | ghand (5.43)

S
! Rstd g
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Figure 5.11: Johnson noise spectroscopy of the white noise background at high frequencies.
The dark dashed line is a fit to St = 4kpT /R + ¢, where the slope can be used to extract
the value of the standard resistor. (inset) Example of the power spectral density at high
frequencies, showing a white spectrum dominated by the thermal noise of Rgyq

Where in general there can be a constant white background noise term S];gnd, which will
flatten the temperature dependence at low temperatures. Therefore an accurate noise spec-
troscopy will have to be taken at several different temperature points at fitted to equation 5.43,
where the slope is then related to Rgsy. However for small values of Rgtq, the Johnson-Nyquist
noise is large enough to overwhelm this background noise, as seen in figure 5.11. In this trace
the fitting yields Rgq ~ 1.4 , and the limiting background noise term is small compared to

the Johnson-Nyquist term.

5.6 Calibration of the measurement SQUID background noise

As part of the measurement qualification work, we have characterized the background low
frequency noise of the measurement SQUID. State of the art SQUIDs are known to have a
background magnetic flux noise in the few u®gs/v/ Hz. Characterization of our measurement

SQUID’s background noise can be performed at zero bias current, where the noise seen by the



EXPERIMENTAL METHODS

59

10°®

(®,/Hz)
LI |

SSQ

10°°

107 107 10° 10"

Figure 5.12: Power spectral density of the background noise, including the measurement
SQUID’s low frequency flux noise and the amplification chain. The dashed red line is a fit to
Sp = A/f*+ C, with A ~ (7.46 u®p)?, a =1, and C = 9.76 x 10710 &2

SQUID is given by:

So = ]jt +C (5.44)

Where C' is the white noise contribution due to the standard resistor R4 being present in
the loop. The first term reflects the background low frequency noise present in our SQUID
and measurement chain. Figure 5.12 plots the low frequency spectra of the SQUID and the

amplification chain. We find that we can best fit the background low frequency to o =~ 1 and

A~ (7.46 pdy)?.

5.7 Resistance fluctuation measurement setup

For measurements of the tunneling resistance noise Sg, /R2 we have used several different
circuits. For measurements of large area junctions where the noise is well described by the a

featureless 1/f spectrum, we have used the bridge circuit as shown in figure 5.13A, adapted
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Figure 5.13: (A) Resistance wheatstone bridge circuit. (B) Single JJ cross-correlated
resistance measurement setup.

from Eroms. et. al. [18]. In our implementation, we have always picked two junctions with
the same area and transmissivity. The bridge circuit can be operated with either ac- or dc-
excitation. With ac current bias we used a lock-in amplifier to demodulate the signal. To
improve our noise signal’s visibility well above the background low frequency noise of the
amplifiers, we typically amplify the signal using two or more amplifiers. We then compute the
cross power spectral density (CPSD) of the two amplifier signals. The junction voltage is a
correlated quantity across the amplifiers, while the amplifier’s voltage noise are uncorrelated.

By shifting the measurement frequency to a higher frequency, f.., we can avoid picking up

the low-frequency noise of the amplifier itself.

5.8 Time Capture

We used a National Instruments PCle-6251 data acquisition card to digitize and sample the
voltage signal. The DAQ card used did not have the capability to perform true simultaneous

sampling, however it is capable of sampling up to 1.25 MS/s across all sampled channels.
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Figure 5.14: Circuit schematic of the signal digitization end. The SR640 is used as an
anti-aliasing low pass filter, and provides the final gain before being digitized by a National
Instruments PCle-6251 DAQ card.

Therefore for our typical two channel cross correlation measurement we have a theoretical
maximum sampling frequency of 625 kHz for each channel. However our system bandwidth,
set by filtering and line impedances of the He3 fridge, is limited to around 10 kHz, therefore
the sampling of the two channels is practically simultaneous (figure 5.15A).

We used a Stanford Research Systems SR640 programmable filter to perform a low-pass anti-
aliasing filtering prior to sampling. The filter cut off frequency is determined by the bandwidth
of the signal of interest, and the sampling frequency is set to at least twice the filter cut off
frequency per the Nyquist-Shannon sampling theorem. In figure 5.15 the signal was sampled
at fs = 400 Hz and a low-pass cutoff frequency at f. = 185 Hz was used. Figure 5.15B shows
the computed cross power spectral density of the sampled signals in fig. 5.15A, where a sharp
dip at f = 185 Hz is an artifact of the anti-aliasing low-pass filter cutoff.

The power spectral density (PSD) or the cross power spectral density (CPSD) of the digitally

sampled time series were computed using standard MATLAB libraries.
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Figure 5.15: (A) Two independent channel sampling of two amplifier outputs. Uncorrelated
noise between the two channels are the amplifier’s intrinsic noise and can be rejected to
improve the signal-to-noise ratio. (B) Cross-spectral density of the two time traces. (red
dash) Fit to 1/f%. Example traces from an Al/AlO, /Al tunnel junction at 7' = 45 K biased
at V, = 0.5 mV.



CHAPTER 6

CRITICAL CURRENT NOISE IN AL-ALOy-AL
JUNCTIONS

6.1 Introduction

In this chapter we will present our measurements of the critical current noise Sy,/I? and
tunneling resistance noise Sg/R? in Al-AlO,-Al junctions. The measurements were done in
both resistively shunted and unshunted junctions. For the shunted junctions we will present
measurements of Sy, /12 for T < T, and Sg/R? for T > T.. We have made only measurements
of Sg/R? in our unshunted junctions, but traversed a wider range of temperatures and junction
areas.

At the start of this project it was suggested that the critical current noise in Josephson

junctions follows a universal formula [67]:

Sr. —10 (1 1 T\ -1
o (1) (55 () o

However some more recent measurements seem to violate this proposed universal formula [18,

53], most notably with a linear T-dependence instead of the T? of the universal formula. A
more detailed background review and a discussion on the state of the field is given in chapter 2.
On the face of this contradictory body of experimental evidence, our motivation was therefore
to better understand the properties of the low frequency 1/f critical current noise in Al-AlO,-
Al junctions, the junction architecture that has emerged to be widely implemented in various
quantum coherent circuits. Other junction architectures, most notably the epitaxial trilayer

junction architectures of Nb-AlO,-Nb [11] and Re-AlO,-Re [36], have been explored but have
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yet provided the improvements to justify the added fabrication complexity over the simplicity
of the double-angle evaporated Al-AlO,-Al junctions.

As will be detailed in this chapter, our measurements of the 1/f noise in Al-AlO,-Al junc-
tions are consistent with other measurements by Eroms et. al. [18] and Pottorf et. al. [53].
In particular the measurements of Pottorf et. al. [53] and our own (section 6.4.4) in Nb-
AlO,-Nb junctions observed similar noise properties with other measurements in Al-AlO,-Al
junctions. This consistency suggests that the noise is a property of the common element, the
amorphous diffused AlO, tunneling dielectric. Therefore we find that the 1/f noise magnitude
and temperature dependence for tunnel junctions with a diffused amorphous AlO, barrier is

well predicted by the formula:

Sr _ 51, (T 1 -1
=S 1x10 e ) G Hz ?, (6.2)

where T is the temperature and A is the junction area in units of ym?2.

From investigating the area dependence of the low frequency noise we have found an area and
temperature (A7) threshold at which non-Gaussian effects become pronounced due to small
number of activated TLSs, in other words a threshold for the breakdown of Gaussianity in
the low frequency noise. This non-Gaussianity threshold and the magnitude of the 1/f power

spectral density give an estimated TLS density of, og ~ 4 x 1013 m2K~! ~ 40 pm 2K

6.2 Noise due to independent uncorrelated fluctuators

The S;, < 1/A and S;, o< I? dependence of the critical current noise is consistent and follows
from the assumption of independent uncorrelated fluctuators that modulate the tunneling
probability. In this model, each fluctuator contributes to a fractional change in the critical
current, dI./1., which defines an effective fractional area of the fluctuator, 0A/A = 01./1.,
such that A = (61./1.)A, where A is the total area of the junction.

The partial noise power density due to a single fluctuator, k, is then given by, Si , =
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I2(6A/A)%. The assumption that the fluctuators are uncorrelated means that the total noise

power density is the sum of the individual partial noise power density contributions, S;, =

>k St = Z:k((SA/A)WC2 = (NrpsA)(§A/A)?I2, which gives:
Sy ox I?/A (6.3)

Because of the oc I?/A dependence, it is convenient to characterize the noise power spectral
density in terms of the fractional power spectral density Sy, /I? and normalizing them to an
area A = 1 um?. This procedure effectively normalizes the extrinsic properties of the junctions
(I. and A), and allows the intrinsic properties of the 1/f low frequency noise to be compared

between two junctions with dissimilar critical currents and areas.

6.3 Critical-current noise in shunted Al-AlO,-Al junctions

6.3.1 Experimental setup

The resistively shunted Al-AlO,-Al Josephson junctions were fabricated using the double-angle
shadow evaporation technique, the junction electrodes and barrier oxidation are completed in
one step without breaking vacuum. The evaporation was performed in a chamber with a base
pressure of ~ 3 x 1070 Torr. The shunt resistors, R, were fabricated by the electron-beam
evaporation of Pd to a thickness, t &~ 60 nm. The resistor’s sheet resistance was calibrated using
auxiliary calibration structures processed in parallel with the junctions on each evaporation
run. The typical low temperature (T ~ 4.2 K) sheet resistance is Ry ~ 1.3 Q/sq. The
shunt resistors are patterned with large, 300 x 300 ym?, cooling fins to minimize hot-electron
effects [68]. More details of the fabrication procedures are given in chapter 4

Measurements of the critical current noise, S;, /I? were performed in the SQUID bridge
circuit. Figure 6.1A shows the circuit schematic of the SQUID bridge potentiometry technique.

A detailed discussion on the circuit operation is given in chapter 5.4. The SQUID bridge circuit
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Figure 6.1: (A) Circuit schematic of the SQUID bridge circuit (see section 5.4 for operational
details). (B) Example of the computed power spectral density. (circles) Sy, /I? area
normalized to 1 ym? for sample S3, I/1. ~ 1.005. (red dash-dot) Fit to Sy /I?> = A/f + B.
Data is shown for four of the samples measured, S1, S2, S3, and S4. (grey dashed line) The
background low frequency noise characteristics of the measuring SQUID.

uses a de-SQUID sensor to monitor the current fluctuations in the Josephson junctions placed
on the two opposite sides of the bridge circuit. A small standard resistor, Rgq ~ 0.5 €2, is placed
in series with the SQUID pickup loop. The two shunted junctions in the bridge are matched
and fabricated on-chip in the same lithography step. Potentiometers at room-temperature are
used to adjust the currents through the junctions, while the de-SQUID monitored the voltage
imbalance, which is typically kept at zero. The current noise detected at the SQUID input is

related to the critical current noise of the junctions by:
sq 1
SI — 5 SIC , (6.4)

a more detailed analysis is given in chapter 5.4. The reduction by a factor of two in the noise
power sensitivity compared to the standard SQUID potentiometry technique is compensated by
the large attenuation of common-mode noise sources, such as spurious temperature fluctuations

and external biasing noise.
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Following the analysis in chapter 5.4, the power attenuation factor of common-mode noise
sources is given by: n = %(1 — a)Q, where « is the matching ratio of the junction critical
currents, o = min(I.1, le2)/max(le1, Ic2). In our on-chip matched junctions we are able to
match the critical currents to within 1%, allowing for a high attenuation of small temperature
fluctuations ~ 100s uK.

The system background noise was determined by monitoring the SQUID output while keep-
ing the junctions in the superconducting state (zero bias). The grey dashed line in figure
6.1B shows the system background noise, which has a base 1/f equivalent flux noise of
S;,/ 2(1 Hz) ~ 6 u®,/+/Hz, consistent with the calibration data of the SQUID sensor. The
background 1/f noise is subtracted from the measured data and the remainder is attributed
to fluctuations in the junctions. The grey circles in figure 6.1B are data representative of the
critical current measurements. In this case the data were taken from sample S3 at 7' ~ 315 mK
with a current bias I/I. ~ 1.005. The red dash-dot line shows a fitting curve to the form
Sp,/I? = A/f* + B, where a ~ 1, A gives the power spectral density at 1 Hz, and B is the

Johnson noise background related to the shunting resistor.

6.3.2 Measurements of S;,/I? in the superconducting state

We present here data from four of the samples measured, labelled as samples S1, S2, S3, and

S4 with the following parameters:

Sample ID 1oy (nA) Area (um?)

S1 11 1.1
S2 10 0.3
S3 40 1.2
S4 2.9 0.15

Figure 6.2A shows the area dependence of the fractional critical current power spectral

density (S7,/I?) at 1 Hz. In this graph the fractional PSD has not been area normalized
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Figure 6.2: (A) Area dependence of the critical current fractional noise power spectral
density, S;./I?. The gray dash-dot line is a fit to oc 1/A dependence. (B) Summary of the
fractional noise PSD Sy,/I? at 1 Hz and area normalized to 1 um?. The gray dash-dot line is
a fit to a linear T-dependence.

to A = 1 pum? to explicitly observe the area dependence. The inverse area scaling (1/A) of
the fractional power spectral density is consistent with noise resulting from an ensemble of
uncorrelated fluctuators. More importantly the observation of a 1/A dependence implies that
the measured signal comes from fluctuations intrinsic to the junction, and not from fluctuations
induced by bath temperature instabilities. The temperature induced fluctuation is independent

of the junction area, given by (chapter 5.4):

ST di\2 S S
Lo :< ) Tg z (6.5)

e Zhe — w(T)2L

2~ \dr AT 7z
where S}FC /12 is the fractional critical current noise PSD induced by temperature fluctua-
tions having a PSD Sy /T2, and di./dr is a dimensionless sensitivity factor described by the
Ambegaokar-Baratoff relationship (figure 5.6). On the other hand the noise originating from

an ensemble of uncorrelated fluctuator modulating the junction I. is expected to scale as

Sr,/I? x 1/A.
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The measured critical current noise from all the samples are plotted in figure 6.2B. In this
plot the fractional PSD S; /I? have been normalized to A = 1 ym?, in order to compare the
intrinsic noise properties independent of the parameters of the junctions. The fractional PSD
are observed to increase linearly with temperature, with the average T-dependence given by

Sp /12 ~1.3 x 10713 (T/1 K) Hz~! (figure 6.2B, grey dash-dot line).

6.3.3 Measurement extension into the normal state, S/ R?
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Figure 6.3: (A) I, E bias dependence of the raw SQUID input current noise, S;? for sample S3
at T = 1.6 K. Dashed line is a fit to 577 = AJ, b2 . (B) Noise power spectral density for sample
S3at T =1.6 K and I, = 75 uA. (Gray dashed-line) Fit to Sg/R* = A/f + B, where A and
B are the fitting parameters. (inset) Electrical schematic of the SQUID bridge circuit where
the Josephson junctions now act as a tunneling resistance in parallel with the shunt
resistance.

Resistively shunted junctions are well suited for measuring critical current fluctuations in
the superconducting state, while the parallel shunting resistance makes them less suited for the
measurement of the tunneling resistance noise. Despite the presence of the shunting resistor we
find that it is still possible to extract the tunneling resistance noise, if the effect of the shunting

resistance is taken into account. We note that the tunneling resistance noise can be measured
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by measuring at voltages higher than the superconducting gap, V' > 2A, or by measuring above
the critical temperature of the superconductor T' > T, additionally an external magnetic field
can be applied to suppress both T, and A. In this section we performed measurements of the
tunneling resistance noise by measuring at temperatures above the T, of our aluminum at zero
field, (T ~ 1.3 K). Note that Rogers and Buhrman [54] have performed a similar measurement
in resistively shunted Nb-PbBi edge junctions.

We performed measurements of the tunneling resistance noise in the SQUID-bridge samples
S3 and S4. Recall that the SQUID-bridge circuit detects voltage fluctuations across the two
junctions under test. In this case, for a resistive fluctuation d R, the resulting voltage fluctuation
depends on the magnitude of the bias current I,, §V = [0 R. The current signal coupling into
the SQUID input coil is then, 615 x 6V/Rgsq = I10R/Rstq. Thus we were able to compensate
the small effective resistance fluctuation d R by using relatively large biasing currents I, (when
compared to the bias currents used in measuring in the superconducting state). We find that
hot-electron effects are of no concern considering the significantly higher bath temperatures
involved in measuring in the normal state, T ~ 2 — 12 K. We verify that the junctions are
in temperature equilibrium by confirming that the noise signal scales quadratically with the
biasing current, Sp,, o I, g, as shown in figure 6.3A.

At T > T, the resistively shunted junction is simply a parallel network of two resistances,
the junction tunneling resistance R, and the shunting resistance R;. The equivalent RSJ

resistance is then:

Rn R

Reg= ——, 6.6
" R,+R, (6.6)
Fluctuations in R,, are reflected as fluctuations in R, according to the sensitivity:
dReqy [ Rs \° 6.7)
dR, \ R, + R )

Fluctuations of the tunneling resistance dR,, as reflected in the equivalent resistance 0 R4 is

heavily attenuated depending on the relative values of R,, and Rs. Nevertheless we found that
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in some of our samples the values of Ry and R, still allowed for enough sensitivity to detect
the fluctuations in R,,.

The circuit analysis is identical to the case where the junctions are superconducting as
detailed in section 5.4. The inset in figure 6.3B shows the schematic of the SQUID bridge
circuit with the junctions explicitly represented as a resistor. In this case, we may explicitly
recast the sensitivity of the SQUID current Iy, with respect to fluctuations in the normal state

resistance of the tunnel junction:
dls, _ Iy1 dReg
dR, Ry dR,’

(6.8)

where Ry is the total resistance in the SQUID loop.
The fractional power spectral density of the SQUID input current is then related to the
fractional power spectral density of the tunneling resistance as:

SR"_1<RE)2 T (69)
R2  2\Rn) (dR/dR,)* I} '

n

To perform the measurement we current bias the junctions so that they are biased at the
same potential. Since the two junctions have been highly matched, this equipotential condition
is achieved when the two biasing currents are approximately equal, Iy = Ips. Following
from the equipotential biasing condition, the quiescent current through the SQUID is zero,
Iq = (Vi — V2)/Rstq = 0, so that we are measuring fluctuations in the SQUID current about
the point I, = 0.

Figure 6.3B shows a typical measurement of the normal state resistance in shunted junctions.
In this case the gray dots are data from sample S3 taken at 7' = 1.6 K at a bias current
I, = 75 pA. The red dash-dot line shows a fit to the usual 1/f form, Sg/R? = A/f + B.

Figure 6.4 summarizes both measurements of S; /I? for S1 to S4, and Sg/R? for S3 and
S4. In the normal state Sg,/R2 is found to vary linearly with temperature similar to the
dependence in Sy /I, and with a power spectral density consistent with the equivalence

Sp./I? = S, /R% as expected from the Ambegaokar-Baratoff relation. The dashed lines



CRITICAL CURRENT NOISE IN AL-ALOx-AL JUNCTIONS

72

@ st ]
| s2 1
A s3 JP e .
- 2 P -
| X S3-SeR RN ;A;
B e i P I
- © S4-S R’ Lo - . ]
E R "’v q‘ '0 "_v o
& Pog T
10-13 ,‘ ";"_- “o“ -
1 Ll :
_,-‘ .'_ . ]
@‘O I . :
10—14 '—". i i HE S i i T T
0.2 1 4 10

T(K)

Figure 6.4: Temperature dependence of S; /I? and Si/R?. Data point at 7' < 1.3 K are
measurements of Sy_/I2 from samples S1 to S4, the data points at T' > 1.3 K are
measurements of Sp/R? for samples S3 and S4. The dashed lines are the average and
upper /lower bounds of the resistance noise Sg/R? measured in unshunted junctions, shown
here for comparison purposes.

in figure 6.4 are the average, lower, and upper bounds of the resistance noise measured in un-
shunted junctions, shown here for comparison purposes. Measurements of unshunted junctions
will be discussed in the next section. We conclude that the noise magnitude and temperature
dependence of Sy /I? and Sg/R? are consistent with each other, and reinforces the picture
that critical current fluctuations arise from fluctuations of the tunneling resistance.

The data do not support the existence of excess critical current noise above the contribution
from the tunneling resistance noise. Therefore we did not observe the additional contribution

as proposed in Kondo-traps theories [19, 3].
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6.4 Tunneling resistance noise, Sp/R?, in unshunted Al-AlO,-Al
junctions

6.4.1 Experimental setup

R, R, r CPSD
/Er' B" CPSD v X [

X X 1L

Figure 6.5: Electronic circuit for the measurement of Sg/R? in unshunted tunnel junctions.

Figure 6.5 shows schematics of the circuits used to measure the resistance noise Sg/R>
in the unshunted tunnel junctions. A more detailed discussion on the circuit operation is
given in chapter 5.7. The resistance noise in unshunted junctions have been measured using
several variants of the measurement circuit represented in figure 6.5, although all of the circuits
perform in essentially the identical manner, by current biasing the junction and amplifying the
junction voltage.

The resistance bridge in figure 6.5A is identical to that used in Eroms et. al. [18] and
detailed in Scofield [62] specifically for measuring the low frequency noise in resistors. For
measurements in the ac-bridge geometry we fabricated two matched junctions with nominally
identical tunneling resistances R and areas A. So that measurements in the bridge configuration
represent an average of the two junctions having identical R and A. While the parameter
matching of the junctions is not strictly necessary, the interpretation and comparison of the

data is a little more complicated. The junctions are ac-biased to avoid the low frequency
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noise of the voltage amplifiers. We used two lock-in amplifiers to demodulate and amplify the
voltage signals, and compute the cross power spectral density (CPSD) to further reject the
uncorrelated noise from the amplifiers. The modulation frequency is dictated by the sample
and line impedances, but is typically in the range 1 — 3 kHz. Measurements below the critical
temperature T, of Al were done by suppressing the superconductivity with an applied magnetic
field, By > 100 mT.

While the ac-bridge technique allows for much more sensitive measurements of the low
frequency noise, we find that in some samples with large low frequency noise (the smaller
junction areas), it is sufficient to perform a single-JJ measurement as in figure 6.5B. An added
benefit is that a matching junction is not required, simplifying the measurement and increasing
throughput. We still ac-biased the junction to avoid the low frequency noise of the amplifier,
and compute the CPSD. We have also used a dc-biasing scheme when looking at two level
systems and when the bias voltage dependence of the TLS dynamics is relevant. In the case
of time-domain analysis we averaged the time series traces of the two amplifiers instead of

computing their CPSD.

6.4.2 Temperature dependence of the resistance noise, Sr/R?

Figure 6.6A shows the temperature dependence of the resistance noise S, /R2 in a range of
unshunted junctions, containing a range of junction areas A and resistances R. In the plot
the fractional PSD has been area normalized to A = 1 um? to allow for the comparison of a
range of junction areas. In figure 6.6A only those junctions with areas large enough to produce
featureless 1/f%, a ~ 0.8 — 1.2 have been included. These are the junctions for which the
inverse area scaling holds (Sg/R? o 1/A), plotted in figure 6.9 and will be discussed in detail
in section 6.5

The typical power spectral densities are given in figure 6.6B for 7' = 1.4 K and figure 6.6C
for T = 189 K. The red line shows a fit to the 1/f functional form: Sg/R? = A/f%+ B, where

the fitting parameter A is used to extract the power spectral density at 1 Hz.
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Figure 6.6: Measurement summary of tunneling resistance noise Sg, /R2 in unshunted
double-angle evaporated Al/AlO, /Al junctions.

The three dashed lines in figure 6.6A represent the average magnitude of the power spectral
density, and its upper/lower bounds. We find that the average noise magnitude over all of the

junctions is well described by the line:

Sk c3( T/K N1
=1x1 - 1
72 x 10 (A/qu 7 Hz™ ", (6.10)

while the upper and lower bounds differ by a factor of two from this value. Part of the spread
can be explained by the uncertainty in the junction sizes. We conclude that the tunneling

resistance noise in unshunted junctions is consistent with the critical current and resistance
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noise measured in shunted junctions (plotted in figure 6.4). The data from both shunted and

unshunted junctions confirm the equivalence of critical current and resistance noise:

Sr. _ Sr
=7 (6.11)

Cc

6.4.3 Sg/R? scaling at high temperatures

We observed that at a relatively high temperature, T ~ 150 — 200 K, the Sgr/R? < T depen-
dence is violated and the spectral density becomes a much stronger function of the temperature.
This effect has also been observed in Eroms et. al. [18] and Julin et. al. [31], but has never
been analyzed and discussed.

Figure 6.7A plots the temperature dependence of Si/R? for two different Al-AlO,-Al junc-
tions, in the range T~ 1 K to room temperature. Figure 6.7B plots the corresponding 1/f¢
exponent as a function of temperature. Note that in the range where the power spectral den-
sity is linear in T', «(T) is approximately, & ~ 1. The region of hyper linear temperature
dependence is accompanied by a similar increase in a.

In the Dutta-Horn model the assumption of a uniform TLS energy distribution results in a
S(w) < 1/w® power spectrum with a = 1. In fact in most experiments the generic 1/w® noise
refers to a range of the exponent, typically o ~ 0.8 — 1.4. In this case, the Dutta-Horn model
actually only requires the TLS distribution P(E) to be slowly varying compared to kgT. This
leads to a relationship linking the exponent a to the temperature dependence of the power

spectral density [17, 16]:

aw,T)=1- (6.12)

1 O0lnS(w,T) _q
dlnT ’

In (wTp)
where 1/79 ~ 10 s71, is the attempt frequency. The black line in figure 6.7 plots the shape
of a(T) (at w = 27 s~!) predicted by the Dutta-Horn relation above, given the temperature

dependence of the power spectral density in figure 6.7A.
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Figure 6.7: (A) Tunneling resistance noise Sg, /R2(1 Hz) including the dependence at higher
temperatures. A steep increase of the low frequency noise at 7'~ 150 — 200 K. The dashed
lines are the average and lower/upper bounds from measurements of the tunneling resistance
noise. (B) Temperature dependence of the 1/f* exponent. The solid black line is the value of
a(T') predicted by the Dutta-Horn model. (C) Red dots are the TLS energy distribution
given the data in part A. The gray dashed line is a Gaussian energy distribution peaked at
E, ~0.97 eV and 20 ~ 0.2 €V, typically seen in Bi, Ag, and Cu films [16].
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Note that at the high temperature range, T' ~ 100 K it is quite likely that the junction’s low
frequency noise is well described by the Dutta-Horn model, which assumes thermally activated
TLSs.

In the case where we have relaxed the requirement that the TLS energy distribution is

strictly flat, then the power spectral density is given by the more general expression [17]:

S(w, T) %TP(E), (6.13)

where E = —kT In(wrp), and only the Dutta-Horn k7' factor has been explicitly shown. This
means that the detailed dependence of the power spectral density on the frequency w and
temperature T', can reveal the energy distribution of the TLSs that cause the fluctuations.
Note that the frequency range probed in the typical experiment is often limited to a few
decades at most, and that the frequency only logarithmically samples the TLS energy space,
thus the temperature dependence of the power spectral density gives us the most insight in
this case.

In figure 6.7C, the red dots are the TLS energy distribution P(FE) calculated from the data
in figure 6.7A. We observed an increased defect density P(F), which gives clues to, and could
be consistent with it being the tail of a peaked distribution of TLSs. The energy range in the
data is obviously insufficient to positively conclude the existence, yet alone the location of a
distribution peak, although it could be argued that it is unphysical for the distribution P(E)
to diverge, thus there has to be a peak somewhere. For comparison purposes, the gray dashed
line is a Gaussian TLS energy distribution peaked at E, ~ 0.97 eV with 20 ~ 0.2 eV, typically
seen in Bi, Ag, and Cu films [16, 17]. Future measurements of Al-AlO,-Al tunnel resistance
noise should include measurements at higher temperatures to see if there is a similar peaked
TLS energy distribution.

As found by Dutta and Horn [16], the energy scale E, ~ 1 eV is in the order of the atomic
cohesive energies, ~ 1 eV /atom. So that if the data on the noise in Al-AlO,-Al junctions can

support the existence of a peaked TLS distribution around E, ~ 1 eV, then this could be
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another indicator that the low frequency noise is caused by an atomic defect fluctuating in a
disordered crystal lattice background. At low temperatures, T ~ 1 K, thermal activation is
unlikely and the tunneling dynamics will become important in governing the properties of the

low frequency noise, however the physical origin of the disorder does not have to be different

from that at high temperatures.

6.4.4 Resistance noise in Nb-AlO,-Nb trilayer junctions
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Figure 6.8: (A) Tunneling resistance noise Sg/R? in Nb-AlO,-Nb trilayer junctions. (Red
dots) J1, A = 0.85 pm?. (Blue triangles) J2, A = 0.62 ym?. (Dashed line) is the line
Sr/R? = (3 x 10713)T Hz~!. (B) Representative power spectral densities of the tunneling

resistance noise at several temperatures.

In addition to the in-house fabricated Al-AlO,-Al junctions we have measured a selection of
Nb-AlO,-Nb trilayer junctions fabricated the group of Will Oliver at MIT Lincoln Laboratory.
The measurements were done at a voltage bias of V' =4 mV, above the superconducting energy

gap of niobium, V' > 2A =~ 2.8 meV. We measured the junctions in the single-JJ configuration
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of figure 6.5B. The power spectral densities at T'= "7, 15, and 20 K are given in figure 6.8B.

The temperature dependence of the area normalized noise power spectral density, Sr/R2,
is plotted in figure 6.8A. The red dots are measurements from Nb-J1 with A = 0.85 ym? and
blue triangles are data from Nb-J2 with A = 0.62 ym?. The black dotted line approximates
the measured temperature dependence, given by:

Sk _ s T/K T
73 = 3% 10 <A/Mm2 7 iz (6.14)

While the measured noise in these Nb-junctions are on the higher end of the value previously
measured in a wide range of Al-AlO,-Al junctions (Sg/R? ~ 1 x 10713 Hz™! at 1 Hz, 1 K,
and 1 pm?), it is still consistent within the data scatter. Combined with the measurements
of Pottorf et. al. [53] which yielded an average value of the low frequency noise in Nb-AlO,-
Nb junctions consistent with our measurements in Al-AlO,-Al, we conjecture that the noise
property is inherent to the AIO, tunnel barrier and is independent of the properties of the

metal electrodes.

6.5 Breakdown of Gaussianity

6.5.1 Area scaling breakdown

Figure 6.9 plots the measured tunneling resistance power spectral density (Sg/R?) at 1 Hz
and T = 2 K, as a function of the junction area. At large junction areas (A > 0.1 ym?) the
power spectral density is proportional to 1/A: Sgp/R? < 1/A. At just under A < 0.08 pm?,
the 1/A scaling breaks down, reflecting a threshold at which the number of activated TLSs is
no longer sufficient to integrate out a featureless 1/f* power spectral density. More impor-
tantly this threshold is tied to and can be used to the deduce the TLS density, which we will
numerically simulate in section 6.6.2, and has been treated analytically by Garfunkel, Restle,

and Weissman [22].
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Figure 6.9: Area scaling of the tunneling resistance noise Sg/R%. The power spectral density
has not been area normalized.

At large junction areas where the power spectral density has a 1/f dependence, the informa-
tion contained in the power spectral density is fully described by specifying only the spectral
density magnitude at a single frequency, of which f = 1 Hz is a typical convenient choice. The
breakdown of the scaling as plotted in figure 6.9 is a reflection of the noise properties from
having very few activated TLSs, and the inadequacy of using the spectral density at a single

frequency when the power spectral density is no longer a featureless 1/f.

6.5.2 Temperature dependence on the threshold of Gaussianity

In previous experiments fluctuators were often observed to have an anomalously large fractional
resistance JR/R, on top of a background 1/f¢ noise [55, 57, 14]. An immediate question is
to wonder if these fluctuators are representative of the ensemble that forms the 1/f“ power
spectrum, or do they represent a different noise mechanism?

In figure 6.10 we have plotted the temperature dependence of the power spectral density at
f = 1 Hz, for a small junction A ~ 0.008 um?, and a large junction A ~ 0.28 um? for reference.

The black line plots the predicted noise line given by equation 6.2. The resistance fluctuation
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Figure 6.10: The noise spectral density at f = 1 Hz plotted as a function of temperature for
two junctions. (Dark-red triangles) Larger junction with area A ~ 0.28 ym?, the noise scaling
follows the predicted universal 1/f temperature dependence. (Blue circles) The smaller
junction with area A ~ 0.008 ym?, at high temperatures the power spectral density at 1 Hz is
seen to agree with the predicted universal line, however at lower temperatures the noise
power spectral content drops out significantly.

of the large area junction is well described by a 1/f® power spectral density and follows the
expected temperature dependence, Sp/R? o T.

For the small junction in figure 6.10 the power spectral density at low temperatures is
characterized by only a few isolated Lorentzians. This loss of Gaussianity results in the loss
of the generic 1/f* behavior described by S o T'/A (equation 6.2). Instead, in order to fully
describe the temperature evolution of the PSD we are required to know the specific instances
of the randomly distributed TLSs. We observed that at high temperatures the power spectral
density is well predicted by the universal line, however it diminishes rapidly as the temperature
is lowered following a more complicated temperature evolution. This strongly suggests that
the Lorentzians observed at low temperatures are the remainder of the ensemble that form the
1/f noise at higher temperatures, and that they are not unrelated TLS species that became

activated.

Figure 6.11A plots the temperature evolution of the fractional power spectral density for the
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Figure 6.11: The tunneling resistance noise power spectral density, Sg/R? for (A) A small
A 2 0.008 ym? junction. (B) Large junction A ~ 0.28 pm?

small junction with A ~ 0.008 pm?. The temperature evolution of the power spectral density
is much more complex in comparison to the temperature evolution of the large junction given
in figure 6.11B with A ~ 0.28 pm?. An even more complex temperature evolution can be
seen in the power spectral density of a different junction, also with A ~ 0.008 pm?, shown in
figure 7.2.

The large (A ~ 0.28 pm?), junction has a featureless 1/f* power spectral density for the
temperature ranges shown, and the temperature evolution is predictable following a linear 7-

dependence, Sg/R? oc T. More importantly the linear T-dependence does not depend on the



CRITICAL CURRENT NOISE IN AL-ALOx-AL JUNCTIONS

84

frequency w. On the other hand the small junction temperature dependence follows a much

more complex 0S(w,T)/IT evolution that explicitly depends on the frequency w.

6.5.3 TLS activation and deactivation

time (s)
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01 T T T T T T T T T T T
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Figure 6.12: (A-B) Freezing out of an active TLS. The freeze-out event occurred
spontaneously while in the middle of a long (2hr+) time trace at a constant voltage bias,
Vo =3 mV, T =6 K. (C) Effective three-well potential with a third isolated ground state
creating a rare switching event with effective rate I's.

We have also occasionally observed the freezing out of TLSs that leaves the junction with
very low residual noise. Figure 6.12A shows a time trace at T = 6 K at a bias voltage
V, = 3 mV. Early in the trace the junction’s tunneling resistance is characterized by an
activated two level system (figure 6.12A). However later at some time ¢ ~ 2000 s, the fluctuator
spontaneously disappears (figure 6.12B), which occurred during a single time capture event,
with the temperature and voltage bias kept constant.

We conjecture that this freeze-out event reflects the fact that the fluctuators are actually

located within a much more complex potential energy landscape that is only effectively a local
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Figure 6.13: Freezing out of an active TLS. The freezing out even occurred spontaneously
while in the middle of a long (2hr+) time trace at a constant voltage bias.

double-well potential. There may exist a third (or more) localized potential well separated by
a large potential barrier, such that a tunneling event into this third ground state is rare. One
such conjecture is sketched in figure 6.12C. Note that Garfunkel and Weissmann [22, 23] have
observed similar non-two-state behavior in the atomic motion in amorphous C-Cu and Si-Au

Figure 6.13 shows the power spectral density of the tunneling resistance (Sg,/R2). The
red dots show the PSD of the active fluctuator, note that the dashed gray line plots out the
universal noise line predicted for this particular junction which accurately predicted the power
spectral density at the corner frequency of the TLS. The gray dots are the power spectral
density with the fluctuator frozen-out. Note that the result is that the noise is at least one

order of magnitude lower than that predicted by the universal noise formula.

6.6 Defect density estimation

The TLS density can be estimated from two independent sources: 1. The 1/f noise power
magnitude in large junctions, and 2. The deviations from featureless 1/ f power spectral density
in smaller junctions. As will be shown, the 1/f noise power magnitude depends on both the

TLS density o and the effective strengths § A. However the ’bumpiness’ of the power spectrum
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depends only on the TLS density, thus combining these two information sources we are able

to give an estimate for both the TLS density and the effective strengths.

6.6.1 Defect density from 1/ noise

The spectrum due to a single TLS with a variance o is given by [38, 40]:

Ti

S; =4d0? ——
=0 1+ w?r?

(6.15)

In the tunneling TLS model, the variance of the TLS is 0 = (1/4)(0R)?sech?(E/2kT),
where E = /A2 + A2 is the energy level splitting, and dR is the signal difference between the
two TLS configurations (section 3.2). The total noise power can thus be evaluated through

the integral:

S(w) = (OR)? / H;(ﬁ;(AAO? A sech?(E/2kT) AP(A, Ag) dA dA, (6.16)

where the joint TLS distribution P(A,Ag) is assumed to be uniformly distributed in the

asymmetry energies A and the tunneling parameter \, (Ag = hwoe™) [81]:

P(A, ) dA d\ = Py dA dA, (6.17)
P

P(A, Ag) dA dAg = KO dA dA, (6.18)
0

and the one-phonon relaxation rate in the tunneling TLS model is given by [49, 51, 81]:

1 v2 ENAZ E
=== la th 1
T < — Ué) <27rph4 O\ 2kpT ) (6.19)

where E = /A2 + Ag. The TLS distribution can also be expressed in terms of more useful
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quantities, £ and 7, which has the form [13]:

Py 1

E \V/ 1-— Tmin<E)/7—,

P(E,T)=

(6.20)

where Tyin (E) is the minimum relaxation time at energy E = Ay corresponding to the degen-
erate TLS double-well configuration, at the given energy E. The total noise power can thus

be estimated [13]:

. OD*APy / - 2 / ©_dr
S(w) ~ 5 ; dE sech*(E/2kT) e (6.21)
~ 3(51)2,41301@% (6.22)
S(f) ~ i(éI)QAPOk:T } (6.23)

where the factor /1 — 7.5 /7 has been ignored because Tiin/7 < 1 in the relevant integra-

tion region, following Constantin and Yu [13]. Note also that this leaves the TLS distribution
with the approximate form P(7) o< 1/7 which is the required form to produce a 1/w spectrum.
The one kT factor comes from the sech?(E/2kT) integration, which selects the TLS energies
with thermodynamically allowed transitions.

Using the definition of the TLS distribution in equation 6.20, the TLS density, n, per pum?
in the junction area, per Kelvin spread in the TLS energy E per factor e in the TLS rates 7,

is given by:

P 1K et J P
n=- dE/ Uy (6.24)
2 0 T0 T 2

here the relationship Py = 2n is a result of the definition of the distribution, P(E, 1) ~ Py/27.
We have retained this definition to be consistent with the notation in the literature of glassy
insulators [51, 49, 13]. It is sometimes useful to integrate out the distribution over the TLS
lifetimes 7 to obtain the TLS density over all TLS lifetimes:

P Tmax d
oo = 0/ T~ (12In10)n (6.25)

T

T

2

min
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where we have used the notation n to mean the TLS density per ym? in the junction area, per
Kelvin spread in the TLS energy E, per factor e in the TLS rates 7, and o¢ denotes the TLS
density n integrated over the range of TLS lifetimes, {Tmin, Tmax }. Here we have used 12 decades
of TLS lifetimes as the integration limits, which covers the frequency cutoffs: f = 1 mHz to
f = 1 GHz. It is unclear what the appropriate frequency cutoffs should be, because in a
typical measurement the upper frequency cutoff is typically obscured by the Johnson-Nyquist
noise floor or by the noise floor of the instrumentation. While the lower cutoff is typically
limited by the constraint of a finite experiment duration. However the logarithmic dependence
in equation 6.25 makes it a very weak function of the choice of cutoff frequencies.

It follows that the number of thermally active TLSs, N7 ¢ is given by:

Tmax d,]—

P oo
Nipg= / P(E,T) d(E,T):?O / sech?(E/2kT) dE — = (12In10)RykT (6.26)

0 Tmin

Finally, using the relationship 6/ = (0A/A)I, where A is a parameter describing the cou-
pling strength between the TLS and the junction’s critical current, the fractional noise PSD

can be estimated as:
KT 1
Af’

Sy, 1
5~ (6A)* Py

C

(6.27)

where here the TLS strength (§A4)? represents the averaged value ((§A)?) of some underlying
distribution. While the detail of the distribution is not important in this 1/ f ensemble averaged
case, we will assume a Gaussian distribution later in our simulation of the TLSs.

Comparing to our inferred universal noise formula for the 1/f noise in Al/AlO, /Al junction
(equation 6.2):

(T/K) } Hz !, (6.28)

St 13
c—1x1 )
2 = )

c

we obtain an estimate of the TLS density and strengths:

(6A)*)Py =~ 4 x 10713, (6.29)
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where Py = 2n is twice the TLS density per um? in junction area, per factor e in TLS rate,
per 1 K in TLS energy spread, and ((6A4)?) is given in units of (um?)2.
As will be detailed in the next section, we are able to obtain an estimate for the density

Py = 2n from the breakdown of the featureless 1/ f spectral shape due to a finite TLS ensemble

size. The estimated TLS density is:

n~2.53 pm 2K et (6.30)

Using this estimated density, we deduce a value for the average TLS strength:

(6A%) ~ (0.30 nm?)?, (6.31)

that is a root-mean-square value, 6 Agms ~ 0.30 nm?.

6.6.2 The few TLSs limit

Analytical result for the analysis of the spectral variance

We have detailed in previous sections the experimental observation that at small junction areas
and low temperatures, the relatively few activated TLSs fail to integrate out a featureless 1/ f
spectral shape. Instead the power spectral density is characterized by several overlapping
Lorentzians giving rise to a ’bumpy’ 1/ f-like spectral shape. Weissman et. al. [22, 23] showed
that the TLS density can be deduced by quantifying the variations in the spectral shape. In
this section we will show the TLS density estimation following the analytical result of Weissman
et. al. [22, 23], as well as the results from directly simulating the TLS ensembles.

For noise processes connected to the 1/f power spectral density, it is often convenient to
evaluate the quantity wS(w), where S(w) is the noise power spectral density of the system
and w is the angular frequency. For a pure 1/f noise, S(w) = A/w, therefore the quantity

wS((w) = A, is a constant and appears as a horizontal line in plots as a function of the
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frequency w.
More generally for spectral shapes S(w) that deviate from the pure 1/w, we can compute
the averaged quantity (wS), which represents a fit to a pure 1/w spectral shape. The spectral

variation from this average can thus be defined by the quantity:

wdS = wS(w) — (wS), (6.32)

and the spectral variance {((wdS)?) can thus be calculated as:

(wd8)%) = ((WS)?) — (wS)? (6.33)

Weissman et. al. [22, 23] showed that the fractional spectral variance is related to the TLS

density as:
{(wdS)?) 1
(wS)? T T2n’ (6.34)

where n is the TLS density per factor e in rate per kT in energy per junction area A. At
large TLS densities, the spectral variance is small and the power spectrum approaches that of
a featureless 1/w spectrum.

Note that the averaging () is strictly over the entire range of TLS lifetimes 7, which typi-
cally spans about 12 decades in frequency. However in our typical experiment the observable
range typically spans only about 2 to 3 decades in frequency, which inevitably leads to some
estimation errors. Therefore in our estimation we averaged the results from spectra taken at
several different temperatures in order to average out some of the effects of a narrow observa-
tion bandwidth. The averaging was also performed so that each frequency octave is weighted
equally (logarithmic), as opposed to equal weighting per frequency window (linear).

We have calculated the spectral variations from a small junction shown in figure 7.2, and
averaged over spectra taken at several different temperatures. Using the analytical result in
equation 6.34, we find an averaged TLS density, n ~ 2.0 per pm? in the junction area, per

Kelvin in the TLS energy E, per factor e in the TLS rate 7, or oy ~ 55.2 um~2 K1,
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Figure 6.14: Simulated discrete distribution of TLS lifetimes 7; for sample sizes: (A)
N =10°%. (B) N =103. (C) N =200. (D) N = 50. The blue solid line is the continuous
distribution function P(7) o< 1/7.

Simulated TLS ensembles

We now seek to directly simulate the TLS ensembles in order to verify the analytical result of
equation 6.34 and replicate the data on the observed 1/A area scaling breakdown in the small
junction limit (section 6.5). The data plotted in figure 6.9 shows an on-set of the 1/A area
scaling breakdown in the approximate region A ~ 0.04 — 0.08 um? at T ~ 2 K. We will now
show by simulating the TLS ensembles, that the deduced TLS density is consistent with this
threshold for the breakdown of the 1/A scaling.

The TLS ensemble is simulated by summing the Lorentzian contribution of each TLS:

Tn

_ 6.35
1+ 4r2f272’ ( )

Si(f) = (6I,)*sech®(E,/2kT)

n

where the TLSs are distributed in energy FE, and lifetime 7, according to the distribution:
P(E,T) = Py/27. The amplitudes 61,, depends on the area of the junction, 61, = (64, /A)I,

so that the fractional noise S;/I% can be expressed as:

St _Jen (6.36)

1 2 2
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where § A, is the characteristic area of the TLS which we will approximate to have a Gaussian
distribution, A is the junction area, and f., is the corner frequency, f. = 1/277, of the
n—th TLS. We can then simulate an ensemble of TLSs having a collection of lifetimes {7,}
distributed as P(7) &~ Py/27 and construct the ensemble total power spectral density through
the summation in equation 6.36.

For the simulation it is assumed that the TLS lifetimes are distributed over 12 decades
in {Tmin, Tmax}, and a TLS energy range {0,6kT'}. For TLSs with energies E > 6kT, the
thermodynamic factor is sech?(E/2kT) < 0.01, therefore those TLSs with E > 6kT contributes
very little to the total noise and can be left out from the simulation. In fact the integration
[ OﬁkT sech?(E /2kT) dE} s sech?(E/2kT) dE] ~ 0.995, thus simulating only those TLSs
with E/ < 6kT gives at most a 0.5% error.

The number of TLSs with, 0 < F < 6kT and Tmin < T < Tmax 1S given by: Nppg =
(12In10)(6T)An, where n is the TLS density per pm? per Kelvin spread in E per factor e
in 7. In the simulation each of these TLSs are then assigned a lifetime 7 distributed as in
figure 6.14 and an energy E uniformly distributed over {0,6k7}. The fractional quantity
in Nrpg is taken to be the probability of having an active TLS. For example an ensemble
with Nprpg = 100.78 is taken to have 100 active TLSs with a 0.78 probability of having an
additional active TLS. Similarly, a small ensemble with Npyg = 0.1 is interpreted as having a
0.1 probability of having an active TLS (0.9 probability of having none).

Figure 6.14 shows a histogram of the TLS lifetimes 7,, for a simulated collection of N TLSs.
The solid blue line is the continuous probability distribution function, P(7) o< 1/7. In figure
6.14A, in the limit of large IV the discrete probability density approaches that of the continuous
case. Figures 6.14B, C, and D shows an instance of the {7,} discrete distribution for a finite
sample size N = 1000, 200, and 50, respectively.

The fluctuator strengths 0 A,, describes the coupling of the fluctuator to the junction tun-
neling resistance. The most likely mechanism is that the fluctuator couples through its dipole

moment P to produce fluctuations in the tunneling potential of the AlO,, dielectric, following
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the fluctuating dipole theory of Yu et. al. [13]. Consequently JA is randomly distributed ac-
cording to a distribution of the dipole strengths |P| and orientations . The most reasonable
approximation is to distribute d A to a central Gaussian distribution with a variance ag 4~ The
second-moment of the central Gaussian distribution gives, ((§A)?) = 02,.

Figure 6.15 shows an example of the simulated total ensemble power spectral density for
several junction areas. The PSDs were calculated at T' = 2 K, with a TLS density of n =
253 pm 2K le7! (0p =~ 69.7 pum™2K™!), and a Gaussian distribution of §A with 054 =
0.3 nm?. For large area junctions the ensemble power spectral density is well described by a
featureless 1/f* spectrum with o &~ 1. The appearance of Lorentzian bumps and evolution
towards the power spectrum of only a few Lorentzians are clearly seen as the junction area is
made smaller.

In figure 6.16 the power spectral density at f = 1 Hz is plotted as a function of the junction
area A at T =2 K, n =253 um 2K !e™!, and a Gaussian distribution of the TLS strengths
dA with 054 = 0.3 nm?2. The blue circles and dark yellow triangles in figure 6.16 represent two
separate trial runs. For large area junctions the simulation reproduces the expected S o< 1/A
area dependence. Somewhere in the approximate region of A ~ 0.04—0.08 ym?, the 1/A scaling
breaks down due to the insufficient number of TLSs failing to sum out to a 1/f% spectrum.
As a guide, the red dashed line plots out the line Sg/R? o 1/A. This simulated area scaling
breakdown, with the onset in the approximate region, A ~ 0.04 — 0.08 pm?, is consistent with
the experimental observation shown in figure 6.9.

Figure 6.17 shows examples of the simulated power spectral densities for several junction
areas, A = 0.05, 0.5, 5, and 50 pum?. The simulation was performed at T = 2 K, n =
2.53 pm~2K 'e~!, and a central Gaussian distributed fluctuator strengths §A with 54 =

2. The simulated power spectral densities are plotted in terms of fSg(f)/R? as a

0.3 nm
function of f. In this plot a pure 1/f power spectral density appears as a horizontal line. The
left and right panels in figure 6.17 represent two separate trial runs with identical simulation

parameters. The black lines are the simulated power spectral densities, while the dashed red
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Figure 6.15: Simulated noise power spectral density Sg/R? , for an ensemble of TLSs with
density n = 2.53 um 2K le~! at T = 2 K, shown for several different junction areas

A =50, 5,2, 1, 0.5, 0.1, 0.05, & 0.01 gum?. The ensemble averaged PSD is a featureless
1/f“ noise with o &~ 1 at ’large’ junction areas, but decompose into distinct Lorentzians in
the small area limit.

lines are the averaged value (fSg(f)/R?), which represents the fit to a pure 1/ f spectral shape.
Note that at large junction areas (many TLSs), the simulated spectral shape is well described
by a pure 1/f spectral shape. At smaller junction areas (few TLSs), the variation from the
pure 1/f spectral shape is more pronounced, as well as a more pronounced sample-to-sample
variation.

Figure 6.18 shows the simulated fractional PSD variance, {(w8S)?)/(wS)?, as a function of
the TLS density n per kT spread in E per factor e in the lifetimes 7. As long as the TLS
density is not too small, we recover a relationship close to the analytical result of equation 6.34:

(wsS)?) 1.3
(wS)2 w2’

(6.37)

which differs from the analytical result by a factor of 1.3. Each simulated data point in

figure 6.18 is a result of NV = 500 averaging. The tapering at low TLS densities correspond to
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Figure 6.16: Area scaling of the simulated power spectral density at f = 1 Hz, simulated at
T=2K,n=253 um 2K te~!. The result is consistent with experimental data in figure
6.9, which shows a breakdown in the o< 1/A area scaling in the vicinity of

A = 0.04 — 0.08 ym?. The red dashed line shows a S oc 1/A scaling.
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Figure 6.17: The simulated power spectral density at 7 =2 K, n = 2.53 pm 2K le™ !,

os4 = 0.3 nm?, and shown for several junction areas, A = 0.05, 0.5, 5, and 50 pum?. The
black lines plot the simulated fractional power spectral densities, fSg(f)/R?, while the
dashed red lines plot the averaged value (fSg(f)/R?), representing a fit to a pure 1/f power
spectral shape. The left and right panels are two different simulation runs with identical
parameters, (A) Simulation Run A (B) Simulation Run B.



CRITICAL CURRENT NOISE IN AL-ALOx-AL JUNCTIONS 96

101 T L IIlIllI ‘Isl Illlll' L) L IIIIIII L) I lIIIIlI L L) llllllI L] L) )
L
2 F
N [
~ 107 F
) F
V10 _E
107 I '”Q
1 IIIIIIII L IIIIIII' 1 IIIIIIII 1 IIIIIIII L IIIIIIII I‘I
10° 10* 10™ 10° 10’ 10°

n ((kT)"e")

Figure 6.18: The simulated PSD fractional variance, ((wdS)?)/(wS)?, as a function of the
TLS density n per kT spread in F per factor e in the lifetimes 7.

the threshold where there is less than one thermally active TLS per octave in frequency, which
corresponds to n = 0.7.

Using the result of the simulation, we deduce a slightly higher value of the TLS density, n ~
2.53 um 2K~ te™!, or og ~ 69.7 um~2K~!. In figure 6.16 it has been shown that a Gaussian
distribution of the fluctuator strength §A with a variance 0%, ~ (0.3 nm?)? reproduces the

correct 1/f noise power magnitude, Sr/R? ~ 1 x 1073 Hz ™! for a junction area 1 pym? at

T=1K.

6.7 Implication of the TLS density

6.7.1 Comparison of n to other systems

Glassy insulators

The tunneling two level system model was originally proposed to explain the anomalous low

temperature heat capacity of glassy insulators [2, 50]. It was found that at low temperatures the
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heat capacity in glassy insulators vary linearly with temperature as opposed to the expected
C o T3 from the Debye specific heat. It was found that the anomalous low temperature
specific heat in these amorphous solids can be explained by a distribution of tunneling two level
systems, P(E, 1) ~ Py/27, with Py ~ 1 x 10* J™'m=3 [10, 51]. In comparison, our estimated
TLS density from junction noise, assuming a dielectric thickness ¢ ~ 1 nm, corresponds to

Py~ 3.7x10* J7'm~3, consistent with the value from the anomalous specific heat in glasses.

Avoided level crossings at the qubit frequency

Avoided level crossings have been observed in the energy spectroscopy of various qubit sys-
tems [43, 65, 46, 52|, these are due to the coherent coupling of the qubit to spurious two level
systems at the qubit frequency.

Analysis of the density of these avoided level crossings yielded a TLS density, o ~ 0.5 pum~2GHz !
~ 10.4 pm~2K~! [43, 65], which is consistent with our estimated density of TLSs from the
low frequency noise in tunnel junctions, oy ~ 69.7 um—2K~!, to about a factor of 6. The
consistency of these two TLS densities reinforce the idea that the TLSs coupling coherently
at the qubit frequency and the TLSs causing low frequency noise in the tunnel junction are in

fact the same TLS species.

TLS losses in superconducting resonators and SiN,, dielectrics

In superconducting resonators, TLSs in the amorphous dielectrics are known to cause losses
and even excess low frequency noise. One main source of TLS losses is the amorphous dielectric
in the parallel-plate capacitor structure [43]. However even in resonators without the parallel-
plate capacitor geometry, it has been shown that TLSs in the amorphous native oxide of the
metal surfaces contribute to the loss [85].

Losses in superconducting resonators are often characterized through the resonator quality
factor @) ,which is related to the loss tangent through, tand = 1/@Q. The intrinsic loss tangent

due to TLS losses is given by: tan dg = 7 Pyp?/(3¢), where Py is the TLS density, p is the TLS
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electric dipole moment, and € is the permittivity of the dielectric. In the standard resonator @)
measurement, the TLS density Py cannot be deconvoluted from the dipole strength p. However
Khalil et. al. [35] using a voltage-biased resonator geometry, was able to deduce for a SiN,
dielectric, a TLS dipole moment of p ~ 7.9 D and a TLS density Py ~ 4.9 x 10*3 J=1m=3.
Again, this density is comparable to our estimated density from the low frequency noise in
tunnel junctions (Py & 3.7 x 10* J™'m=3). The slightly lower P, estimate of Khalil et. al. [35]
may be due to differences between the SiN, and AlO, dielectrics, but it may also be due to

their slightly higher estimate of the TLS dipole moment.

6.7.2 Implication for qubit dephasing due to critical current noise

Our deduced TLS density, og ~ 69.7 pum2K~! ~ 3.7 x 10** J™'m~3, is consistent with the
TLS density observed from the anomalous heat capacity of insulating glasses [10, 51]. This
implies that our preparation of diffused amorphous AlO, is quite ordinary. It suggests that
the preparation of fully crystalline tunnel barriers can reduce the number of these TLS defects,
but what kind of improvements can we expect from a further reduction of the TLS density?

We have discussed that the typical qubit is operated well below the threshold for 1/f noise.
That is qubit dephasing due to low frequency critical current noise is highly unlikely, although
there remains a finite probability for encountering isolated activated TLSs. In current qubit
architectures the typical junction areas are, A ~ 0.03 ym? [8, 80], and using our deduced
density, contains not more than ~ 0.1 TLSs per GHz in qubit frequency space. That is the
TLS density is likely too sparse to affect qubit operation, with the exception of perhaps in
large N-qubit systems. But at the moment it seems that the problem of spurious TLS coupling
common in large area junction (A ~ 70 um?) phase qubits [43] can be effectively mitigated by
using much smaller junctions.

It would seem that the area where these TLS defects remain a performance bottleneck, is in
limiting the quality factor of the superconducting resonators. This is simply due to the much

larger surface areas spanned by the resonators, and that it is not possible to simply reduce the
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area of the resonators.



CHAPTER 7
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7.1 Experimental setup

(A) (B)

Ige l

o
>_o

Figure 7.1: (A) Circuit schematic. Two amplifiers are used, the time series capture are then
averaged to decrease amplifier noise contribution. (B) SEM image of the Al/AlO, /Al
junctions measured.

We fabricated conventional double angle shadow evaporated Al/AlO,/Al junctions (section
4.1 with an ultra-small area. SEM image of the junction taken after the completion of mea-
surements shows junction dimensions, A ~ 90 nm x 60 nm. The aluminum is electron beam
evaporated in an ultra high vacuum chamber with base pressure, P ~ 3 x 107!° Torr. The
junction barrier is oxidized in an Ar/Os mixture, to give a tunneling resistance R ~ 40 k().
The junctions are dc current biased using a battery and a biasing resistor (Rp =~ 400 k{2).
Note that at our lowest biasing point, Vg = 3 mV, the typical dc bias current is, Ig ~ 75 nA.

The junction voltage is read out using two Ithaco low-noise voltage preamplifiers, then

passed through an anti-aliasing low pass filter and a final gain stage where the dc offset is

100
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removed to allow for a large gain prior to signal sampling. The amplified signal is then digitally
sampled, with the choice of sampling frequency dictated by the bandwidth of the fluctuator
being tracked. The presence of active fluctuators modulates the tunneling conductance, thus

the junction voltage.

7.2 Power Spectral Density

1 0-11 .-:~..§_.\.\ 65K
. I ——
~ "~ I ——B0K
10" = - —— 55K
e T e, mmany - 45K
\. o—e. .""... e
—_ 13 —e— 40K
E 10 S g — 35K
o A4 T~ ) *t, : : 3K
S 10 Nﬁ.:% s . — ng
>
w 15 —— 14K
10 — 19K
—— 8K
107 6K
-1 N
107 0 1 2
10 10 10
Frequency (Hz)

Figure 7.2: Tunneling resistance noise power spectral density at several temperature points.

As expected for ultra small tunnel junctions, the tunneling resistance noise power spectral
density is dominated by several distinct fluctuators. Figure 7.2 shows the temperature evolution
of the tunneling noise PSD from T' = 65 K to T' = 6 K. Note that in figure 7.2 the temperature
is varied by approximately a factor of 10 and the noise power spectral density at f = 1 Hz falls
off by more than a factor of 1000, which is much faster than the Sg,/R2 oc 1/T dependence
expected in the featureless 1/ f-noise regime.

After cooling down to base we found that the junction tunneling resistance is characterized by
one fluctuator in our measurement bandwidth, f < 10 kHz, and trackable in the temperature
range: T =~ 6 — 13.5 K. Figure 7.3 shows time traces dominated by the fluctuator at T'=9 K

and for several bias voltages, V3 = 12,21,and 24 mV.
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Figure 7.3: Time series capture of junction JJ45 at three different bias points, V; = 12,21,
and 24 mV, all at T =9 K.

7.3 Time domain analysis

A random telegraph noise is the switching between two discrete levels y; and ya, 0y = |y2 — y1]-
The time intervals spent in the two states {y1,y2} are characterized by their respective charac-
teristic lifetimes 7 and 79. In the frequency domain a fluctuator generates a Lorentzian power
spectral density, S(w) o Tefr/ (szlef + 1), where 7.¢s is the effective characteristic time is

combination of the characteristic times 7 and 7 given by:

1 1 1
=—+— (7.1)
Teff T1 T2

Because both timescales 71 and 73 are reduced to an effective timescale 7.y, TLS analysis in
the frequency domain alone cannot paint a complete picture of the TLS dynamics. In the time

domain if there is only one active fluctuator or if other active TLSs have characteristic times
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Figure 7.4: (A) Example time trace of the random telegraph noise. From the time capture, a
histogram of the lifetimes 7 in the up-state and m in the down-state can be reconstructed.
(B) Histogram of all the time the TLS spends in the up and down states. The dashed lines
are fit to an exponential decay, y = Ce~ /7 reflecting the probability distribution of the
lifetimes.

7; that are sufficiently spaced apart, then it’s possible to track the bistable voltage signal and
reconstruct the lifetimes 7, and 7 of the fluctuator. Figure 7.4A shows a time trace snippet
of the fluctuator at T'=9 K and V; = 30 mV. We perform time domain analysis of the TLS
by identifying all the switching events contained in a time trace, and extracting the lifetimes
spent in the high-resistance state, 7 and the low-resistance state, 2. We can then bin the
extracted lifetimes to create a histogram as shown in figure 7.4B, where the dashed lines are
fits to y oc e~ 7/7i from which the characteristic timescale 7; can be extracted.

Figure 7.5 shows the extracted TLS lifetime histograms at 7' = 9 K at several different biasing
points, V;, = 15,18, 21, and 24 mV. The change in the slope of the exponential distribution is

immediately apparent, indicating a strong voltage dependence in the TLS lifetimes.

7.3.1 Theoretical background: Two-state Markovian processes

The two level fluctuation can be modelled as a two-state Markovian process. The switching

process has no memory, so that the probability of a transition in a time interval ¢t and t + At
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Figure 7.5: Histogram of the TLS lifetimes at T'= 9 K for several different voltage bias
points, Vj, = 15,18,21,24 mV. (A) High resistance state, 7. (B) Low resistance state, 7.
The dashed lines are fits to the exponential probability distribution o e~ T/

depends only on the interval length At and not on t.

Labeling the transition probability from state-1 to state-2 as P;(t), then 1 — Py(t) is the
probability that the transition 1 — 2 did not occur at time ¢. Labeling PlA as the probability
of making the transition 1 — 2 in the time interval ¢ and ¢ + At, then:

dPy(t)
dt

At = (1-Pi(t)) PA(t) (7.2)
And the probability for a transition within a time interval At at time ¢:

PA(t, At) = CAt (7.3)
By combining the above two equations, we get the transition probability:

Pi(t)=1—etm, (7.4)

where 71 is the characteristic lifetime in state-1. The probability of transition between a time
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interval At is then:

P 1
APy = L mtmng (7.5)
dt i

Thus the lifetime 7 probability density is exponentially distributed:

Pi(r) =~/ (7.6)

1

and similarly for the characteristic lifetime 7o in state-2: Pa(t) = 1/7m9 exp(—t/72).

Given a random telegraph signal v(¢), we can then create a histogram of the lifetimes in
state-1 and state-2 and calculate the characteristic times as given by equation 7.6. Figure 7.4B
shows an example histogram that shows excellent agreement with the expected exponential

distribution for a TLS.

74 TLS A: A quantum tunneling TLS

74.1 Temperature Dependence

Figure 7.6 A shows the temperature dependence of the transition rates of TLS A at 1, = 3 mV.
71 = 1/I'1 is the characteristic lifetime of the junction in the low resistance state, and 79 = 1/T'9
is the characteristic lifetime of the junction in the high resistance state. In this particular case
the TLS energy bias A never changes sign, and it happens that 7 > 7 for all voltage biases
probed in the experiment. That is state-1 of the TLS characterized by 71 remains the lower
energy (ground) state of the TLS at all bias points. Note that in general it is possible that the
interaction with an external field (ie. electric or elastic) may potentially alter the TLS bias A,
thus the sense of which state is the ground state.

Figure 7.6B depicts a schematic of the TLS potential energy. U; and Us are the potential
barrier height out of the left, |L), and right, |R), wells respectively. The localized states |L)
and |R) have an energy difference A and a tunnel coupling strength Agp. The TLS is said

to be degenerate if A = 0. TLS transitions can occur through thermal activation over the
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Figure 7.6: (A) Temperature dependence of the transition rates I'; = 1/7; for TLS A.

Vi, = 3 mV. The dashed lines are fits to the sum of thermal activation and quantum-limited
tunneling rates. At high temperatures the thermal activation rate dominates, while at lower
temperatures the rate is limited by quantum-tunneling. (B) Schematic two-level system
potential energy.

potential barrier with a transition rate I'*”, or via a quantum mechanical tunneling process
with transition rate, ['*%",

In figure 7.6A we find that the TLS transition rates are well described by the sum of a
Boltzmann thermally activated rate Fﬁh and a one-phonon tunneling rate I'V " So that the
total transition rate is given by:

I =T 4 17" (7.7)

where ¢ € {1,2} to denote the rates out of the left and right wells.

At high temperatures the transitions occur due to thermal energy fluctuations driving the
fluctuator above the potential barriers Uy and Us. At lower temperatures the thermal activation
rates decay exponentially, and the TLS transitions are then limited by quantum mechanical
tunneling through the barrier, along with the absorption/emission of a phonon.

The thermally activated rate is given by the usual Maxwell-Boltzmann factor:

I = Tyexp (~Ui/ET), (7.8)



TIME DOMAIN DYNAMICS 107

We find that for TLS A, A > Ay, so that the energy eigenstates can be approximately
given by the localized basis states |L) and |R). The TLS energy is thus E = /A2 + A2 =~ A,
The TLS can make a transition by absorbing/emitting a phonon of energy ~ A which can be
thought of as momentarily making the TLS degenerate, allowing a quantum tunneling event

with rate Ag/h. Thus the one-phonon transition rates are given by:

Tt = woe npp(E) = woe (7.9)
! 0 exp(E/kT) —1 '
t - woe ™
'Y =woe ™ (L +npp(F)) (7.10)

" 1—exp(—E/kT)’
where wy is the attempt frequency on the order of the Debye frequency, A = Zd\/m is the
WKB exponent to approximate the quantum tunneling probability out of localized wells, and
npg is the Bose-Einstein distribution function to describe the phonon occupation probability.

In figure 7.6 the solid circles and triangles are the data points, while the dash and dot-
dash lines are the two-component rate fits. In the high-T limit the thermally activated rate
dominates and well fitted to an attempt frequency wgp =~ 2.5 x 10" s™1, which is close to the
typical Debye frequency. The potential barriers fits are U; = 26.9 meV and Us ~ 24.8 meV,
corresponding to an asymmetry energy AFE = Uy — Uy ~ 2.1 meV.

At T =~ 10 K we observed a transition from thermal activation to a tunneling TLS behavior.
Note that in the limit 7" — 0, AE/kgT > 1, and the Bose-Einstein factor in the relaxation

rate 'y drops out, leaving only the quantum tunneling rate [64, 56]:

2mU
h _
" & wo exp (—Zd = ) ~1s! (7.11)

We can use the WKB approximation and the fitted parameters to deduce the value of the
mass-distance product m'/2d. Note that since the tunneling probability depends on both the
tunneling species mass m and the tunneling distance d, it is not possible through this method

to deduce the value of each quantity separately. The best we can do is to deduce the product,
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mY/2d. We find that the TLS is best fitted to:
m'?d ~ 1.5 x 1072 \/kg.m, (7.12)

which is consistent with the tunneling species being an atomic mass, m ~ 10727 — 10?° kg, and
tunneling distances, d ~ 1 A, the order of crystal lattice distances. For example if the tunneling
species is an oxygen mass (m = 2.7 x 10725 kg), then tunneling distance is, d ~ 0.9 A If we
instead assume the tunneling species to have an electronic mass, the tunneling distance must
be in the order of 160 A, while not physically impossible the value is too large for the physical

system as it is incompatible with the measured dipole moment of the TLS (to be discussed).
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Figure 7.7: The switching ratio, R = 71 /72, as a function of 1/T. Measured at V;, = 3 mV.

The ratio of the switching times, R = 71 /79, gives a very useful thermodynamic handle on
the TLS switching dynamics. In the Boltzmann thermally activated regime,the ratio is given
by:

1 _ moexp (Ur/kpT)

R: p—
T2 ToeXp(Ul/kBT)

=exp (AE/kpT) (7.13)

That is a TLS whose switching dynamics follow equation 7.13 above is in thermodynamic
equilibrium with the bath. Deviations from this exponential dependence typically indicate

non-equilibrium conditions such as self-heating. Similarly the switching ratio in the quantum-
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limited case follows the exact same exponential dependence:

n_ T exp (A/kpT) —1
o 1 —exp (—A/kpT)

=exp (A/kpT) (7.14)

In general the TLS left, |1), and right, |2), wells can have more than one microstates or
degeneracies N1 and Ns respectively. In this case the expression of the switching rate ratio

needs to be adjusted to take into account of the added entropy [73, 72]:
R=—=—exp(A/kpT) (7.15)

Figure 7.7 shows the switching ratio, R = 71/79, plotted as a function of the inverse tem-
perature 1/7T. Note that data points in both the thermally activated and quantum tun-
neling limited regimes have been included in the plot. The gray dashed line is a fit to
In(ri/m) = C + (AE/kp)4. We find that the switching ratios in both switching regimes
follow the expected exponential dependence, implying that the TLS is in thermodynamic equi-
librium over the temperature range probed above (down to T' = 4 K at V, = 3 mV). The
extracted AE (V, =3 mV) ~ 2 meV is consistent with the value obtained from fitting the
thermally activated switching rates above. The intercept C' = In(/N;/N3) ~ 0 implies that the
TLS left and right wells have similar degeneracies, N1 ~ N». Note that this is in stark contrast
to that found in earlier experiments in PbInAu/InaO3/Pb edge junctions [73, 72|, where a large
entropy difference was found which in that case is consistent with the picture of an electron
tunneling from the continuum (large entropy) into an electronic trap state (small entropy).
In contrast the small entropy difference in the present experiment supports the picture of a
particle tunneling from one potential well to another almost identical well, such as in the case

of atomic defects in an amorphous dielectric.
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Figure 7.8: (A) Voltage dependence of the lifetimes 71 and 7 at 7' = 6 K. Blue dashed line is
a one-phonon rate fit to the ground state lifetime. Red dashed line is a one-phonon rate fit to
the excited state lifetime. At large voltage bias the TLS is driven out of equilibrium, which
shows up as a sharp decay in the TLS lifetimes. (B) Voltage dependence of the switching
ratio R = 71 /79 shown for several temperatures, T'= 4,6, and 8 K, (purple triangles, blue
circles, and red squares, respectively).
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7.4.2 Static electric field response

The junction can be approximated as a parallel plate capacitor, such that the electric field in
the dielectric is simply, |E| = V/t, where ¢ ~ 1 nm is the thickness of the tunneling dielectric.
The interaction of the TLS dipole moment with this electric field leads to a correction in the
TLS energy:

A=A(0)+E-P =A(0) + |E||P|cos b, (7.16)

where A(0) is the asymmetry energy at V3, = 0, E is the electric field across the junction
dielectric, and P is the TLS dipole which makes an angle 8 relative to the electric field.
Figure 7.8A plots the lifetimes 7 and 7 at T'= 6 K as a function of the applied electric field
(voltage bias). The voltage dependence shows two different behaviors, corresponding to the
low and high bias voltage regimes. At high voltage biases, V;, 2 20 meV, we observed the onset
of a non-equilibrium process, which will be described later in section 7.4.3. In this section we
will describe the TLS dynamics at low voltage biases where the TLS remains in equilibrium.
The TLS lifetime in the excited state, 1o is relatively insensitive to the external field. This
is consistent with the TLS transition being driven by phonon emission and tunneling to the

ground state, given by equation 7.10. In the limit A/kT > 1:

h A
Ty A A <1 — exp <_kT>> ~ Ty, (7.17)

where 7, = h/A¢. The red dashed line in figure 7.8 represents a fit to this one-phonon rate.
In comparison the TLS lifetime in the ground state, 7, shows an exponential dependence

on the applied bias, which is expected from the one-phonon rate (equation 7.9):

In (11 /74) =~ & Yo

T 'ykT, (7.18)

where 7, = h/Ag, A(0) is the TLS asymmetry energy at zero external field, kT is the thermal

energy, and the slope «y is related to the electric dipole moment of the TLS. A fit to equation



TIME DOMAIN DYNAMICS 112

7.18 above is shown as the blue dashed line in figure 7.8A.

The physical parameters A(0) and the TLS dipole moment |P| can be more readily extracted
from fitting the ratio of the switching times 71/72. By looking at 7i/79 we eliminate the
dependence on the parameter 7,. Figure 7.8B plots the switching rate ratio, R = 7 /m =
exp (A(Vy)/kT), as a function of the applied electric field (voltage bias). At low voltage biases

the TLS remains in equilibrium with the bath temperature and the dependence is given by:

T1/T2 = exp <A(%)) = exp (M) (7.19)

kT
In(m /1) = Ak(TO) + <l>% (7.20)

where the slope v gives the TLS dipole moment projected along the electric field’s axis:
v =|P|cosf/t (7.21)

The dashed lines in figure 7.8B are linear fits to In(7;/72) according to equation 7.20 above.
One feature to note is that the slope - is monotonic across positive and negative voltage
biases, this behavior is consistent with the simplest interpretation of the dipole-electric field
interaction continuously tipping the TLS asymmetry energy A. The fitting parameters A(0)
and ~ are consistent across the temperature range probed, T' =4 — 9 K, giving the averaged
values A(0) = 1.95 meV and the slope v =~ 26 peV/mV}, giving the aligned dipole moment
strength:

Pcosf =~ 0.26 eA (7.22)

Note that it is not possible in the present experiment to reconstruct the dipole angle 6. But

to gain a better estimation for the value of the bare dipole moment, P, we could average out

Py = L /ﬂ/2 Peos df = P <2> , (7.23)

T _71./2 7T

the 6 dependence:
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so that the bare dipole moment can be estimated as:

P~ 0.26 eA/(2/7) ~ 0.41 €A, (7.24)

the value of which reinforces the picture of a fluctuator with charge e tunneling through crystal

lattice distances (~ 1 A).

7.4.3 Non-equilibrium effects

Empirical description
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Figure 7.9: (A) Voltage dependence of the TLS lifetimes fitted to a one-phonon rate and a
second empirical exponential lifetime, o< exp(—vV3). (B) TLS lifetimes ratio 71 /72 and the
fitting lines, T'= 6, 8 K.

We can empirically describe the behavior of the TLS lifetimes as the sum of two rates, the
one-phonon scattering rate I'? " and a second rate I'Y that has an approximately exponential
dependence with respect to the voltage bias. At low voltage biases, the transition rate is
dominated by the one-phonon rate, and the second rate dominates the high voltage bias regime

due to its exponential dependence:

r; =% 4 1%, (7.25)



TIME DOMAIN DYNAMICS 114

where I'] is approximately:

I} =~ A;exp (Bi|V3|) (7.26)

Figure 7.9A plots the TLS lifetimes at T' = 6, and 8 K, the dashed and solid lines are the
fits to the two rate model. It is still not entirely clear what is the physical mechanism for this

second exponential rate.

Self-heating model
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Figure 7.10: Calculated effective electron temperature, following Kautz et. al. [32]. (A)
Effective temperature due to self-heating for several different bath temperatures,

Tyatn = 4 — 10 K. (B) A more detailed plot on the self-heating correction to the electronic
temperature for T' = 6 K. The self-heating correction is less than AT =~ 220 mK at

Vi =~ 35 mV.

One obvious candidate for an exponential dependence is electronic self heating. The tem-
perature of the TLS enters into the transition rates through the thermodynamic factors of
exp (E/kT). However it should be stated at the outset that we have found self heating to be
insufficient to account for how far the TLS is driven out of equilibrium.

We can estimate the extent of the electronic self-heating following the results of Kautz et.
al. [32] from investigating the self-heating effect in Al single electron transistors (SETs). We
also need to make the approximation that the TLS temperature T is approximately equal to

the electronic temperature in the metallic leads [33, 34]. In SETs the metal island is isolated
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from the thermallized left and right leads by the presence of the tunnel barriers. Consequently
thermal conduction through the leads is small and it is known that the island temperature is
determined by the electron-phonon heat transfer efficiency to the lattice [32]. The effective
temperature is given by [32, 59, 76]:

T5 =710 P

e P + ﬁa (727)

where T, is the effective electron temperature, 7T}, is the lattice temperature, P is the power
dissipated, ¥ ~ 0.2 nW K=°um~3 is the electron-phonon coupling parameter for Al, and V is
the SET island volume. Note that it was found that the electron temperature in the island
depends on the volume of the island and not the junction size [32]. This is likely due to the
fact that the dimensions of the junctions typically used in SETs are shorter than the electron
inelastic scattering length, l;, ~ 0.5 — 1 pum [25]. Therefore the SET island size represents the
limiting volume for the electron-phonon interaction in equation 7.27.

In our single junction geometry the thermalization volume is not as restrictive as the SET
island. Unlike in SETSs, in the case of a single junction the thermal conduction through the
left and right leads are not restricted by the tunnel barrier, consequently the thermalization
volume should extend much further through the left and right metal electrodes. Thus the SET
island volume (V = 0.1 um?®) used in Kautz et. al. [32] should represent an upper bound for
the self-heating effect in a single junction. Note that the junction sizes used in Al SETs are
typically even smaller than our junction presently. A worst case scenario for self-heating is to
assume that the power is dissipated within a volume covering the junction area, 60 x 90 nm?
with a metal thickness ¢ ~ 120 nm.

Figure 7.10 plots the self-heating correction (equation 7.27) assuming V = 0.1 um? is a
reasonable parameter to use for our single junction. As expected, the self-heating correction
is small and only noticeable for T'=4 — 5 K.

In section 7.4.1 we have deduced the parameters for the two component TLS transition rates

corresponding to the sum of the one-phonon relaxation and thermally activated rates. In figure
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Figure 7.11: Self-heating model of the TLS lifetimes. The TLS transition rate is the sum of
the one-phonon and thermally activated rates. The effective temperature at each bias points
is calculated using the electron-phonon model, with ¥ = 0.2 nW K~?um™3 and (dotted line)
the SET volume used in Kautz [32], (solid lines) the physical junction dimension. (A-B) The
TLS lifetimes and ratio at 7' =6 K (C-D) The TLS lifetimes at 7' = 8 K.

7.11 we computed that model with the addition of a self-heating correction under an applied
voltage bias. Figure 7.11(A-B) shows the fitted rates and the lifetime ratio at T'= 6 K, figure
7.11(C-D) shows the fitted rates and lifetime ratio at 7' = 8 K. The dotted lines represent the
fit calculated assuming the self-heating correction used in Kautz et. al. [32]. The solid lines
are the fit assuming the worst case scenario that the electron-phonon thermalization occurs
within the volume of metal forming the junction area (= 60 x 90 x 120 nm?). In either case
the degree of self heating is not sufficient to account for the degree to which the TLS is being
driven out of equilibrium, this is most evident in the poor fitting of the lifetime ratios 71 /7.

It is not surprising that the self-heating model cannot account for the non-equilibrium process
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observed. To see this, consider that the TLS lifetime ratio 71 /7 = exp (A/kT) depends only
on the difference in the energy of the two states and on the temperature 7', thus it summarizes
the thermodynamic information on the TLS. This is in contrast to the individual transition
rates which depend on both the thermodynamic and dynamical variables such as the tunneling
probability and attempt frequency.

We can thus obtain the effective temperature T* of the TLS by inverting the switching ratio

T1/T2 = exp (A/KT™):
AW _ A0+

= ki (n/m)  kn(r/m) (7.28)

2 2
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Figure 7.12: Effective temperature, T at bath temperature T'= 8 K of the TLS deduced
from the switching ratio 71 /7 = exp (AE/kgT™).

If the TLS is in thermal equilibrium with the lattice then the effective temperature T will
be equal to the lattice temperature 7). However if the TLS is driven out of equilibrium, then
the TLS may see an increased effective temperature, defined by equation 7.28. Figure 7.12
plots the effective temperature T of the TLS as a function of the voltage bias. The red circles
are the TLS effective temperature for a bath temperature of 7, = 8 K, and the blue triangles
represent 7, = 6 K. At low voltage biases the TLS is in equilibrium with the bath, T = T,,.

The TLS is then driven out of equilibrium in the vicinity ¥, < 20 mV and V, 2 12 mV.

~
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More importantly the effective temperature T™* increases exponentially, that T* ~ 60 K at
V» = 33 mV and even reaching T* ~ 100 K at V;, & —33 mV. It is somewhat un-physical
to imagine a self-heating process that can account for that amount of ’heating’. In fact we
observed a transition to thermally activated rates in the region 7' &~ 10 K, that if the TLS is
being heated, then by T ~ 22 K the characteristic TLS lifetime, 1/7 = 1/7 +1 /72, would have
been 7 &~ 1 us, well outside the bandwidth of our measurement. Instead at a TLS effective
temperature, T* =~ 22 K, we in fact observed the TLS to have a characteristic lifetime 7 &~ 0.1 s.
That is roughly five orders of magnitude off from the assumption that the TLS is thermally
driven, and a strong indication that the TLS is being driven by a process other than electronic

Joule heating.

Inelastic electron scattering

An alternative explanation is that the TLS is being driven out of equilibrium due to its inter-
action with the tunneling electrons. In fact it is known that the TLS-electron interaction in
metallic glasses lead to TLS relaxation times that are orders of magnitude shorter compared
to TLSs in insulating glasses [24, 69].

The tunneling electrons can scatter off the TLS, losing or gaining an energy A in the process
and driving the TLS transition. The transition rates can be calculated in a method similar to
the calculation of one-electron scattering rates for metallic glasses [51, 69], with the addition
that in tunnel junctions, an energy difference eV}, is maintained across the two electrodes. The
TLS transition rate from the ground to excited state can then be calculated via Fermi’s golden
rule [69, 33]:

Tye = 2 [(el Hlg)| Fe(1 — f)3(€ — (e~ & + Vi), (729
Where the d-function is defined to enforce the conservation of energy condition, and f, is the

Fermi-Dirac distribution:
1

Je=Je) = 1+ exp(e/kT)

(7.30)
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The ground-to-excited state transition rate is then given by:

/ 1 1 /
Fgeoc// de de 1—|—exp(6/k‘T)<1 1+exp(e’/k‘T)>5(€ —(e— A+ 1)) (7.31)

r _ M eV — A
97 R 1 —exp (— (eV, — A)/KT)

(7.32)

Similarly the transition from the excited to ground state occurs through an electron scattering

process where the electron gains an energy A. The corresponding rate is then:

M eV + A

Fin: 7
2R 1—exp(—(eVy+A)/KT)

(7.33)

where M is a proportionality constant related to the scattering cross-section for the electron-
TLS interaction, and R is the tunneling resistance. The ratio of the inelastic scattering rates

is given by:
Vpi—A
ﬁ_e%+A1—%PGﬁﬁ>

RN R pp—" ey

(7.34)

Note that for small voltage biases, V; < A, we recover the switching ratio for a TLS in
thermal equilibrium: 71 /79 &~ exp (A/kT). However in the limit V; — A > kT, we see that
the TLS switching ratio falls, 71 /79 — 1. This is precisely the behavior observed in the data.
The application of a voltage bias drives the TLS to very high effective temperatures T* as
evidenced in the switching ratio, 71 /70 — 1, without requiring the TLS to be thermally driven.

While the one-electron scattering process qualitatively describes how the TLS can be driven
out of equilibrium without actual heating, it fails to recover the V} exponential dependence
observed in the data. The one-electron scattering rate is linear in the voltage bias V4, a far too
weak dependence to be able to describe the data. One possible way to recover an exponential-
Vi, dependence through inelastic electron scattering, is the inclusion of higher order scattering

processes. Since :

X xn
ezzﬁ, (7.35)

n
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it is possible to approximate an exponential dependence by including the higher order =" terms,

which correspond to the n-electron scattering process.
As a toy model, we consider a process where two electrons scatter off the TLS where each
electron loses/gains an energy A/2. An n-electron process then involves each electron los-

ing/gaining an energy A/n. Also we are interested in the large bias regime, where V,—A > kT,

such that the Fermi-Dirac distribution is approximately:

1 e>0
f(e) =
0 e<0
102[(A) T=6K 1021 (B) T=6K
10"F
% 10%}
107F
o e . .
30 20 10 0 10 20 30 30 20 10 0 10 20 30
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» 10° &0
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107F
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Figure 7.13: Effective temperature, 7™ at bath temperature T' = 8 K of the TLS deduced
from the switching ratio 71 /70 = exp (AE/kgT™).
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The two electron process is then given by:

Iy o / / derdes f(e)(1— fler+ Vi — A/2)) flea)(1— fle+Vo—AJ2))  (7.36)

Ty o (eVy — A/2)? (7.37)
The n-electron process is then:
Aq
i~ St (eV}) - A> (7.38)
2
Ay A
Ty~ ol <eVb — 2) (7.39)
A A"
I, ~ T eV — ) (7.40)

Where the total rate will be:

r=>r, (7.41)

n

Figure 7.13 shows the inelastic electron scattering fits, including higher order processes. As
a toy model the order-n inelastic electron scattering process can be used to fit the observed

data. It remains to be seen however, if there can be a physically consistent complete theory.

Barrier thinning or lowering

An alternative for the exponential V}, dependence is a tunnel barrier thinning or lowering
process. This was first suggested by Rogers and Buhrman for a TLS seen in their Nb-NboOs5-
PbBi tunnel junctions [56, 58]. In Rogers et. al. the TLS was only trackable in the frequency
space, thus only the effective rate 1/7 = 1/71 + 1/7 was analyzed. Similar to our data, they
observed a TLS transition rate that varies exponentially with the applied bias. This effect was

attributed to a barrier thinning effect that couples to the transition rate exponentially through
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the WKB tunneling probability, giving the TLS tunnel splitting the form:

2mU
B2

Ay = hwg exp [ —2d(1 —veVy) , (7.42)

where ~ is a proportionality factor describing how much the barrier is thinned per applied
voltage bias V4. Additionally Rogers. et. al. argued that the voltage dependence is likely to
come from a barrier thinning effect rather than a barrier lowering (ie. couples more to d rather
than to the U). This is because the exponential dependence was not seen in the thermally
activated regime where the rates are sensitive to the barrier height U, but not the well distance
d.

While the barrier thinning conjecture might seem able to explain the exponential Vj-dependence
seen in the TLS transition rates, it cannot account for the dependence seen in the ratio of the
transition rates, 7 /7. Since for our TLS, A > A, the TLS energy is E = \/m ~ A,
which means the thermodynamic information is contained in the factors of exp (A/kT), inde-
pendent of the tunnel coupling Ag. This means that variation in the tunnel coupling Ag does
not affect the ratio 71 /72, contrary to our observed data. Even if Ag ~ A, the TLS dynamics
will likely follow that of an incoherent tunneling TLS, in which case the relevant TLS energy
is £ = A and not that found for coherent tunneling TLSs, E = \/m .

Unfortunately the data set in Rogers et. al. [56] lacked a full analysis in the time-domain,
instead only the effective rate 1/7 = 1/ + 1/72 was tracked through spectral analysis. The
missing data on the voltage dependence of the ratio 71 /7 would likely have ruled out barrier
thinning as a viable mechanism, or at the very least provided the extra information to see if

barrier thinning remains plausible for their data.

7.5 TLS B: Thermally activated TLS

Figure 7.14 plots the time capture of a second trackable TLS, which is labeled as TLS B. In

contrast to TLS A, TLS B is activated at much higher temperatures (7" ~ 60 K) and its tunnel
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Figure 7.14: TLS B time traces shown for several different temperatures. (A) T'= 60 K. (B)
T=625K. (C)T=65K. (D) T=067K, all taken at V;, = 50 mV. The lifetimes 71 and 7
strictly refer to the lifetimes in the higher and lower resistance states respectively.

coupling appears to be very small that there was no apparent crossover to a quantum-limited
switching behavior. Figure 7.16A plots the lifetimes 7 and 7» for TLS B as a function of
temperature. Here 11 refers to the TLS lifetime in the higher resistance state and o refers to
the lifetime in the lower resistance state (figure 7.14B).

Numerical fits of the thermally activated rates reveal that the potential barrier heights are
Uy =~ 151.6 and Uz =~ 146.1 meV (AE(V, = 50 mV) ~ 5.5 meV), which are relatively large
compared to TLS A and explains why the tunnel coupling is small. From the numerical fit
we also extracted the attempt frequency, wp ~ 1 x 102 Hz, in the order of the typical Debye
frequencies.

The difference in the governing dynamics between TLS B and TLS A are due to the differ-
ences in the potential barrier parameters, and do not necessarily require that the TLSs have
an entirely different microscopic origin. In fact the behavior of TLS B is entirely consistent
with the picture of a fluctuating atomic dipole, just as in the case of TLS A.

Figure 7.17A shows the switching rates 71 and 7 at T' = 60 K as a function of the applied
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Figure 7.15: TLS B switching histograms for V, = 50 mV shown for several temperature

points.
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Figure 7.16: (A) Maxwell-Boltzmann over the barrier thermal activation rates, V; = 50 mV.
Both TLS lifetimes 71 and 75 are well fitted (dashed-lines) to the thermal rate,
7; < exp (U;/kpT). (B) Potential energy diagram of the TLS.
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Figure 7.17: (A) The switching rates 7 (high resistance) and 7 (low resistance) as a
function of the applied electric field. (B) The switching ratio R = 71 /72 as a function of the
applied field. The effect of the TLS dipole interaction with an external E-field as a tilting of
the double-well potential well. The well tilt energy correction is simply the dipole interaction
energy, 6F = —p - E.

electric field, F = V;/t, t = 1 nm. The electric field dependence of 71 and 72 are monotonic
with the opposite signs for the two switching times. This behavior is consistent with the
interpretation of the TLS having an electric dipole moment, p, interacting with the applied
electric field. The resulting interaction energy, dE = —p - E, tilts the double well potential
of the TLS and can even be sufficient to swap the lower energy state, 7 > 7, or 1 < To.
Note that this behavior is markedly different to that found in Wakai et. al. [73, 72], where
the voltage bias dependence of both switching times have the same sign. In Wakai et. al.
the random telegraph signal was attributed to the filling and emptying of an electronic trap
located within the tunnel barrier. The trap is filled by an electron tunneling from one of the
electrode, and is emptied by tunneling to the opposite electrode.

A more detailed examination of the individual switching times in figure 7.17A reveal that
the two lifetimes are not symmetrically affected by the applied field (ie. equal magnitudes &
opposite signs). For 7 the dipole correction to the asymmetry energy is 16.4 peV,/mVy, while

for 7o the correction is 41.7 peV/mV,. The difference in the energy correction does have a
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natural physical interpretation in that the effective double well potential of the TLS is not
exactly symmetric. That is the center of the dipole moment and the maximum of the potential
barrier are shifted in coordinate space with respect to each other.

At zero applied field the double well potential of the TLS is tilted with some asymmetry
energy, AFE(V, = 0). The dipole energy acts to flip the TLS double well asymmetry, such that
at approximately V;, &=~ —23.7 mV the double well potential is degenerate and the ratio is given
by, 71 /10 = 1.

Similar to TLS A, the slope in figure 7.17B contains the information on the aligned dipole

moment strength of the TLS:

Pcos
kpT In Cl) = AEy + < C:S ) Vi, (7.43)
2

which gives the aligned dipole moment strength: |P|cosf ~ 0.6 eA (using t ~ 1 nm), which
is consistent with the picture of an effective electronic charge e tunneling over a lattice distance
of order 1 A. Similarly, we can also integrate out the § dependence (equation 7.23) to get a

rough estimate for the dipole moment, (P)y ~ 0.94 eA

7.6 Mechanisms for the modulation of the tunnel barrier due to TLS
defects

In the electron trap model proposed by Wakai et. al. [72], the Coulomb repulsion of an
occupied trap state blocks the tunneling around a characteristic area § A, leading to the required
modulation of the tunneling resistance 6R = (0A/A)R.

In the dipole picture, Yu et. al.[13] demonstrated that the dipole potential Vy;, associated

with a TLS can modify the tunnel barrier potential Uy. The tunneling probability is thus:

L
2m
IT|? o /O dz\/ Tz (Uo F eVaip) (7.44)

The dipole angle 6 and the location of the dipoles within the tunnel barrier are randomly



TIME DOMAIN DYNAMICS 127

distributed leading to distribution of the effective strength JR/R of each dipoles. This is
consistent with our observation of a range of R values in the fluctuators we observed. It was
found that the averaged value and the typical TLS densities could ultimately account for the

magnitude of the critical current noise in Al/AlO, /Al junctions.

7.7 Dipole selection for coherent tunneling TLSs

In the tunneling TLS model the eigenstates are given by the symmetric and anti-symmetric

linear combinations of the local basis states |L) and |R),

) = cos $|2) +sin 5| ) (7.45)

lba) = sin §!L> ~ cos g\m, (7.46)
where tan{ = Ag/A. And the dipole moment in the left and right well local states are:

Po=gq / 2dié1 do = —q / 2d3dn da (7.47)

In the tunneling eigenstates, 11 and s, the dipole can be calculated:

p1 = q/ zpirpy dx ~ pg cos? g — po sin? g (7.48)
= pocos§ (7.49)

A
=g (7.50)

Similarly the dipole in the excited state 5 is given by:

A
p2 = Q/ zY3tpe dr = —p1 = Py (7.51)

An important consequence is that if the coupling to the critical current is through the
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fluctuation of the dipole moment p, then only the TLSs with non-zero bias (A # 0) can
contribute to the critical current fluctuation. Furthermore, the dominant dipoles are those
with A > Ag, note that most of the TLSs will satisfy this condition since the TLSs are

uniform in A but is logarithmic in Ag: P(A, Ag) dAdAy = Py/Ay dAdA,.



CHAPTER 8

FUTURE WORK AND PRELIMINARY RESULTS

8.1 Introduction

In this chapter we will describe preliminary results from two experiments that could form the

basis for further work in measurements of critical current noise.

8.2 Piezoelectric response

In chapter 7 we have investigated the TLS electric dipole coupling to an external static electric
field. The dipole coupling modifies the energy of the TLS in each localized well by an amount,
e = —P - E, so that the result of its interaction with an external E-field is a modification of
the TLS asymmetry energy by an amount, dA = 2P - E. The aligned electric dipole moment,
P =P -E, of the TLS can thus be defined as:

-1 0A
P=-——— 8.1
2 0|E| (8.1)
Similarly, since the TLS also interacts with the phonon strain field, S, we can define an

elastic dipole moment v given by:
1 0A

7= 5@ (8:2)

We have fabricated an Al-AlO,-Al junction identical to that measured in chapter 7, but on
a 200 ym? thick STO substrate. The backside of the STO substrate was coated with 200 nm

of gold to form the backgate. To tune the strain in the STO substrate, a backgate voltage V;

129
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is applied between the backgate and one of the junction electrodes.

SrTiOs (STO) was chosen as the piezoelectric substrate due to its giant piezoelectric effect
at low temperatures. In conventional piezoelectric materials, such as PZT (PbZr,Ti;_,O3) or
lithium niobates (LiNbO3), the piezoelectric constant tends to diminish at low temperatures.
STO however exhibits the inverse behavior where it is a weak piezoelectric at high temperatures
but exhibits a giant piezoelectric effect at low temperatures [28].

Unfortunately we have measured only one of such device, while the junction was character-
ized by a few isolated Lorentzians, the random telegraph signal in the time domain was not
sufficiently separated and large enough to submit to a time domain analysis. However we may

still provide some analysis of the strain response in the frequency space.

8.2.1 Measurement overview

10" E 48V
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Figure 8.1: Resistance noise at T'= 5 K, taken at V, = 6 mV with for a range of backgate

voltages V;, = 48 — 62 V. The traces start with the darker colors at V, = 48 V and the
lightest color at V, =62 V.
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The strain response due to an applied electric field is given by:

Sij = dyij By, (8.3)

where for our STO substrate, we find from Grupp and Goldman [28], dyz, ~ 1 x 107 m/V.

Since our substrate is 200 pm thick, the applied strain per backgate voltage Vj is:

052z
oV

=5x107° V! (8.4)

Figure 8.1 plots the junction tunneling resistance power spectral density for a range of
backgate voltages from V;, = 48 V to V; = 62 V, taken at T' = 5 K and V, = 6 mV. We
note two TLSs: TLS-1 with a very low characteristic frequency f. ~ 0.8 Hz, and TLS-2 with
fe ~20—90 Hz which is clearly seen to move as a function of V. It is more difficult to quantify
the behavior of TLS-1 since its corner frequency unfortunately lies towards the lower cutoff
of our measurement bandwidth. However it would appear that the variance of the random
telegraph signal due to TLS-1 is strongly affected by the strain, however the corner frequency
cannot be precisely located.

Figure 8.2 shows a detailed view for V, = 48 and 48.1 V. We find that TLS-2 can be fitted
with f.(Vy = 48V) ~ 25 Hz and f.(V; = 48.1V) = 90 Hz. A change in §V, = 0.1 V in the
backgate corresponds to a §S ~ 0.5 x 1079 in the substrate strain. Unfortunately TLS-2 moves
out of the measurement bandwidth at V, > 48.125 V, and we do not have higher bandwidth
data to be able to track this TLS.

The behavior of TLS-2 is as expected for a TLS modified by an elastic dipole coupling.
The specific details of the TLS corner frequency depends on the TLS dynamics, whether it is
thermally activated, or quantum tunneling limited. However, in general the corner frequency
will be a function of the TLS asymmetry energy A, which is modified by the TLS elastic dipole

moment interaction. This behavior is clearly seen in figure 8.2.
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Figure 8.2: Detailed view of the power spectral density for V; =48, and 48.1 V. T'=5 K
and V, = 6 mV.

8.2.2 Piezoelectric response at 7' = 8 K

One particular TLS was identified at T" = 8 K, probed with a voltage bias V;, = 6 mV.
Figure 8.3 plots the power spectral density showing the TLS Lorentzian at a few selected
backgate voltages. This particular TLS has a corner frequency f. ~ 2 Hz, and as a function of
applied strain we see an obvious response in the TLS variance and a much weaker dependence
in its corner frequency. Figure 8.4A plots the strain response of the TLS variance, and 8.4B
plots the strain response of the TLS corner frequency f..

For a tunneling TLS with energy splitting £ = \/m, the power spectral density is
given by the Lorentzian [74, 38]:

Sv(f) = (Zfzsech%E/ZkT) Je

RS (&9)

where 0V = (§R/R)V is the change in the junction voltage between the two TLS configurations.

The variance response as a function of the applied strain implies that the TLS energy splitting
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Figure 8.3: Power spectral density at several backgate voltages, T =8 K, V;, = 6 mV. One
particular TLS is seen to respond to the applied strain, with f. ~ 2 Hz.
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Figure 8.4: (A) Response of the TLS variance, §V2sech?(E/2kT) to the applied strain. (B)
Response of the TLS corner frequency to the applied strain.
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FE is modified by the application of the substrate strain. In particular the cusp feature at
Vy &~ 45.5 V is reminiscent of a TLS being swept through its energy (E = \/m)
degeneracy point, by the continuous tilting of its asymmetry A. Although the strong slope
asymmetry between either side of the cusp suggests a more complex behavior, or possibly
related to a non-uniform strain-voltage response of the STO piezoelectric substrate.

On the other hand, the TLS corner frequency is seen to have a much weaker response to
the applied strain. The corner frequency has a somewhat increasing monotonic trend as the
backgate voltage is increased. However the change in the corner frequency through the range
of backgate voltages do not exceed Af. ~ 0.5 Hz.

Unfortunately the extraction of the TLS elastic dipole moment requires a much more precise

understanding on the exact TLS-strain response, which is currently still lacking.

8.2.3 Conclusions

Clearly a better understanding of the TLS strain response requires a lot more measurements to
traverse a fuller parameter space. However these initial results point to an interesting method
to probe at the dynamics of the TLSs. Already we can clearly point out that the TLS dynamics
are highly affected by the crystal strain. Critically, the way these TLSs couple to the strain
field may provide an important evidence to see whether or not they are correctly described by
the model of an atomic fluctuator localized in a double-well potential.

We note that Grabovskij et. al. [26] have performed a similar strain tuning experiment in the
TLSs coupled to a phase qubit at the qubit frequency. In that experiment they have observed

that the energy, E = /A% + AZ, of the TLSs are modified by the applied strain.



FUTURE WORK AND PRELIMINARY RESULTS 135

8.3 TLSs in an engineered tunnel barrier
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Figure 8.5: (A) IV characteristics of sample €527, a Nb-AlO,-Nb junction with co-deposited
tunnel barrier. (B) A cartoon representation of a strongly disordered amorphous AlO,
dielectric. The tunneling characteristics maybe dominated by a small area of extremely thin
barrier, with strong local disorder.

In this section we present initial noise measurements on AlQ, tunnel barriers that have
been fabricated using methods other than the standard ambient temperature oxygen diffusion.
These devices were Nb-AlO,-Nb trilayer junctions, grown by the group of James Eckstein at
the University of Illinois at Urbana-Champaign.

In one of their Nb-trilayer architectures [79, 75], the base electrode is a single crystal Nb
epitaxially grown on a sapphire substrate, followed by the deposition of a single crystal Al
buffer layer. The AlO, tunnel barrier is then grown by the deposition of Al in a flux of
oxygen atoms fed into the system through a gas injection port [79]. The co-deposited AlO,
tunnel barrier typically receives an additional oxygen diffusion step to complete the oxidation,
performed at 30 Torr of UHP oxygen for 60 minutes. A top poly-crystalline Nb electrode is
then deposited to complete the Nb-trilayer stack.

In one of the samples, sample €527, the trilayer stack was purposefully designed to not

include a buffer Al layer, instead it had the AlO, tunnel barrier co-deposited directly on the
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Figure 8.6: Time traces for T' = 20, 25,27,30 K. At T'= 30 K a second TLS with a larger
dA/A sets in.

base crystalline Nb electrode. The tunnel barrier is then completed in the standard process
with an oxygen diffusion at 30 Torr and 60 minutes at ambient room temperature.

We found that in this particular sample, the tunneling resistance exhibited a strong random
telegraph signal. This was unexpected since the junction area was approximately, A ~ 4 x
4 pm?, which we anticipated to have many activated TLSs giving rise to a featureless 1/f¢
power spectrum. On top of that, the signal due to a single fluctuator, JR/R = 6 A/A ~ 3x 1078,
should have been extremely small given the large junction size.

Figure 8.5A plots the IV transport characteristics at T = 1.8 K. The barrier non-uniformity
is apparent in the elevated sub-gap leakage current. We conjecture that this could be due to a
strong disorder in the amorphous AlO, tunneling, where some localized regions of the dielectric
can have an effectively thinner tunneling barrier, which then dominates the conduction through
the junction.

The tunneling resistance of the junction exhibited a strong random telegraph noise, in this
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case we were able to resolve two distinct TLSs that have characteristic frequencies spaced far
enough from each other to permit their observation. TLS-A is visible in the measurement
bandwidth in the temperature range 1" =~ 10 — 30 K, while TLS-B sets in at around 7' = 30 K
and dominates the noise spectrum at higher temperatures. A time trace showing the activation
of TLS-A is shown in figure 8.6. The activation of TLS-B is given in figure 8.7.

TLS-A has a fractional area, §4/A ~ 1.2x 1073, while TLS-B is larger at §4/A ~ 2.9x 1073.
While it’s not surprising that the TLSs have differing fractional areas, it is extremely unusual
in that they both seem to have extremely large effective areas.

For TLS-B we have performed a time domain analysis, identical to the procedure discussed
in chapter 7. It was found that TLS-B is governed by a simple thermal activation dynamics,
as shown in figure 8.8. The inset in figure 8.8 shows the natural logarithm of the switching
lifetime ratio In(71/72) as a function of 1/T. Despite the scatter in the data and the limited
range, extrapolation to high temperatures (1/7° — 0) is consistent with the ratio 71 /7 — 1.
This is consistent with the localized double-well representation of the TLS.

Ultimately €527 was not explored enough to fully understand why these TLSs were visible
in such a large junction. However this sample did point out the possibility of investigating
the 1/f¢ low frequency noise and the dynamics of the TLSs, as a function of the barrier
disorder. The ability to co-deposit the tunnel dielectric and vary its density and stoichiometric
composition may prove invaluable in understanding these TLSs.

One crucial lesson is perhaps the value of the ability to increase the amount of disorder
in the amorphous barrier. We suggest that the oxygen diffusion exposure (pressure x time)
following the co-deposition of the tunnel barrier can be systematically varied to study the
noise properties. If the junction can also be made small, A ~ 0.1 zm?, then the TLS dynamics
may even be more easily accessible. Importantly, a systematic study of the TLS dynamics as a
function of the barrier disorder may provide a connection to microscopic theories of TLSs. One
such theory was proposed by DuBois et. al. [15], which attributed the TLSs to a delocalized

oxygen in the amorphous AlO,, and is highly sensitive to the level of disorder.



CHAPTER 9

CONCLUSIONS

Our measurements of the 1/ f noise in Al/AlO, /Al junctions support the linear T-dependence
and noise magnitude as previously measured in Eroms. et. al. [18] and Pottorf et. al. [53].
Crucially, we have been able to observe the breakdown of the Gaussian averaging of these TLS
ensemble by investigating the noise scaling as a function of the junction area and temperature.
In particular, by investigating small junction areas, A ~ 0.005— 0.1 zm?, we have been able to
observe the deviation from a featureless 1/ ¢ spectral shape, by the appearance of pronounced
Lorentzians. By quantifying the spectral variance, ((wdS)?)/(wS)?2, we were able to deduce

the TLS defect density, n:

n~ 2.53 pm?’Kte ™! = og ~ 69.7 pm 2K (9.1)

This TLS density is curiously consistent with that obtained from heat capacity/thermal con-
ductivity /ultrasound absorption experiments which first suggested the existence of two level
systems in glassy insulators [51, 82]. In addition this density is also similar to that deduced
from counting the density of spurious avoided level crossings in qubit energy spectroscopy [65].
The consistency of the TLS density obtained across vastly different experiments is a strong
indication that the defects seen from critical current noise, avoided level crossings at the qubit
frequency, and even resonator losses originate from the same ensemble (source), namely the
amorphous native oxides (AlO;, NbO,, ...) which is the dielectric consistently encountered
in superconducting quantum circuits. Combining this estimated density with the measured

1/f power spectral density in large junctions, we are able to deduce the average fluctuator
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strength, (§A42) ~ (0.3 nm?)2.

In ultra-small junctions, we have been able to isolate a single fluctuator and studied the
dynamics of the TLS transitions. The observed tunneling rates of the individual TLS support
the conjecture that the fluctuating species is an atomic mass tunneling over distances of order,
~ 1 A. The electric dipole moment obtained from the TLS response to an external static
electric field is estimated to be in the order of, ~ 0.5 — 1 eA ~ 2—5 D. While we conclude that
the fluctuating species is likely to be an atomic species (as opposed to electrons), the precision
of our estimate is not sufficient to single out the most probable atomic mass.

At the beginning of this project the question of critical current noise in qubits equated to
asking: what is the magnitude of the 1/f noise, and is it or will it ever be large enough to
limit qubit coherence? Our experiments have shown that the junctions and temperature in
the typical qubit operation is well below the threshold for the breakdown of 1/f noise. On the
other hand, our results suggest that the same TLSs that caused 1/f critical current noise are
the same TLS species that currently limit resonator losses in qubit operation.

In approaching a modern problem in the form of decoherence in superconducting qubits,
we have re-entered a field that was started over four decades ago with the first observation of

anomalous heat capacity in insulating glasses [82].
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