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Abstract of the Dissertation

Measurement of the Energy Relaxation Time in rf SQUID Flux Qubits

Wei Qiu
Department of Physics and Astronomy
The University of Kansas, Lawrence, KS

September 2007

It is well known that that superconducting qubits based on Josephson
junctions have the advantages of scalability and the qubit states are easy to prepare
and control.  In addition, demonstration of Rabi oscillations in various
superconducting circuits shows that superconducting qubits are promising for
scalable quantum information processing. However, despite flexibility of design and
fabrication, easier to scale up, and fast gate speed, superconducting qubits usually
have much shorter decoherence time than trapped ions, NMR etc. due to the relatively
strong interactions between qubits and environment. Recent experiments show that
low frequency flux noise is the dominant mechanism of decoherence in
superconducting flux qubits. However, despite extensive effort the origin of flux

noise is still not well understood. The goal of this work is to identify the source and



characterize the property of flux noise in rf SQUID flux qubit through various
spectroscopy and time-resolved measurements. Our result show that one can
determine all circuit parameters needed for reconstructing qubit Hamiltonian with
high accuracy via measurement of macroscopic resonant tunneling (MRT) and photon
assisted tunneling (PAT) and that the amount of flux noise in rf SQUID qubits scales
linearly with self inductance of the qubits. In addition, we have investigated the
dynamics of a three-level flux qubit in incoherent regime. The result demonstrates
that treating a multi-level physical qubit, such as the superconducting flux qubit, as an

ided two-level quantum system may be inadequate under certain circumstances.
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Chapter 1. Introduction

For over two decades, fascinating progress have been achieved since Leggett
and his coworkers proposed that a superconducting loop containing a Josephson
tunnel junction could exhibit a superposition of two macroscopically distinct quantum
states representing clockwise and anti-clockwise rotating supercurrents [1-3]. A
number of quantum phenomena, such as macroscopic quantum tunneling [4-8],
energy level quantization [9-11], quantum incoherent relaxation [12], macroscopic
resonant tunneling (MRT) and photonassisted tunneling [10], photon induced
trangitions, and population inversion between macroscopic quantum states [13-15]
have been demonstrated. A few years ago, superposition of two macroscopic
guantum states [16, 17] and time domain coherent oscillation between two quantum
states in various Josephson junction based superconducting circuits were aso
demonstrated [18-22]. Since superconducting quantum circuits, especially the flux
gubit based on SQUID (Superconducting QUantum Interference Device) offer
flexibility in design, scalability in fabrication, ease of initialization, state control,
single qubit addressability, and single-shot readout they have become one of the most
competitive candidates for implementing quantum computation which if realized can
solve hard computational problems that no classical computer can tackle. However,
comparing to other candidates of qubit, such as nuclear spins and trapped ions which

has long coherence time but very difficult to scale up, superconducting qubits suffer



from decoherence due to their relatively strong interaction with environment. At the
present time the biggest obstacle of using superconducting flux qubits for quantum
information processing is to significantly increase their coherence time. For this
purpose we must identify the sources and understand the mechanisms of decoherence
in superconducting qubits.

The purpose of this work is to identify the source and characterize the
property of flux noise in rf SQUID flux qubits. In this work we performed energy
relaxation time (T,) measurement in time domain and extracted low frequency flux
noise from MRT and microwave spectroscopy measurements. The results show that
low frequency flux noise is the dominant mechanism of decoherence in
superconducting flux qubits and has a linear dependence on inductance of the flux

qubits.

1.1 Superconductivity

Ever since the discovery of Superconductivity in 1911 [23], people have put
lots of effort into trying to understand the physics behind it, both experimentally and
theoretically [24-30]. Among them, are the phenomenological interpretation of
superconductivity by Landau and Ginzburg in 1950, and the microscopic picture of
superconductivity introduced by Bardeen, Cooper, and Schrieffer in 1957. The

Ginzburg Landau theory had great success in explaining the macroscopic properties



of superconductors and later becomes the foundation of understanding Type | and
Type 1l superconductors predicted by Abrikosov. The BCS theory shows that
superconductivity in conventional superconductors is due to electron pairs mediated
by electron-phonon interaction. The two electrons have equal and opposite spin and
momentum and the electron-electron interaction is through the exchange of phonon
energy. When the energy difference between the two electrors is less than the
phonon energy, the interaction is attractive. The attractive interaction dominates over
the repulsive screened Coulomb interaction and is responsible to bind pairs of
electrons into a bound state with binding energy

E=2E -E>0 (1.2),
where, E_ isthe Fermi energy of the Fermi sea of electronsand E isthe eigenenergy
of the electron pairs, or Cooper pairs. At low temperature Cooper pairs, which are
bosons, condense into a single ground state. The superconducting current isa

superfluid of Cooper pairs.

1.2 The Josephson Effect

A Josephson tunnel junction consists of a thin insulating layer (tunnel barrier)
sandwiched between two superconductors [31, 32]. Cooper pairs that tunnel through
athin insulating barrier form a supercurrent. The dc Josephson effect describes the

supercurrent between two superconducting electrodes separated by a thin insulator



barrier as a function of the phase difference between the two electrodes d =q, - q,,

where g, (i=12) are the phases of the two superconductors, whose states are

described by the macroscopic wave functions y, =r "?exp(jg,) .  Supercurrent
flowing through the junction is given by:

| =1sind (1.2),
where critical current | isdefined as the maximum supercurrent that the junction can
support The time evolution of the phase difference is related to the voltage across
the junction V through the so-called Josephson voltage-frequency relation or ac

Josephson effect

dd _zev (13),
dt 7]

where 2eV corresponds to the energy change of a Cooper pair transferred across the

junction.

1.3 RF SQUID

The rf SQUID [32] consists of a superconducting loop of inductance L

interrupted by a Josephson junction with critical current 1. An externa flux
F . applied to the superconducting loop will induce a persistent current
I, =1.sn(2pF/F,). The macroscopic quantum varigble in this system is the total

magnetic flux F =F _ +LI, through the superconducting loop, where F  =h/2e isthe



flux quantum. Using the resistively shunted junction (RSJ) model [33], the dynamics
of an rf SQUID can be described as a particle (with mass C,) moving in a 1D
potential U (F) with damping coefficient R*. The classical equation of motion
(EOM) of arf SQUID can be written as

£ TU(EF

CE +—=- 1.4),
= (L4)

where, C and R are the shunting capacitance and resistance of the Josephson junction

respectively. The SQUID potentia is given by
o él, . .U
UG5 21 ) =Uog50 -] «) - bLoCOs] ¥ (15),

where, U, =(F,/2p)°/L, b,=2pLI /F, is a measure of the junction’s critical
current | interms of the current required to create one flux quantum in the loop, and
j =(F/Fo)2p andj ,=(F,/F,)2p arethe normalized total and externa magnetic
fluxes in unitof F,/2p . When b, is greater than unity, the potential can have
metastable states. The shape of the potential is determined by the parameters L, C,,
R, b, and F,. Atj,/2p=(n+Y2), U is a bounded symmetric double-well
potential. By tuning the external flux away from (n+1/2)F,, the double-well

potential is tilted. Such atilted double-well potentia is shown in Figure 1.1 with

F,=0475F, ad b ,=2. The left and right wells correspond to the SQUID being



in different fluxoid states |0) and |1) , with supercurrent flowing in opposite

directions.

1.4 Quantum Computation
1.4.1 Quantum Bit (Qubit)
An ideal qubit is a two-state quantum system, with two basis states |0) and
|1). Unlike a classical bit, which can be in only one of the two available states at a
time, a qubit can be in alinear superposition of the two basis states
v )=al0)+b]) (L6),
where, a and b are called probability amplitude and in general are complex

numbers. Hence, [a| (|b[") is the probability of finding the system in the state |0)

(1)) and faf +[b?|=1.

1.4.2 Quantum logic gate

In gate model quantum computing, quantum information is processed by a
series of quantum logic gates. A quantum logic gate is a unitary transformation on a
set of qubits. Generally, an arbitrary quantum computation on any number of qubits

can be generated by a finite set of gates, including single qubit gates and any type of



2-qubit gate [34, 35]. The most common single qubit gate is the NOT gate (denoted

as X). The matrix representation of the NOT gate is given by

é0 1y
Xog v (7).
él O

FIG. 1.1. The double well potential of an rf SQUID a F =0.475F, and
b,=2. |0) and [1) fluxoid states represent supercurrent flowing in opposite

directions in the superconducting loop of the SQUID.



The prototypical 2qubit quantum logic gate is the controlled-NOT gate or
CNOT gate. A CNOT gate is a quantum gate with two qubits, known as the control

qubit (control bit) and target qubit (target bit), respectively. The action of the CNOT
can be expressed by [c) [t} ® |c) [tAc), where A denotes addition modulo two.

The state of the target bit after the operation depends on the state of the control bit, if

the control bit is in the |0) state, the target bit will not change its state. However,
when the control bit isin the |1) state, after the gate operation, the state of the target

bit will change from |0) to [1) or |1) to|0). Thetruthtable of the CNOT gate is given

by
C T C T
0) [0) @ |0) [0)
0 1) @ [0 1 (18)
D10 @ 1[5
D 1L ® [ o)

where C (T) denotes the control (target) bit. The matrix representation of the

controlled-NOT gate, U, iSgiven by

6l 0 0 Oy
9 1 0 oY

U, =€ u 1.9
0 0 1 of



The qubit state can be expressed as a vector |y ) pointing to the surface of the Block

sphere (Figure 1.2) interms of angles f, and f, as described by [36]:

v) :cos%z|0)+e"1$in%|1) (1.10),

<y

2

FIG. 1.2. Bloch sphere




1.5 Tunable D rf SQUID asflux qubit
In our experiment, the single junction was replaced by a compound Josephson
junction [10, 12-14, 16, 37]. The compound junction consists of two Josephson

junctions in parallel enclosed in a small superconducting loop of inductance |. The

Hamiltonian of an isolated rf SQUID with zero dissipation is given by
p2
H="E+U(F 1.11),
2C ( ) ( )

where C =2C, (assumed two Josephson junctions are equal). The potential energy of
an rf SQUID with a compound junction which consists of two junctionsin a small

loop, replacing the single junction is given by

CER (F.-E)
U=(F F\) +( 4 XC“) - E, cos(;p C“_cosa%p__+E smgp °”$|n892pi9
2L 2 oo & Fop € Fop & Fop
(1.12),
here, F and F  arethe total magnetic fluxes in the rf SQUID and the small loop

formed by the compound junction respectively. F, and F,; arethe magnetic fluxes

applied to the rf SQUID loop and the small compound junctionloop. Thekinetic

energy terms are

2 2 2
o 1T (1.139),
2m,  2(2C,) i &

2 2 2
Py o 1T (1.13b),
2my; 2(Co/2) i g

10



where E,, =E,, £E,, are the sum and difference of the two junctions’ Josephson

coupling energy asdefined by E; =7l_/2e. Thispotential can also be written as

é1, . .\ b O . @6, U
U =Uo<5(1 - X)2+%(J g1 ) - b, cosC 21‘ +0S] +b.smg%:—9n1 ¥
e e %) e 9 u
(1.14),
2
where, U0=4F§L, b, =b, b, =2pL (I, +1,)/Fy, g=L/l. j,j, jqadj, ae
p

the normalized form of F, F,, Fy and F, in units of F /2p. The dynamic

di
variable j describes the in-phase motion of the compound junction which resultsin a
circulating current in the large loop while j ; describes the out of phase motion that
results in a circulating current in the small loop. Note that m =4m; as the
circulation current in the big loop sees the two junctions in paralel while that in the
small loop sees them in series. The model can be readily generalized to junctions
having not only different |_, but also unequal capacitances and asymmetric small
loop inductance. However, as variationsin C, and | are much less than that in | for
real devices, their effects are usualy negligible. Equation (.14) can be further
reduced to a simpler form by eliminating the term containing b. when the two
junctions are identical. The Hamiltonianof the system isdetermined by atotal of five

independent device parameters which can be chosen as L, C,, g, andb, . In the limit

of L/I>>1onehas | »j ,; ad the potential can be approximated very well by the

11



1D potential of Equation (1.5) with b, =b, cos ,;. Thetilt (e) and tunnel splitting

(D) of the double well potential can be tuned in situ by adjusting F, and F

Xcjj 1

respectively.

L

FIG. 1.3. Schematic drawing of atunable D rf SQUID

12



15.1 TheTwo-leve qubit

In general, a dissipative quantum two-level system (TLS) can be described by
the “spin-boson” model developed by Leggett et al. [38]. The Hamiltonian of a TLS

can be written in the spin-1/2 notationas:
1 . -
H=- E(esz +05) (1.15)

and s, (i=x,y,z) arethe Pauli matrices. In the rf SQUID, & low tenperatures, only

the lowest energy states in the two wells contribute, while all excited states can be
ignored. In this case, the rf SQUID is reduced to a two-state quantum system which
can be described by Equation (1.15). The diagonal term e in the Hamiltonian is
proportional to the applied flux F, which sets the tilt of the double-well potential.

The off-diagonal term D isthe tunneling amplitude between the wells which depends
on the barrier height exponentialy. E;, = i%\/ez +D? are the eigenenergies of the

two energy eigenstates |0) and |1).

15.2 TheThree-leve flux qubit

However, a physical qubit, for instance an rf SQUID flux qubit, has more than
two levels. Dipole coupling between qubit's two-computational states to its
noncomputational states could lead to significant problems, such as intrinsic gate

error and leakage to the noncomputational states during qubit manipulations [39], and

13



multiphoton transitiors in the presence of a strong field [40-45]. In order to address
these issues, al -type three-level SQUID flux qubit has been proposed recently [46-
48], which has advantages over the traditiona two-level qubit. In a three-level qubit
an auxiliary level is utilized to greatly increase the value of W,T,, where W, and T,
are the frequency of Rabi oscillation and energy relaxation time between the two
computational states respectively. It istherefore important to understand dynamics of

athree-level flux qubit.

1.5.3 M echanisms of decoherence

In area qubit system, coherence between macroscopic quantum states can be
destroyed by decoherence such as dephasing and energy relaxation [49, 50]. A recent
study shows that dielectric loss from insulating material or inside the tunnel barrier
can aso lead to short coherence times [51]. In superconducting qubits based on
Josephson junctiors, several sources of dephasing have been discussed, such as 1/f
background charge fluctuation, bias flux fluctuation, and critical current fluctuation
[52-55]. Energy relaxation which results in spontaneous decay of the qubit states is
due to and proportional to dissipation For a sufficiently isolated superconducting
qubit dissipation broadens the energy levels so that the lifetime of the excited states
becomes finite. Theory predicted that at low temperatures, where the energy level

gpacing is much larger than k,T , the width of the n-th excited state is given by

14



dE, =E,/Q [56, 57], where Q is the quality factor of the classical small-amplitude
oscillations in the potential well. 1t should be noted that asthe level of damping is
increased quantum coherence will be destroyed but other distinct quantum effects,
such as energy level quantization and resonant tunneling between quantized energy

levels, can be preserved.

15



Chapter 2. Experimental Setup

The qubit is an rf SQUID that consists of a large superconducting loop

interrupted by a compound junction (as shown in Figure 2.1). The flux signa

induced by the changes of qubit supercurrent as the qubit changes the state (from |0)
to |0) or visa versa) will be captured by an inductively coupled superconducting

guantum interference device (dc SQUID) magnetometer. The qubit circuits, which
include the qubit, dc SQUID magnetometer, flux control lines, and coplanar
waveguide (CPW) for state manipulation with microwave, were fabricated using a
self-aligned lift-off (SAL) process [58, 59] by Prof. Lukens group at the State
University of New York at Stony Brook. Considerations have been given to
minimizing external noise and increasing the signal-to- noise ratio of the qubit signal
detected by the magnetometer. For instance, in order to obtain the appropriate
coupling strength between the magnetometer and the qubit, their loops partially
overlap each other, which results in a mutua inductance of 23.4 pH. Another
example is the adoption of a 2" order gradiometer configuration in the qubit design to

null out the effect of large scale flux noise.

16



2.1 SampleDesign

The qubit sample is mounted inside a niobium (Nb) sample cell thermally
anchored to the mixing chamber of an Oxford Kelvinox 400 dilution fridge. The flux

bias F, and the microwave are coupled to the qubit via thin film gradiometer coils on

the same chip.

Supercurrent
compound JJ - < i F

qubit

Dc SQUID flux bias

Energy bias
-+ F, J3: Nb/AIOx/Nb

Magnificaion Working Distance
300 x 10 mm \ —50 pm— |

FIG. 2.1. SEM image of an rf SQUID qubit with 2" order gradiometer

configuration, its flux control coils, and dc SQUID magnetometer.

17



2.1.1 Qubit

The dimension of the 2" order gradiometer is 180" 180 um? with 5pum
linewidth The salf inductance of the loop is L =1077 pH , which is calculated using
the MIT Fasthenry program. To adjust the Josephson coupling energy in situ the
qubit superconducting loop is interrupted by a low inductance (1 =18 pH) compound
junction (dc SQUID). Figure 2.1 shows the SEM image of an rf SQUID qubit circuit.
Because L/I>>1, a one dimensional (1D) potential is therefore an excellent

approximation to the exact 2D qubit potential [60]. The externa flux bias F, is
applied through a gradiometer coil, which is placed 24 um away from the qubit loop
with self inductance of 135 pH . The mutual inductance between the qubit and the F
lineis 1.17 pH , which is determined from the periodicity of the transition between the
two qubit states near F, =F /2 asshown in Figure 2.2.

The Josephson coupling energy of the compound junction is controlled by a

flux Fy generated by an on-chip single turn coil. The distance between the

compound junction and F ; coil is 12 um and the mutual inductance is about 0.4 pH.

18



0.92

0.88
<
S 0.86
_(f)
0.84
4
N ™,
0.82
0.0 0.5 1.0
b (¢0)
FIG. 2.2. Transition steps between the qubit’s two flux states distinguished by
the magnetometer.
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FIG. 2.3. Thefirst two energy levels as a function of flux bias near F o/2 for two

different valuesof qubit characteristic impedance.
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The large 2" order gradiometer configuration served the following purposes:

1. Toreduce the effect of low frequency flux noise on dephasing (Figure 2.3).
Increasing the qubit characteristic impedance Z, =JL/_C makes the qubit less
sensitive to the low frequency flux noise as the rate of dephasing depends linearly
on the dope of the qubit energy level which is inversely proportional to the qubit
characteristic impedance: 1E/fF, p Z;*.

2. To make the qubit insensitive to ambient magnetic field fluctuatiors.

2.1.2 The Magnetometer

An underdamped dc SQUID magnetometer with a hysteretic current-voltage
characteristic inductively coupled to the qubit is used to read out the qubit state. The
magnetometer consists of two Josephson junctions in paralel, each having a
capacitance C =90fF in a superconducting loop. The self inductance of the loop,
L,=120pH . The total critical current, 1 ,=218pA , (assuming two identical
junctions) are determined by comparing the width of the switching current
distribution measured at a temperature well below the quantum-classical crossover
temperature, T, =aw,/2pk, , to the MQT theory [61]. The dynamics of the dc
SQUID can be described as a particle of mass 2C, moving in a 2D potential [32, 62,

63]. The current through the dc SQUID has two components. A circulation current,

s
Icir ’

corresponds to the flux induced in the SQUID and a common mode current
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equals to the bias current, | . An externa flux coil F_ placed 5um away from the
dc SQUID was used to apply a magnetic flux F  toit. When a constant bias current

| is applied to the dc SQUID, its switching current oscillates as a function of F _ as

shown in Figure 2.4.

20 _.__..J'-._
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FIG. 2.4. Measured dc SQUID magnetometer flux-switching current transfer

function of sample (VJKQC4-3-40) a T=30 mK. The mutua inductance

M_=2.14pH isobtained from the periodicity.
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2.1.3 Single Shot Readout

The mutua inductance between the qubit and the dc SQUID is M = 23.4 pH
(within 10% of the value estimated from Fasthenry). This cowling strength is
obtained by measuring the difference between the dc SQUID's mean switching

current, DI, , when the direction of qubit circulation current is reversed. It is

s !

straightforward to show:
DI, =M @3 (1)- 15 (0)g(Mm./TF ) (2.1),

where, | isthe circulating current in the qubit loop and i, /TF ,, isthe sope of the
dc SQUID’s current-flux transfer function. For example, in Figure 2.2, the height of
the step at F,/2 is DI, =70nA , which occurs when the qubit switched from one

fluxiod state to the other. Figure 2.5 shows that the qubit state can be determined

from a single-shot measurement by ramping the bias current up to 0.94 pA .

2.1.4 On-chip microwave coupling
An onchip microwave line is placed 20 um away from the qubit loop with a

mutual inductance of 1.38pH . It is connected to a semi-rigid microwave coaxial

cable via an on-chip superconducting coplanar waveguide (CPW) and is wire bonded
to an interconnection CPW on a PCB, where the central conductor of the semi-rigid

microwave coaxial cable is soldered to the centra conductor of the CPW on the PCB
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while the ground plane of the CPW is grounded to the Nb sample block. Both of the

on-PCB and on-chip CPWs are designed to have a characteristic impendence of 50 W

//
T T T T T 7 A T T T T T T T T T
60 —m— qubit state |1> y
uﬂ?‘m —m— qubit state |0> \
50 F\ |
|
40 .
_ |
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30 ’ \ -
.
20+ 7
\
|
10 4 i .
j J F
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0 Ei lk—- |
I T I T I T I T ///1/ T [T [T L L |
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0.96 098 1.00 1.02 1.04 1.06
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FIG. 2.5. Plot of the histograms of the dc SQUID switching current distribution,
where it clearly showed that two fluxoid states |0fi and |1fi of the qubit can be

distinguished by the dc SQUID.
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2.2 Experiment Design
2.2.1Filters

To protect the qubit from extraneous noise from the environment, several
filters were used in series inside the dilution fridge [22, 61, 64, 65] (Figure 2.8). A
24-channel discrete-element RC low pass filter is thermally anchored at 1K pot. Each
current and voltage channel contains a RC network with a cutoff frequency of
~5kHz. The capacitors have been tested at about 1.5 K, showing no change of their
values. 10kO meta film resistors were used for the magnetometer dc current bias

and voltage signal channels. For F_, F and F,, flux bias lines, since a few

milliamps of current is needed for the experiment, 1kO resistors were used. At
higher frequencies, the attenuation decreased dramatically, due to stray capacitance
across the resistors and twisted pairs. We found that it is very important to make a
very good thermal anchor, otherwise the power dissipated in the resistors could drive
the superconducting wires normal all the way down to the sample cell.

To attenuate blackbody radiation from wires at higher temperatures a 12-
channel microwave copper powder filter (CPF) [66] has been constructed for the
experiment. The CPF consists of 12 NbTi wire spiral coils inside a copper box filled
with 325 mesh Cu powder with grain size of 3.25~4.5um. The CPF is equipped
with two Cinch connectors, as displayed in Figure 2.6, and was thermally anchored at
the mixing chamber. As each grain appears to be insulated from its neighbors by its

surface oxide layer, the large surface area produces atremendous attenuation. The
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measured attenuation of such a filter is greater than 90 dB at 1.4 GHz. Figure 2.7
shows an example of the measured transmission coefficient of a CPF using a 5 feet
long, 0.0055" diameter NbTi superconducting magnet wire. The diameter of the
spiral coil is~ 0.1". The main propose of using NbTi wire is to avoid Joule heating

from the dc bias current lines as NbTi is superconducting below 10 K.

2.2.2 Sample Cdll

The qubit chip is mounted on an Au plated oxygen free copper (OFC) block
using GE varnish. The block is assembled inside an Nb sample cell with two 0-80
OFC screws. The sample cell, which is equipped with three SMA connectors,
becomes superconducting below 9.2 K and will shield the qubit chip from
fluctuations of ambient magnetic field. The Nb sample cell and the 12-channel
microwave CPF were mounted to a Au plated OFC platform thermally connected to
the bottom of the mixing chamber of the dilution refrigerator (Figure 2.6) whose base
temperature is ~ 6 mK. Two more 0-80 OFC screws were used to thermally anchor
the OFC block. The temperature can be regulated up to 1.5 K by a heater attached to
the mixing chamber using a PID controller. The qubit circuit is connected to a PCB
board through Al wiring bonding. The dielectric constant of the PCB board is similar
to the Si substrate to reduce impendence mismatch. The leads on the PCB board were

then connected to the CPF and the external measurement circuit through a PCB
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interconnection bridge. The Al bonding wires also become superconducting when the
temperature is below 1.14 K. The measured self inductance of each Al wire is about
1 nH/mm.

The fridge is inside a dewar which is mounted on a vibration free stage. Two
Mu-metal cylinders surround the inner and outer vacuum cans to form magnetic
shields. The dtill radiation shield is Pb plated. A cryoperm cylinder was placed
outside the inner vacuum can to further attenuate ambient magnetic fields. All
electrical wires from the chip to room-temperature measurement electronics are
filtered with electromagnetic interference (EMI) filters at the top of the cryostat at
room temperature. A solid copper shielded room equipped with double-shielded
cables and shielded metal connectors formed a continuous conducting enclosure that

extended from the sample block to the battery-powered part of the setup.
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FIG. 2.6. Assembled Nb sample cell (left) with low pass cooper powder filter

(right) on the Au plated copper plate.
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FIG. 2.7. Measured transmission coefficient of the Cu powder filter. The

sengitivity of the network analyzer on Sp1 measurement is about -90 dB.
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2.3 Measurement Setup

2.3.1 TheElectronics

A cryogenic coaxia cable with superconducting NbTi-in-CuNi matrix inner
conductor and braided CuNi outer shield [67] with the characteristic impedance

Z=50W, were installed in the fridge as a pulsed bias current channel, 1 ., In

addition to the dc current bias line connected to a single ended dc SQUID
magnetometer. It was anchored carefully at different temperature stages and was
connected to the top of the CPF before entering the Nb sample cell (Figure 2.6).

The pulsed bias current for readout dc SQUID is supplied by a 200 MHz
Tektronix arbitrary waveform generator (Tektronix AWGA420) with maximum output
voltage of 2V. A 50 W semi-rigid coaxial cable goes from the generator to one of the
superconducting NbTi pulse lines via a SMA connector at the top of the fridge. A
10kW resistor (RR1220P-103-B-T5) is used inside the Nb sample cell to limit the
current on the device.

The dc bias current was supplied by the same source, but connected with a
50 W TNC cable through EMI filters before entering the fridge. The current bias
level applied to the dc SQUID was calibrated using an HP3458A multi- meter by
monitoring the voltage across a 1kW resistor at room temperature. When the dc
SQUID switched to the finite voltage state, the voltage signal across the dc SQUID
was sent to an Agilent 53131A universal counter/timer through a low noise voltage

preamplifier (Stanford Research SR560).
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The direction of the current circulating in the qubit loop, clockwise or
counterclockwise, represents the qubit in the |0) or |1) state. The flux change

induced from the change current direction can be detected by the inductively coupled
dc SQUID. Therefore, the qubit state can be distinguished by measuring the
switching probability of the dc SQUID. To read out the state of the qubit, a 30-ns
current pulse was applied to the dc SQUID through the pulsed bias current line
(Figure. 2.9). The amplitude of the applied current pulse to the dc SQUID was
selected (dashed line in Figure 2.11) by measuring the switching probability as a
function of pulse amplitude for each qubit state. Following the short bias aurrent
pulse is a few tens of micro-seconds of plateau with the amplitude just above the re-
trapping current of the dc SQUID. The purpose of this plateau is to allow the readout
electronics at room temperature to have enough time to record the switched event as
the bandwidth of the readout electronicsis ~5 kHz.

The computer and al ac-powered instruments were placed outside the
shielded room. Measurements of the dc SQUID voltage noise spectrum showed no
peak at 60 Hz and its harmonics. Extensive tests were performed using low critical

current junctions to ensure that extraneous noise was negligible down to 10 mK.
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FIG. 2.11. dc SQUID switching probability as a function of the amplitude of the
applied current pulse through the current pulse bias line. |0f(|17) correspond to the

qubit state with counterclockwise (clockwise) circulation current.
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2.3.2 Microwaves

Microwaves were applied to the qubit to induce transitions between qubit
energy levels when the microwave frequency matches the level spacing. In order to
reduce noise coupled to the qubit, the microwave line was attenuated by two 20 dB
attenuators (ATT-0275-20-SMA-02), which were thermally anchored at 1K pot and
mixing chamber respectively. All the attenuators and dc block have been tested at <
4.2 K to ensure that they are working properly for cryogenics applications.

To generate nanoseconds microwave pulses, the output of an Agilent E8251
20 GHz synthesizer operated in CW mode was fed to the radio frequency (RF) port of
an M/A-COM MYB85C mixer. The mixer's IF (intermediate frequency) was
connected to the output of an Agilent 81110A pulse/pattern generator with a
frequency range of 1 mHz to 330 MHz. The mixer’s LO (local oscillator) port then
output pulsed microwaves, whose width was defined by the width of the pattern
generator TTL pulse. The timing of the pulse is synchronized by the marker, whichis

a TTL pulse from the AWG. The shortest pulse width obtained with this setup was

1.515 £0.25ns.
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Chapter 3. Experimental Procedure and Results

The complete energy level structure of an rf SQUID is determined by the
energy eigenvalues and eigenvectors of the rf SQUID Hamiltonian (1.14). Once we
have the complete knowledge of the Hamiltonian, we can quantitatively investigate
the quantum dynamics of the qubit. An important property of rf SQUID is that al rf
SQUIDs with the same “potential shape parameter”, b ,, and the same “ characteristic
impedance’, Z,° JIJ_C share a common set of eigenvectors and their eigenenergies
are identical when normalized to each SQUID's LC resonance frequency
W, © 1/4/LC . Reconstructing the SQUID Hamiltonian with parameters b, and Z,,
along with the energy scale parameter w, ., rather than the original device parameters,
is more fundamental to the rf SQUID qubit design, data analysis, and the
interpretation of experimental results.

In this chapter, we show first how to obtain the SQUID parameters b, Z,,

and w, . from macroscopic resonant tunneling as well as photon assist tunneling. The
inwell energy relaxation time is then inferred from measuring the inter-well energy
relaxation time. The implementation of three L - shaped energy levels of a multilevel
rf SQUID qubit will also be presented for the sake of circumventing the problems of

two-level SQUID qubitsdiscussed previously.
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3.1 Reconstruct the qubit Hamiltonian
When two of the Josephson junctions of the compound junction are identical,
the Josephson coupling energy E,, =E,, +E,, and E, =0. The Hamiltonian

(Equation 1.14) can be rewritten in the following form

H(x) = zpr’;]+2m/v x?- E; cosg2p (x+j ,)§ (31),

where, m° CF3, x° (F - F,)/F,=j -j,,and E; =7l /2eis the Josephson couwpling
energy. The Hamiltonian can be further written in the form of
H (x) =H(x) 7w, (3.2,

where, H(x) isadimensionless function of xgiven by

H (X) %14.1(.5_ %J_O b COS| a)

e y.. U
H(x)= we & 25 $20 5 8\/§a (27 +a)+ “ (3:9).

Here, a" and a are the creation and annihilation operators, N ° a*a is the number

operator and J ° JmNLC /h . Interms of the original SQUID device parameters
J?°2pR,/Z, (3.4),

where R, ° h/ 4e” » 6.45 kW is the resistance quantum.

3.1.1 Cross coupling between qubit flux biaslines

The rf SQUID flux qubit is a 2" order gradiometer which nulls out the effect

of a gpatialy uniform magnetic field fluctuation on the qubit (See Figure 2.1). Even
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though efforts were made to reduce these cross couplings at the stage of qubit design,
(for example, F,is applied to the qubit as a gradient field and to the compound
junction as a uniform field), the cross-talk does exist between flux control lines, dc
SQUID, and qubit due to the geometric layout in the qubit circuit. Table 3.1 givesthe
coupling matrix generated during the qubit design using Fasthenry; for instance, the
mutual inductance between F, and F,; is 30 fH. These cross couplings have been
confirmed during the experiment. In order to precisely tune the qubit and its control
circuits, steps are needed during the entire measurement to compensate for the cross

couplings F, =M/1,+F? (i, j =m,x,xcjj) [68]. Inamore detailed form

PP, T, TF,0
| [ l .+
&Fmo (éﬂFm ﬂFx T[FXCJJ _elmo a:?no
JRCT-RL T R Y- (35),
CEICM, M Ty Tg| - g,:0 =
o ¢ 78 i g & g

cTF TR TR -
gE1, M Ty

where M/ isa 3" 3 matrix, and F? isthe flux trapped at zero current bias.

This equation also converts current to flux thus allowing us to set the exact
working conditions of the qubit and its control and readout circuits. The diagorel
elements of the matrix are the inductive coupling strength between the dc SQUID
magnetometer and its flux bias line, §F /i, , the qubit and the F, flux bias line,

fF,/M, , and the compound junction enclosed small loop and its flux bias line,

% /M - TF,./M, isdetermined by measuring the periodicity of the dc SQUID
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switching distribution as a function of external flux F  as displayed in Figure 2.4.
Similarly, the qubit circulation current also shows a period of F, in F_, from which
the value of fF ,/fl, can be extracted (see Figure 2.5). The coupling strength
TF . /M is determined by measuring F(F,) a a function of F,; near

F, =t05F,. At F, =+05F,, the deviation between F (F,) and a draight line

xdj
reaches a minimum value as plotted in Figure 3.1. The result is 6.30 mA/F,. Once
the diagonal elements of the coupling matrix are known, the off-diagonal elements
can then be determined by monitoring the flux shifts generated by other flux bias
lines.

Equation (3.5) allows us to properly compensate cross couplings so that

precise control of the qubit and the read-out circuit can be obtained.
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straight line, fromwhich 11, /TF ,; =6.30 mA/F, was obtained.

Table 3.1.

xdjj

5.0

=+05F, to a

Coupling strength of qubit and its control and read-out circuits. The

valuesin red color are the measured values.

2J (pH) qubit phi_x phi_mod [ dc SQUID | CPW phi_cxjj Qubit_cjj
gubit 1077.00 | 1.25/1.09 0.02 21.08/23.4 | 1.5/1.38 0.06 -

phi_x 135.57 0.02 0.03 0.08 0.03 0.00
phi_mod 51.96 2.26/2.14 0.01 0.01 0.00
dc SQUID 123.48 0.05 0.109/0.182 0.00
CPW 135.59 0.06 0.00

phi_cxjj 87.00 0.39/0.33
Qubit_cjj 17.79
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3.1.2 Macr oscopic Resonant Tunneling (MRT)

By varying the external flux, F,, quantized energy levels in one of the double
wells can be aligned with one of the energy levels in the opposite well, therefore the
tunneling rate can be resonantly enhanced. In our experiment, the tunneling rate was
obtained by measuring the transition probability as a function of F . Their

relationship is given by

Ingh,(F, )8
T (3.6),

dwel
where, P, isthe survival probability after a dwell time t,,, . Figure 3.2 shows the
tunneling rate as a function of F_a F,;=-0241F,. The peaks marked with
arrows are where the maximum enhancement of the tunneling rate occurs, indicating
approximately the position of level anticrossing. The dc SQUID records the change
of occupation probability in the initial well as the system changes the fluxoid states.
Figure 3.3 shows the waveforms used in the measurement of the transition probability
distributions. At first, aflux bias F isapplied to the qubit to initialize the system in
a single well potential (e.g., the left well). Then, the flux bias is increased to V,,
where the qubit potential becomes a double well potential. The system has a finite
probability to stay in the upper well after atime t,,,, before a short read-out pulse is
applied to the dc SQUID to observe the resonant tunneling transitions. A fast read-
out pulse with 10 ns rising time is applied to the dc SQUID. Its amplitude and shape

are adjusted in order to distinguish two qubit states (see Figure2.11). Each measured
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point in Figure 3.2 is an average of about 10° events. After each event, the system is

returred to its origina state.

The probability vs. F, is measured by linearly

increasing the flux bias as the energy bias e dependslinearly on dj , when |dj ,|<1.

From the measured data, the separation between two resonant tunneling peaks,

DF  =4.977+0.018 mF , is obtained.
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(b

Measured tunneling rate between two qubit states as a function of

applied external flux bias F, for F,; =-0241F, a T =32mK . The arrows indicate

the positions of macroscopic resonant tunneling.
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3.1.3 Macr oscopic photon assisted tunneling (PAT)

Under the influence of a weak microwave field, a SQUID initialized in a state

i) can make a transition to another state |j) by absorbing or emitting a photon.

According to Fermi’s golden rule, the transition probability is given by

wp =2 Voo T (- B 27w, ) 3.7),

where, Vi, ; is the tunneling matrix element between the states |i) and | j), and w, is

the microwave frequency. In Equation(3.7) r isthe density of states given by

(dE +dE;)/2
(DE, £hw, )" +(dE +dE,)’ /4

r (DE; 7w, ) =% (3.8),

where, dE,, dE; are the linewidtrs of the two levels. The initial state |i) is the

ground level in the lower well and | j) is an excited state in the same well. The

population in the excited state can be greatly enhanced if the energy difference

DE; °E, - E; between the excited state and the ground state is matched to the

absorbed photon energy 7w, . Consequently, the tunneling rate from the lower well
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to the higher well can be significantly enhanced as the barrier seen from the excited

state is reduced by DE; .

Experimentally, the system was initialized in the ground state o the lower
potential well by waiting a sufficient time to allow the system to reach thermal

equilibrium. The qubit can make a transition to the 1% excited state of the lower well

by absorbing a photon with energy 7w, =DE,. The waveform used for measuring

the occupation probability of the higher potentia well with a weak microwave

radiation isshown in Figure 3.4. A 1us microwave pulse with a central frequency of
W, /2p =12.21GHz was applied to the qubit before the fast readout (RO). By
adjusting F ,; and F, the resonart condition can be achieved. Figure 3.5 isthe plot
of measured occupation probability of the higher well as afunction of F,; and F .
It is clearly shown that the resonant peaks depend not only on b, and Z,, but also on

the energy scale aw, . of the SQUID. Two useful values can be obtained from the

data.  One is the dope of the resonant pesk position in the F ;- F, plane,

(dF 27 /dF ;). Another is the position of the resonant pesk at a fixed barrier height
b, (F ). for instance, a F,;=0.275F,. The position of the resonant pesk is

F™ =6.5mF, away from 0.5F ;.
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The information obtained from the data along with the separation between the
two resonant tunneling peaks described in the previous section DF , =5.0+0.1 mF,,

uniquely determine all SQUID parameters (except the damping resistance).

<——NV\W\J< -
i
"

30ns

FIG. 3.4. Schematic plot of the waveform sequences applied to the qubit to
observe photon assisted tunneling. Top: Microwave pulses are applied to the qubit.

Bottom: A readout (RO) pulse with amplitude 1 . is applied to the dc SQUID after

the microwave pulse.
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3.1.4 Determination of Sample Parameters

The SQUID potential and energy level diagram are completely determined by
the structure parameters, b ,, Z,, and the energy scale parameter w, .. We first start
from the sample parameters L =1088 pH , C =103 fF, b , =2.287, where the value of
L is obtained from the calculation of the SQUID self inductance using Fasthenry, C
is estimated from the junction area and taking into account the specific capacitance of
45 fF/um? for the fabrication of low J. Nb/AIO./Nb junctions [58, 59]. This gives
Z,=102.7W, and w ./2p =150GHz. When using b ,=2287 and Z, =102.7W to
calculate the positions of resonant tunneling at energy degeneracy, the separation
between two resonant tunneling peaks is about 5.0 mF , compared to the value of

50+ 0.1 mF, from the MRT data. Next, we compare the position of the calcul ated

photon assisted tunneling peak, F{*", and its dope in the F,; - F, plane to the

experimental data. The calculated positions of PAT pesks are F, =0.489F , at

F. =0267F,,and F_=0483F, a F,; =0.275F,, respectively, which gives the

slope of PAT peaksin the F F, planeof dF*" /dF . =0.799. Itisclearly shown

xdj ~ xcjj
that even the initialy estimated parameters fit the MRT data well, but they don't fit
the PAT datavery wel. Therefore, the parameters need to be further adjusted.

The procedure is based on the fact that the positions of the PAT peaksin the

F .5 - F« plane depend linearly on the qubit parameters b ,, Z,, and w . asthese

parameters vary within a small range. For example, the positions of the MRT and
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PAT peaks, and the value of z°dF " /dF . were caculated for b ,=2.25 and

b, =2.41 while keeping the other two independent parameters z, =102.7W, and
W,./2p =15.0 GHz congtant. The PAT peak positions are: 1) at F,;=0.275F,,
F,=0479F, for b ,=2.25,and F, =0.495F, for b, =2.41; 2) a F,; =0.265F,,
F,=0487F, for b,=2.25,and F _=05F, for b ,=2.41. The values of z are
0.7805 and 0.846 for b, =2.25, and 2.41, respectively. Therefore, 1z /fb,, =0.4094 .
The b, dependent of PAT peak a F,; =0.275F, is -96mF ;. The MRT peak
position at F ,; =0.275F , also has a net change of 0.1 mF, when b , changes from

225 to 2.41. Following the same procedure for Z,, and w,., one can repeat the
calculation at Z,=99W, 140 W, and w,./2p =14.86 GHz , 15.57 GHz while keeping

the remaining two independent parameters fixed.
The calculated parameter partial derivative matrix islisted in Table 3.2. From
which three SQUID parameters can then be obtained:

b, =2.33+0.07
L=1041+8 pH

C=101+5fF

The calculated MRT and PAT peak positions using the parameters derived

above are in good agreement with the results obtained from the experiment. For
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instance, the solid white straight line in Figure 3.5 shows the positions of the PAT

peaks calculated from these SQUID parameters.

Table 3.2. The parameter partial derivative matrix calculated by varying the

SQUID parameters b ,, Z,, and w,. individualy.

db,, dz, (W) | dw./2p (GHz2)
(dF¥=T) (mF,)
F L =0275F 0.50000 0.04892 0.00000
PAT
dF 77 JdF 040945 | -0.00040 -0.04657
(F PAT)
g =02rsF, -96.00000 | 0.09620 -11.51344
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3.2 Inter-well Energy Relaxation Timein rf SQUID
3.2.1 Inter-well Energy Relaxation Time

In principle, quantum computation requires the qubit to remain coherent
during the gate operation. On the other hand, the qubit, in practice, is not an isolated
system [69]. The qubit state needs to be prepared and controlled in experiments, and
it inherently interacts with various degrees of freedom. For example, the rf SQUID
flux qubit interacts with flux control lines and the dc SQUID. In each operation
cycle, the coherent superposition of qubit states will be destroyed after the signal is
detected by the dc SQUID [16, 18, 43, 70]. It is extremely important to understard
the decoherence mechanisms. A recent study shows that the energy relaxation is the
dominant source of decoherence in an rf SQUID; in particular, g, = 2g, [70], where,
g, is the energy relaxation rate, and g, is the dephasing rate. As the inter-well
relaxation time is one of the fundamental measures of a qubit’s quality, it is important
to understand its mechanism in our system.

Our approach to studying the in-well relaxation time is based on a free decay
following the microwave pumping process as depicted in Figure 3.6. The barrier
height DU and the energy bias e of the double well potential are adjusted in situ so
that under the barrier there are two energy levels in the lower well and one energy
level in the upper well. For each measurement cycle, the qubit isinitially prepared in
the ground state of the lower-well. When applying a microwave pulse with duration

of t,,e, If the microwave frequency matches the energy difference between the initial
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state and one of the states in the upper-well, the system has a finite probability of
being excited directly into this upper-well state. The transition between the qubit
double-well potential results in a change in the qubit’s circulation current which can
be detected by the dc SQUID [16]. After the microwave source was turned off, we
wait aperiod of time t,,,, to alow the qubit to relax from the upper-well ground state
to the lower-well. We denote the relaxation rate from the upper-well ground state to
the 1% excited state of the lower well as g,, and the in-well energy relaxation rate
from the 1% excited state of the lower well to the ground state as g,, [17, 18, 71]. It is
easy to show that the probability of finding the system remaining in the upper-well is
given by

R(t)=a expg (91 +90)tl (3.9),
where, g,, denotes the relaxation rate from the upper well ground state directly to the
lower well ground state.

The fast current bias pulse of amplitude 1 .. and pulse length 3 ns (the

rising/faling time of the pulse is 10 ns) followed by a trailing plateau of 10 ps

(Figure 3.4) is applied to the dc SQUID via a cryogenic coaxia cable of 100 MHz.
The amplitude and the duration of the fast current bias pulse are optimized to

distinguish two qubit states as discussed in the previous chapter.
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FIG. 3.6. Schematic drawing of the qubit’'s double-well potential and the first
three energy levels. The qubit decays first from the upper-well ground state to the

lower-well’s 1% excited state after the microwaves were turned off with a rate g,,,

followed by decaying to the lower-well ground state with arate g, .
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Figure 3.7 shows the calculated energy level diagram of the SQUID qubit at

F .4 =0.303F, where energy is measured with respect to the ground state of the

lower well. The dashed line is the calculated energy barrier of the double-well
potential. Energy levels below the barrier are localized while those above it are

delocalized. The dotted line represents a photon energy of w, /2p =12.75 GHz. At

valuesof F  indicated by the arrows, the system can absorb a photon which results in
an inter-well transition.
An example of the upper-well occupation probability P asafunction of delay

time t,4,, between the falling edge of the microwave pulse and the rising edge of RO
pulse is shown in Figure 3.8. The data were taken at values of F,; =0.303F, and

F,=F,/2+547mF . The data clearly shows an exponential decay as described by
Equation (3.9). When the rate g, is much greater than g,, , g,, dominates the

relaxation process and Equation (3.9) can be reduced to

R (t)=aexp(-g1t) (3.10).

Therefore, the inter-well energy relaxation time (ggl)'1 =3.64+0.04 |is, is obtained by

fitting the experimental data to the smple exponentia form of Equation(3.10).
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FIG. 3.7. Solid color lines are the calculated energy levels for upper (diagonals)
wells and lower (horizontals) wells with respect to the zeroth level of the lower-well

a F,;=0303F,. The dashed black line is the top of the energy barrier. Arrows

mark the photon (dotted line, w, /2p =12.75 GHz) absorption resonances with energy

levels of the opposite well.
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FIG. 3.8. Measured upper-well occupation probability as a function of t,,,, for
F,;=0303F,, (F,-05F,)=547mF,. The red curve is the best fit to an

exponentia with time constant of 3.64+0.04 ps.

57



3.2.2 Effective Damping Resistance
It is well known that both the energy relaxation time T,°g;* and the
dephasing time T,°g,' lead to decoherence. In rf SQUID qubits, T, and T, are

inversely proportional to the level of dissipation [72]:

- ZpDEﬂ%ae cothamez X, | (3.11),

where, Ry isthe effective damping resistance of the qubit and X; ={|F|j)/F, isthe
reduced tunneling matrix element. Using the measured inter-well relaxation time
(ggl)'l =364+004ms aong with the applied microwave frequency of
W, /2p =12.75 GHz. The qubit depicted in Figure 3.8 a F, =F /2+5.47 mF, and
F . =0.303F, has
DE,,/h=11.04 GHz, DE,,/h=12.75 GHz, DE,,/h =1.71 GHz
X, =400 102, X, =855 10", X, =7.96" 10°3.

The effective damping resistance of R, =200 kW is obtained, which is more than 10°

times lower than the measured quasiparticle resistance of cofabricated junctions [59].
With the knowledge of the effective damping resistance of the qubit,

DE,,/h=11.04 GHz and X, =4.00" 10, we obtain the value of the in-well energy

relaxationtimetobe T, =g,; =22 ns.
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3.3 Quantum Three-Level System

3.3.1 Introduction

Superconducting qubits based on the Josephson devices, including phase qubit
(Josephson junction) [49], the flux qubit (SQUID) [49, 73, 74], and charge qubit
(Cooper pair box) [75, 76] have advantages over other qubit candidates, such as
trapped ions [77], nuclear spin [78], and cavity QED [79] in that:

1) Their states can readily be prepared and controlled [49];
2) They can be scaled up to form quantum circuits and networks [69];
3) Itisrelatively straightforward to address a single qubit and make single-shot

state readout.

On the other hand, superconducting qubits have multiple energy levels. The
noncomputational states are not well separated from the two computational states,
which can cause significant errors during the quantum gate operation.

In order to address this problem, a L - shaped three-level rf SQUID qubit has

recently been introduced [48]. The basic idea is to use an auxiliary level |a) to

facilitate gate operation while reducing the error rate. When compared to other types
of commonly used solid state two-level qubits the L -shaped three-level rf SQUID
qubit has higher quantum quality factor (i.e., the ratio between decoherence time and

gate time).
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3.3.2 Dynamics of Quantum Threelevel system

In the incoherent regime, the temporal evolution of a L - shaped three-level rf

SQUID qubit as depicted in Figure 3.6 can be described by a general master equation

dr
dt" =0w0! 0+ Goul 1+ Goa' 2 (3.12a)
dr, _
F =0uf ot Oul i+ 0pl (312b)
dr, _
dt =00l 0t 02111 70500 5, (3120)
where, g; for i, j=0,1,2 are transition rates between relevant levels and r, for

k=0, 1, 2 are the occupation probabilities of levels |0), 1), and |2).

For the three-level rf SQUID qubit, the master equation can be rewritten as

dr

= Yl o Ol s+ (9 *a) 1 (3.13a),
dr
Elzgﬂrz - Opl (3-13b)’
dr, - 3.13
dt _gozro'gzlrz'(gzo"'g)rz ( . C)’

where, g, isthe stimulated excitation rate from |0) to |2). Attime t=0, the system
is initialized at the ground state in the lower well |0), therefore r (0)=1, and
r,(0)=r,(0)=0. The occupation probabilities r ,, r,,and r, satisfy

ro+r, +r,°1 (3.14).
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When microwaves are turned off after the system reaches the steady state, the
system dtarts its free decay with spontaneous decay rate g,, from |2) to |0), g,, from
|2) to |1), and intra-well relaxation rate of g,, from |1) to |0). As from Equation
(3.14), only two of the three population r, r,, and r, are independent variables.

The master equation can be reduced to

dr,

= (0 0 ) 1o * (01 92) 2+ o (3.153),
d
# = (glo - ng)r ot (911 - glz)r 1170, (3.15h).

Generdly, for a given system, the stimulated excitation rate is proportiona to the

applied microwave power g, =aP; under the condition of weak microwave fields,

according to Fermi’s golden rule. The master equation (3.15a and 3.15b) can be

solved analytically
ro(t)=Ayexp(- Gt) + B, exp(- G) (3.16a),

r,(t)=Aep(-Gt)+Bexp(- Gt) (3.16h),

where, A, A,B,,and B areconstants. The occupation probability shows double

exponential decay with decay rates:

1 4 \1/2
Gl :E[(Zgoz 01 T0x +gzl) - 2(2902 +0,, 19, - 910)2 - 4902921H } (3.17&),

1 B 1/2
G2 :E[(Zgoz +glO +gzo +921)+g(2902 +gzo +gzl - glo)2 - 49029218 } (3'17b)’
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The complete derivation of the solution is presented in Appendix B (Dynamics of
quantum three-level system). It is clear that if A >B, (A >B,) and the two decay
rates are real, the amplitude of the slow decay term is larger than that of the fast decay
term. Therefore, the sow exponential decay term (first term) will be left in the

solutions (Equation 3.16a and 3.16b).

3.3.3 Calibration of microwave-to-qubit coupling strength

The dynamics of the three-level system provides us a unique method to
determine the microwave-to-qubit coupling. It is important to have an accurate
knowledge for precise qubit state control using microwave pul ses.

The experimental procedure is similar to that of the PAT experiment. The
system is initialized in the ground state of the lower potential well by waiting a long
enough time. The system is placed in one of the levels in the yoper well by absorbing
aphoton The waveforms sequences for the measurement of the transition probability
under weak microwave radiation are depicted in Figure 3.4. A 100 ns microwave

pulse of with a central frequency of w, /2p =12.75 GHz is applied to the qubit right

before the fast RO pulse is applied. The upper-well occupation probability, B, asa

function of microwave pulse duration t,,, iS recorded as shown in Figure 3.9 a
F.; =0303F, and F =F, /2+547 mF,. By varying the microwave power, we can

plot the upper well state excitation rate as a function of the applied microwave power.
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Once we plug into Equation (3.17a) the values of the corresponding transition rates
calculated using the SQUID parameters fitted to the upper well excitation rate versus
the microwave power (Figure 3.10), the microwave-to-qubit coupling strength

a=24.9+11MHz/mW isobtained.

3.4 Discussion

From the resonant tunneling and spectroscopy, we found the line width of the
resonant peaks is about 3 nfr o. Both inhomogeneous broadening and the intrinsic
dephasing may cause this line width. The dephasing time inferred from the line width
isabout 0.1 ns. This indicated thet the dissipation of the rf SQUID is large and the
decoherence time is very short. Therefore, we could not observe coherent quantum
phenomenon. The inferred n-well energy relaxation time, which is an independent
parameter of an rf qubit, is aso one of the decoherence sources. The measuring of
microwave-to-qubit coupling strength in a three-level setup provides us a unique

method for precise control of the qubit state using microwave.
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FIG. 3.9. Example of measuring the upper-well excitation rate by fitting the

upper-well occupation probability as a function of microwave pulse duration t,,,., for

pulse

F,;=0303F,, (F,-05F,)=547mF,.
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FIG. 3.10. Plot of upper-well excitation rate as a function of applied microwave

power for F,; =0.303F,, (F, - 0.5F ;) =5.47mF .
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Chapter 4. Flux noisein SQUID qubit

Superconducting qubits based on Josephson junction have the advantages that
they can be scaled up and their quantum states are easy to prepare and control. Rabi
oscillatiors have been demonstrated in various quantum circuits [18-22, 80], which
make the superconducting qubits promising for implementing quantum computing
[69]. However, coherence can be destroyed by decoherence such as dephasing and
energy relaxation [49] due to the strong interactions between the macroscopic
variables and the many degrees of freedom from the environment. A few
microseconds coherence time have been achieved in several experiments using
superconducting qubits which are close to realize the quantum computing (> 10 ps).
Several mechanisms of decoherence, such as background charge fluctuation [53], bias
flux fluctuation [52, 53, 55, 81], critical curent fluctuation [52], thermal fluctuations
of photon numbers [82], the dielectric loss from two level fluctuators coupled to qubit
[51], have been discussed and the list is still expanding. Unfortunately, the limited
understanding of the mechanisms of decoherence is still a mgor challenge to the use
of superconducting qubits for scalable quantum computation To identify the sources
of decoherence and to further increase coherence time are two of the crucial tasks of
superconducting qubits research In this chapter, | will present evidence which shows
that the integrated low frequency flux noise increase linearly with the inductance of

the flux gubits.
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4.1 Modds of 1/f Flux noise

Recently, several theoretical models of low frequency flux noise have been
proposed [54, 83, 84]. For example, Koch et al [54] developed amodel of low
frequency flux noise using a flux qubit whose configuration contains a
superconducting loop. In their model, decoherence is caused by unpaired electrons
trapped in defects where their spins have fixed, random orientations. An electron can
be trapped by a defect for a long period of time with the direction of its spin
remaining unchanged at low temperature [85] due to spin-orbit coupling [86].

To estimate the low frequency flux noise using Koch's model, we first assume
that the defects with density of nare uniformly distributed over the SQUID sample
with inner and outer dimensions of 2d, 2D and loop width W (Figure 4.1). Three
regions were defined: the superconducting loop, the exterior region, and the hole

region that is enclosed by the SQUID loop. A small current loop was used to

simulate mutual inductance M (x,y) between electron’s magnetic moment and the
SQUID loop. The loop area of A had acurrent i flowing in it so that Axi=m,,
where m, =9.27" 10* J/T is the Bohr magneton. The flux per Bohr magneton
coupled into the SQUID loop has been calculated, F,/m, =M(x,y)/A, and the total

mean square normalized flux noise from three regions coupled into the SQUID is

obtained:

((F,)7) =8t axydy gu (x.y)/Ag (4.2),
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where, L, is the distance beyond the SQUID loop in the integration. For reasons of
smplicity, we take the upper limit of M(x,y) tobe 1 nF /m, and the range of

integration from 10* Hz to 10° Hz during our calculation. The 1/f spectral density

of the flux noise is given by

dF, /F,)°
SFF(zf)>><( F;‘({ fF V) (4.2)

0

Notice that this model predicts that the magnitude of the rms (root mean
sguare) flux noise depends not on the total area of the SQUID but on the ratio of the
linear dimension of the SQUID for constant aspect ratio D/W .

Instead of the 1/f flux noise caused by unpaired electrontrapping as
described in Koch's model, Sousa’'s proposa of the magnetic flux noise is due to the

spin-flips of paramagnetic dangling-bonds at the amorphous-semiconductor/oxide

interface [84]. The dangling-bond forms the trapping center near the Fermi energy
(e £k, T) for interface conduction electrons with spin-flips due to the interactions
with the local structural defects at the interface, for example, Si/SO, and other
amorphous oxide interfaces that are used as the substrate for superconducting qubits.
The corresponding noise also has a 1/ f frequency dependent. In contrary to Sousa’'s
model, Bialczak et al [83] claimed that the measured flux noise should be interpreted

by the defects at the SI/SIOy interface since their devices were made on sapphire

substrates.
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Fig. 4.1. Configuration of SQUID loop and test current loop that coupled to the

SQUID and moved along the x-axis.
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4.2 Discussion

The magnitude of the flux noise can be obtained from MRT and/or PAT peak
by fitting the data to a Gaussian function. The standard deviation of the Gaussian then
equals to the root- mean-square of flux noise. It can be seen that flux noise extracted
from four qubits with various self inductances (sizes) shows a good