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THIS TUTORIAL IS …

• Obviously, about superconducting qubits; 
• But not only about superconducting qubits;
• Introduce general paradigm to understand solid-state, or even 

most general, qubits.



— C. Caves (1981) —

“Throw away all details not necessary” for understanding the 
fundamental .…

THE PRIMARY SPIRIT IS …
… UTMOST SIMPLIFICATION



GENERAL INTRODUCTION
BACKGROUND & MOTIVATIONS



LIGHT-MATTER INTERACTION
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CAVITY QED

Courtesy of Blais et al (PRA, 2004)

H = !a†a+ g(a+ a
†)�x +

1

2
⌦�z

• Simple yet highly non-trivial.
• All essential features of light-

matter interaction. 



TWO LIMITATIONS

1. The coupling is weak.
2. The qubit is not topological.

of the conventional cavity QED



CIRCUIT QED SYSTEM

Blais et al. (PRA, 2004) Wallraff et al. (Nature, 2004)



LIGHT & TOPOLOGICAL MATTER

1. To realize topological qubits based on Josephson junction arrays.
2. To achieve the topological QED architecture (with strong 
coupling).

3. To explore the fundamental light-topological matter interaction.

 What is the smallest unit (if any) of the topological matter?
 A simple yet quintessence-seizing model of topological matter?



SUPERCONDUCTIVITY
PHENOMENA



PERFECT CONDUCTIVITY



PERFECT DIAMAGNETISM
MEISSNER EFFECT







FLUX QUANTIZATION
MACROSCOPICALLY QUANTUM



SUPERCONDUCTIVITY
THEORY



TWO APPROACHES

• The BCS Theory
• The Ginzburg-Landau Theory

MICROSCOPIC VS MACROSCOPIC



THE BCS THEORY
COOPER PAIRS
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THE GINZBURG-LANDAU THEORY
COMPLEX ORDER PARAMETER



COMPLEX ORDER PARAMETER
(MACROSCOPIC QUANTUM PHENOMENA)

 (r) =

superfluid densityz }| {p
⇢(r) ⇥ exp[i�(r)]| {z }

super-current
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FLUX QUANTIZATION
(QUANTIZED SUPER-CURRENT)
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Single-valued-ness



MACROSCOPIC QUANTUM EFFECTS



COMPLEX ORDER PARAMETER



JOSEPHSON JUNCTIONS

• DC Josephson Effect

• AC Josephson EffectE1

E2



JOSEPHSON JUNCTION

• DC Josephson Effect

• AC Josephson Effect



SMALL JOSEPHSON JUNCTION

C

IJ



MACROSCOPIC QUANTIZATION

C

IJ

�1 �0.5 0 0.5 1
0

1

2

3

4

5

�/⇡

!p
~!p/2



TWO EXTREMES
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JOSEPHSON JUNCTION CIRCUITS
LIKHAREV, DYNAMICS OF JOSEPHSON … (1986)



QUANTIZED FLUX
(QUANTIZED SUPER-CURRENT)
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Single-valued-ness



RING WITH A JOSEPHSON JUNCTION
(RF-SQUID)
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SINGLE-JUNCTION FLUX QUBIT

• Supercurrent

• Displacement current

• Equation of motion

• Lagrangian

• Hamiltonian

Q

C
= V =

~'̇
2e

= ��̇
<latexit sha1_base64="33X2GWKaPI8lECjiYEHoGVWLbDI="></latexit>

IS = �IJ sin(2⇡�/�0)
<latexit sha1_base64="42sU2HX7ad9t9yUSCPnyMY50b1o="></latexit>

ID = �C �̈
<latexit sha1_base64="pSmR9WGw/eF/eNvPXenab0Twt78="></latexit>

� = �ext + �ind = �ext + L(IS + ID)
<latexit sha1_base64="0HhXU7D5hSlNd+E7O2ZMEIBEg5I="></latexit>

�̈ = � 1

LC
(�� �ext)�

IJ
C

sin(2⇡�/�0)
<latexit sha1_base64="R92xAJ7fLCSBblAksha7sLsyssY="></latexit>



SINGLE-JUNCTION FLUX QUBIT
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MACROSCOPIC QUANTUM TUNNELING
Friedman et al. (Nature, 2000)



SQUIDS
(SUPERCONDUCTING QUANTUM INTERFERENCE DEVICES)



TUNABLE JOSEPHSON JUNCTION
DC SQUID



SUPERCONDUCTING QUBITS
CHARGE, PHASE & TRANSMON QUBITS



QUANTIZED CHARGE
(QUANTIZED NUMBER OF COOPER PAIRS)

Hqubit =
1

2
⌦�z ⌦/2⇡ ⇠ 5GHz

Bouchiat et al. (Phys. Scr., 1998)
Nakamura et al. (Nature, 1999)



QUANTIZED CHARGE
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PROS & CONS

• All electric
• Simple and fast
• Too sensitive to environment (substrates, etc.) charges
• Short decoherence time



PHASE QUBIT
BIASED ANHARMONIC OSCILLATOR
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PHASE QUBIT
BIASED ANHARMONIC OSCILLATOR
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PHASE QUBIT
BIASED ANHARMONIC OSCILLATOR
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Martinis et al. (PRL, 2002)
Steffen et al. (PRL, 2006)



TRANSMON QUBIT
(UNBIASED) ANHARMONIC OSCILLATOR
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QUANTRONIUM / TRANSMON QUBIT
(UNBIASED) ANHARMONIC OSCILLATOR
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Cottet (PhD, 2002)
Vion et al. (Science, 2002)



TRANSMON QUBIT
ANHARMONIC OSCILLATOR

Houck et al. (Nature, 2007)
Koch et al. (PRA, 2002)

Still significant through large gate capacitance



TRANSMON QUBIT
ANHARMONIC OSCILLATOR

Houck et al. (Nature, 2007)
Koch et al. (PRA, 2002)

Hqubit =
1
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⌦�z

⌦/2⇡ ⇠ 5GHz



SUPERCONDUCTING FLUX QUBITS



TRI-JUNCTION FLUX QUBIT
van der Wal et al., Science (2000)
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MS Thesis: Persistent Current Qubit

• Depending on the direction 

of the current, state |0!

and state |1! will add a 

different magnetic field to the 

external magnet 

• This difference is very small 

but can be distinguished by 

the extremely sensitive 

SQUID sensor

Massachusetts Institute of Technology



Lateral size of the qubit ⇠ 1µm

Ip ⇡ 484± 2 nA , �p ⇡ 10
�3

�0

�E ⇡ 0.33± 0.03GHz

⌧sw ⇠ 10 ⇠ 100 ns , ⌧� ⇠ 1ms
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SUMMARY
SUPERCONDUCTING QUBITS



SUMMARY

1. Superconductivity
2. Macroscopic Quantization
3. Superconducting Qubits



IN THE NEXT TUTORIAL …



LIGHT-MATTER INTERACTION

Energy
(+dark energy)

Matter
(+dark matter)+

Light Atom

Photon Two-Level



CAVITY QED

Courtesy of Blais et al (PRA, 2004)
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• Simple yet highly non-trivial.
• All essential features of light-

matter interaction. 



CIRCUIT QED SYSTEM

Blais et al. (PRA, 2004) Wallraff et al. (Nature, 2004)


