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THIS TUTORIAL IS ...

» Obviously, about superconducting qubits;
» But not only about superconducting qubilts;

» Introduce general paradigm to understand solid-state, or even
most general, qubrts.




THE PRIMARY SPIRITIS ...

.. UTMOST SIMPLIFICATION

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

— C. Caves (1981) —



(GENERAL INTRODUCTION

BACKGROUND & MOTIVATIONS



L IGHT-MATTER INTERACTION

Photon ’\/\/\/\/\/\/ Iwo-Level

Light

Energy +
(+dark energy)

(+dark matter)




CAVITY QED

» Simple yet highly non-trivial.
+ All essential features of light-
matter interaction.

ttransit Courtesy of Blais et al (PRA, 2004)
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TWO LIMITATIONS
of the conventional cavity QED

. The coupling Is weak.
2. The qubit 1s not topological.



CIRCUIT QED SYSTEM
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Blais et al. (PRA, 2004) Wallraff et al. (Nature, 2004)



| IGHT & | OPOLOGICAL MATTER

What I1s the smallest unit (if any) of the topological mat

A sim

ble yet ¢

uintessence-selzing moc

er!

el of topological matter?

. lo 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.



SUPERCONDUCTIVITY

PHENOMENA



PERFECT CONDUCTIVITY

superconductor
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- normal metal
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PERFECT DIAMAGNETISM

MEISSNER EFFECT

external
magnetic fields

\_ additional

agnetic fiel










FLUX QUANTIZATION

MACROSCOPICALLY QUANTUM




SUPERCONDUCTIVITY

| HEORY



TWO APPROACHES

MICROSCOPIC VS MACROSCOPIC

* Ihe BCS Theory
* The Ginzburg-Landau T'heory



1THE BCS [HEORY

COOPER PAIRS



THE GINZBURG-LANDAU [ HEORY

COMPLEX ORDER PARAMETER

,
r %

o>

V(r) = v/ p(r) explio(r)] Js(r) x Vo + 21 A/



COMPLEX ORDER PARAMETER

(MACROSCOPIC QUANTUM PHENOMENA)

superfluid density

—
V(r) = p(r) xexplio(r)]

super-current

J(r)=Vo+21A/dg




FLUX QUANTIZATION

(QUANTIZED SUPER-CURRENT)

Single-valued-ness




MACROSCOPIC QUANTUM EFFECTS



COMPLEX ORDER PARAMETER

}
r %

o>

V(r) = v/ p(r) explio(r)] Js(r) x Vo + 21 A/



JOSEPHSON JUNCTIONS

¢ C =
Dy B

Ih\UL = EV, —JVgp, VY, = V NLeiqu
ih\ifR = ERVgr — JV,, Vi = NRei¢R

+ DC Josephson Effect
Is = N = —Ng = I;sin(¢)

®
\57 » AC Josephson Effect
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JOSEPHSON JUNCTION

+ DC Josephson Effect
/5 = IJ sin(qb)

» AC Josephson Effect
¢ = 2eV/h




SMALL JOSEPHSON |UNCTION
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MACROSCOPIC QUANTIZATION
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JOSEPHSON JUNCTION CIRCUITS

LIKHAREV, DYNAMICS OF JOSEPHSON ... (1986)




QUANTIZED FLUX

(QUANTIZED SUPER-CURRENT)

Single-valued-ness
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RING WITH A JOSEPHSON JUNCTION
(RF-SQUID)

A de Js = (—2eps)— / de (V¢ : 27TA>




RING WITH A |JOSEPHSON JUNCTION
(RF-SQUID)

| A | [gdﬁ-JS = (_QGPS)%LCM' (V(b | i:A> =0




SINGLE-JUNCTION FLUX QUBIT

» Supercurrent

ls = —I,sin(2md /dp)

Q % -
~=—V="=_6
C

% Ip = —Co

» Displacement current

» Equation of motion P = bt + Ping = Pexe + L(Is + Ip)

.. 1 I .
TR Ejsm(ZWCD/CIDO)

» Lagrangian

* Hamiltonian



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

(SUPERCONDUCTING QUANTUM INTERFERENCE DEVICES)

ZSOJ‘FQT('(D/(DO =0
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T UNABLE |OSEPHSON JUNCTION
DC SQUID

Is = Is1 + Iso = 31 sin(@1) + 12 sin(¢»)

(V1 —g02—|-27'('¢/¢0 =0
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e N——
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SUPERCONDUCTING QUBITS

CHARGE, PHASE & TRANSMON QUBITS




QUANTIZED CHARGE

(QUANTIZED NUMBER OF COOPER PAIRS)

0)

. = Z - Bouchiat et al. (Phys. Scr, 1993)
Hqu't = {lo Q/QT&' 5 GHz Nakamura et al. (Nature, 1999)




QUANTIZED CHARGE

Ey=0.3E¢ (@, n] =i

dominant

e
H= Ec(n— ng)2 —E;cos ¢

1
H~ Ec(n;, —1)o° — §EJO'X




PROS & CONS

+ All electric

» Simple and fast

» oo sensitive to environment (substrates, etc.) charges
» Short decoherence time



PHASE QUBIT

BIASED ANHARMONIC OSCILLATOR




PHASE QUBIT

BIASED ANHARMONIC OSCILLATOR
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U(9)

PHASE QUBIT

BIASED ANHARMONIC OSCILLATOR
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T RANSMON QUBIT

(UNBIASE

D) ANHARMONIC OSCILLATOR
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QUANTRONIUM / TRANSMON QURBIT

(UNBIASED) ANHARMONIC OSCILLATOR

Cottet (PhD, 2002)
Vion et al. (Science, 2002)
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T RANSMON QUBIT E,

ANHARMONIC OSCILLATOR Ec

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

Still significant through large gate capacitance
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Ci

T RANSMON QUBIT E,

ANHARMONIC OSCILLATOR Ec

Houck et al. (Nature, 2007/)
Koch et al. (PRA, 2002)
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SUPERCONDUCTING FLUX QUBITS



| RI-\JUNCTION FLUX QUBIT

van der Wal et al,, Science (2000)
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| ateral size of the qubit ~ 1um
I, ~ 484 £ 2nA, &, ~ 10 >,
AE ~ 0.33 £0.03 GHz

Tsw ~ 10~ 100ns, 74 ~ 1ms
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SUMMARY

|, Superconductivity
2. Macroscopic Quantization
3. Superconducting Qubits



Nl THE NEXT TUTORIAL ...



L IGHT-MATTER INTERACTION

Photon ’\/\/\/\/\/\/ Iwo-Level

Light

Energy +
(+dark energy)

(+dark matter)




CAVITY QED

» Simple yet highly non-trivial.
+ All essential features of light-
matter interaction.

ttransit Courtesy of Blais et al (PRA, 2004)
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CIRCUIT QED SYSTEM
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Blais et al. (PRA, 2004) Wallraff et al. (Nature, 2004)



