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SUPERCONDUCTIVITY
PHENOMENA



PERFECT CONDUCTIVITY

NOT A CONCERN HERE!



PERFECT DIAMAGNETISM
MEISSNER EFFECT

MORE RELEVANT



SUPERCONDUCTIVITY
THEORY



THE GINZBURG-LANDAU THEORY
COMPLEX ORDER PARAMETER



FLUX QUANTIZATION
(QUANTIZED SUPER-CURRENT)
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SOMETHING VERY DIFFERENT



SIMPLE PENDULUM
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QUANTUM PENDULUM

<latexit sha1_base64="+pFfPL/1jNhz2DZ9Zm9hw/yks8Y=">AAABu3icbY87T8MwFIWveZbyCjCyWHRhgCqJgJahqBJLxyDRh4RL5Bi3NXUesh0eivpv+DWssPBvaNIyVOVM3z33XOncIJFCG9v+QSura+sbm6Wt8vbO7t6+dXDY0XGqGG+zWMaqF1DNpYh42wgjeS9RnIaB5N1gfJvvuy9caRFH9+Y94f2QDiMxEIyaqeVbN2RETQs3MBkoyrJ88nxiRtzQR3eSuSHhUk4Jn+NwmDNhsc5Ts4xvVeyqXQgvgzOHShNDIc+3BuQpZmnII8Mk1frBsRPTz6gygkk+KZNU84SyMR3ybCxehWJ60Xwrfj7Ld9NX/rkIqRlNykWx63rddWt4Gf6Kddyqc1W9vLuoNL1ZQyjBMZzAKThQgya0wIM2MPiAT/iCb9RADD0jOYuuoPnNESwIpb+u+nv9</latexit>
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JOSEPHSON EFFECTS



JOSEPHSON JUNCTIONS

• DC Josephson Effect

• AC Josephson EffectE1

E2



JOSEPHSON JUNCTION

• DC Josephson Effect

• AC Josephson Effect
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SMALL JOSEPHSON JUNCTION
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Ĥ = EC n̂
2 � EJ cos �̂, [�̂, n̂] = i
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TWO EXTREMES
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Ĥ = EC n̂
2 � EJ cos �̂, [�̂, n̂] = i
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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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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)



QUANTRONIUM / TRANSMON QUBIT
(UNBIASED) ANHARMONIC OSCILLATOR
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QUANTRONIUM / TRANSMON QUBIT
(UNBIASED) ANHARMONIC OSCILLATOR
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Cottet (PhD, 2002)
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TRANSMON QUBIT (ATOM)

Hqubit =
1

2
⌦�z

⌦/2⇡ ⇠ 5GHz

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



TRANSMON QUBIT
ANHARMONIC OSCILLATOR

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

Hqubit =
1

2
⌦�z

⌦/2⇡ ⇠ 5GHz



CIRCUIT QED
(Cavity QED system based on superconducting circuit)



“TRADITIONAL” CAVITY QED SYSTEM
FUNDAMENTAL LIGHT-MATTER INTERACTION
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ω : photon frequency

! : atomic transition frequency

ε : photon loss rate

ϑ : atomic decoherence rate



RESONATOR (CAVITY)

Hcavity = !a†a

Erms = 0.2V/m

!/2⇡ ⇠ 5GHz

Blais et al. (PRB, 2004)



TRANSMON QUBIT
ANHARMONIC OSCILLATOR

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

Hqubit =
1

2
⌦�z

⌦/2⇡ ⇠ 5GHz



CIRCUIT QED SYSTEM
Blais et al. (PRB, 2004)

Hcoupling = g(a† + a)�x

g/2⇡ ⇠ 50MHz



CIRCUIT QED SYSTEM

Hcoupling = g(a† + a)�x

Houck et al. (Nature, 2007)

g/2⇡ ⇡ 100MHz
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THE RABI MODEL

HRabi = !a†a+
1

2
⌦�z + g(a† + a)�x

𝜅 : cavity photon loss rate 
𝛾 : qubit decoherence rate



!/2⇡ ⇠ ⌦/2⇡ ⇠ 5GHz

g/2⇡ ⇠ 50MHz

g/! ⇠ 10�3–1

• Bishop et al., Nature Physics (2009)
• Niemczyk et al., Nature Physics (2010)
• …



SO, LET’S SOLVE THE RABI



THE RABI MODEL

HRabi = !a†a+
1

2
⌦�z + g(a† + a)�x

𝜅 : cavity photon loss rate 
𝛾 : qubit decoherence rate



STRONG COUPLING, 
ULTRA STRONG COUPLING, 

RESONANCE, …

g ⇠
p
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! = ⌦

“strong” coupling

“ultra strong” coupling

resonance

g � , �



WEAK-COUPLING LIMIT
g = 0

HRabi = !a†a+
1

2
⌦�z + g(a† + a)�x



WEAK-COUPLING LIMIT
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{ |n,�i | n = 0, 1, 2, · · · ; � =", # }
<latexit sha1_base64="hOHDA4MFEaUOoYMxQarAcJ7Oxys="></latexit>



“STRONG” COUPLING
Jaynes-Cummings Model (Rotating Wave Approximation)

, � ⌧ g ⌧ !

(a† + a)(�+ + ��) = (a†�� + a�+)| {z }
rotating

+(a†�+ + a��)| {z }
counter-rotating

HRabi = !a†a+
1

2
⌦�z + g(a† + a)�x
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THE JAYNES-CUMMINGS MODEL
(ROTATING WAVE APPROXIMATION)

𝜅 : cavity photon loss rate 
𝛾 : qubit decoherence rate



THE JAYNES-CUMMINGS MODEL
(ROTATING WAVE APPROXIMATION)

|n, "i
<latexit sha1_base64="1K5ItUgthsIuneotLbFnhszvYYI="></latexit>

|n + 1, #i
<latexit sha1_base64="yODMwZqkekmVCNb6vX+CjFOFNT8="></latexit>




|n, "i

|n + 1, #i

�
=

⇢
(n + 1/2)! +


(⌦� !)/2 g

p
n + 1

g
p
n + 1 �(⌦� !)/2

��
|n, "i

|n + 1, #i

�

<latexit sha1_base64="Ax0FFUJ+IuHI8LNg60bIn1JOOr0="></latexit>

En,± = (n + 1/2)! ±
p

g2(n + 1) + (⌦� !)2/4
<latexit sha1_base64="uiH4UMf59RTC9n5OModRKR8ss4Y="></latexit>



“STRONG” COUPLING
Jaynes-Cummings Model (Rotating Wave Approximation)
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g1 →= g2



ULTRA-STRONG COUPLING

ADV. QUANT. TECH. 3, 2000085 (2020)



Bishop et al., Nature Physics (2009) 
Bishop, PhD Thesis (2010)



VACUUM RABI OSCILLATION

Bishop et al., Nature Physics (2009) 
Bishop, PhD Thesis (2010)
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PHOTON BLOCKADE
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Schmidt et al., (PRB, 2010); Raftery et al., (PRX, 2014)

red curve: no decoherence, no photon loss 
black curve: small decoherence+photon loss
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RECURRENT DELOCALIZATION
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BACK TO THE RABI MODEL
but from the (infinitely) strong-coupling limit



INFINITELY STRONG-COUPLING LIMIT

HRabi = !a†a+
1

2
⌦�z + g(a† + a)�x

|n,±i = D(±g/!) |ni ⇥ |±i

En,± ⇡ !n + O(e�g2/2!2

)

g ! 1

D(z) ⌘ exp(za† � z⇤a)



INFINITELY STRONG-COUPLING LIMIT
g ! 1

(Franck-Condon effect in polaron physics)



PARITY CONSERVING REPRESENTATION

HRabi = !a†a+
1

2
⌦�z + g(a† + a)�x

Hwang & Choi (PRA, 2010; PRB, 2013)

⌧ z ⌘ cos(⇡a†a)�z

HRabi = !b†b � g(b† + b) +
1

2
⌦ cos(⇡b†b)⌧ z

b ⌘ a�x



DRESSED STATES

Feranchuk et al. (JPA, 1996); Irish (PRL, 2007) 
Hwang & Choi (PRA, 2010; PRB, 2013)

(Generalized Rotating Wave Approximation)

|n, e/oi = Db(g/!) |nib ⇥ |e/oi

En,e/o ⇡ !n + O(e�g2/2!2

) g � !
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DUALITY



DUALITY
Hwang & Choi (PRA, 2010) 

Hwang, Puebla, & Plenio (PRL, 2015)
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DUALITY!
Hwang & Choi (PRA, 2010) 

Hwang, Puebla, & Plenio (PRL, 2015)
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