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STRONG COUPLING PHYSICS

ULTRA

IN CIRCUIT-QED SYSTEMS
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SUPERCONDUCTIVITY

PHENOMENA




PERFECT CONDUCTIVITY

superconductor

normal metal




PERFECT DIAMAGNETISM

MEISSNER EFFECT

external
magnetic fields

- - = —_ -
-

. additional
Je.nternal -
agnetic fiel




SUPERCONDUCTIVITY

| HEORY



THE GINZBURG-LANDAU [ HEORY

COMPLEX ORDER PARAMETER

L 3%

3
r %

v

>

V(r) = v/p(r) explig(r)] Js(r) oc Ve +2mA/d;



FLUX QUANTIZATION

(QUANTIZED SUPER-CURRENT)

Single-valued-ness




SOMETHING VERY DIFFERENT



SIMPLE PENDULUM

F:dP:ma:mf
dt
dL

7

T: =7 X F

L =rxP

—mg@gsinf = me20



SIMPLE PENDULUM

1 :
L =T-V = §m€26’2 — mgl(1 — cos )

0L 0%

dt Of 00 U

—mg@gsinf = me20



SIMPLE PENDULUM

PQ
H=T = ¢ 1 —
+V o 73 mgl(1 — cos )
H=P0—-Z. szzag
00

{0, Py} =1




QUANTUM PENDULUM

_ B
- 29mi2

s " [é, pH] -
—mg sinf P\mg cosf
w = mg

i mag¥t cos 2




|OSEPHSON EFFECTS



JOSEPHSON JUNCTIONS

¢ C =
D — be

i, = ELW, — JWg, W, =+/Ne®
iﬁ\ifR = ERVUpr —JV;, Vgr = NRei¢R

» DC Josephson Etffect
Is = Ny = —Ng = I;sin(¢)

@
\57 » AC Josephson Effect
\E‘vz/ hgf}:EL—ER:2eV




JOSEPHSON JUNCTION

+ DC Josephson Effect
15 — I_j sin(gb)

+ AC Josephson Effect
¢ = 2eV/h




SMALL |JOSEPHSON |UNCTION

_ OR
= oL . 2eV  2e(@
¢ ?b_ h hC
Q:—lein(qﬁ)
" b = —w?sin(9)
= —wj sin
;E 0 26/_/
} PTG



MACROSCOPIC QUANTIZATION

J

X

|
C

N W AN )
I /

| ) =

p/2

H = Ecn? — Ejcos . [gg,ﬁ] — 1
2¢€)?
EC .= (22
hl;  1,Pg
E;) .= —
’ 2e 27
hwp = \/2ECE;



TWO EXTREMES




SUPERCONDUCTING QUBITS

CHARGE, PHASE & TRANSMON QUBITS



QUANTIZED CHARGE

(QUANTIZED NUMBER OF COOPER PAIRS)

0)

1)

- Z N Bouchiat et al. (Phys. Scr., 1998)
Hqu't = ;{lo Q/QT&' 5 GHz Nakamura et al. (Nature, 1999)




QUANTIZED CHARGE

E; = 0.3E¢ [, n] =i

B dominant

H = Ec(n — ng)2 —EJ COqu
i § 1

H ~ EC(ng — ].)O'Z — iEJO'X




PHASE QUBIT

D ANHARMONIC OSCILLATOR
o ~ 10

205 - ¢
2.0
15
S | ® |
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| 7 %

0.0: N/
10  -05 00 05 1.0



U(9)

PHASE QUBIT

BIASED ANHARMONIC OSCILLATOR

U(p)
- T R S
|
|
; f

perturbation

Marti

nis et al.

Stef

en et al.

(
(

NN

H=Ec(n—ng)* —E jcosp — |

|, 2002)

|, 2006)



QUANTRONIUM / TRANSMON QUBIT

(UNBIASED) ANHARMONIC OSCILLATOR




QUANTRONIUM / TRANSMON QUBIT

(UNBIASED) ANHARMONIC OSCILLATOR

Cottet (PhD, 2002)
Vion et al. (Science, 2002)

E; = 2FE,

E/Ec

O N AN @) 00)
| |
\/g




[ RANSMON QUBIT (ATOM)

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

| -jdl;C’.iC'r’l
CPW ground plane (Nb) (AI/ALO §

Q)21 ~ 5 GHz

e ————————— L ———— - —— | e —

CPW center pin (Nb) -
]_ | SC island 1 (Al

Hqubit — §QO-Z

SCisland 2 (Al)
CPW ground plane (Nb)

290 um



C’in

T RANSMON QUBIT E,

ANHARMONIC OSCILLATOR Ec

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

| 1
7, Eg . Z
L, C, OB‘L gI?ISIZI é} Hqubit — _QO-
o 2

(2/27 ~ 5 GHz

(a)

Vg




CIRCUIT QED

(Cavity QED system based on superconducting circuit)



“TRADITIONAL T CAVITY QED SYSTEM

FUNDAMENTAL LIGHT-MATTER INTERACTION

. photon frequency
. atomic transition frequency

: photon loss rate

2 I <@ &

- atomic decoherence rate

1:transit



RESONATOR (CAVITY)

Blais et al. (PRB, 2004)

w/2m ~ 5 GHz

Eims = 0.2V/m




C’in

T RANSMON QUBIT E,

ANHARMONIC OSCILLATOR Ec

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

| 1
7, Eg . Z
L, C, OB‘L gI?ISIZI é} Hqubit — _QO-
o 2

(2/27 ~ 5 GHz

(a)

Vg




CIRCUIT QED SYSTEM

Blais et al. (PRB, 2004)

g/2m ~ 50 MHz

Hcoupling — g(a]L T a)UX




CIRCUIT QED SYSTEM
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g/2m ~ 100 MHz

Hcoupling — g(a]L T a)OX

Houck et al. (Nature, 2007)



1 HE RABI MODEL

1
HRabi — waTa -+ §QO'Z -+ g(aT - a)O'X

% . cavity photon loss rate
> ¥ . qublt decoherence rate



w/2m ~ Q)21 ~ 5 GHz
g/2m ~ 50 MHz

g/w~ 107-1

» Bishop et al., Nature Physics (2009)
+ Niemczyk et al., Nature Physics (2010)



SO, LET'S SOLVE THE RAB



1 HE RABI MODEL

1
HRabi — waTa -+ §QO'Z -+ g(a‘L - a)O'X

o x . cavity photon loss rate
o ¥y qublt deconherence rate



STRONG COUPLING,
ULTRA STRONG COUPLING,
RESONANCE, ...




WEAK-COUPLING LIMIT
g =20

1
Hrab = waTa | 2QO'Z —I—g‘@j—!ﬁaﬁl




3, 1)

2,7)

1, 7)

0, 1)

{|n,o) | n=0,1,2,---; 0 =1,]}

WEAK-COUPLING LIMIT & =0

4, 1)

3, 1)

2, )




"STRONG  COUPLING

Jaynes-Cummings Model (Rotating Wave Approximation)

RYKELK W

(an +a)(ocT +07) = (aTJ_ +ac™) + (aﬂLJJr + ac ™)
H—/ %/_/

rotating counter-rotating

1
HRabi — waTa | ZQO'Z -+ g(a‘L -+ a)O'X




ROTATING VS, COUNTER-ROTATING

3, 1) 4, 1)
2,7) 3, 1)
(a'c” +act)+(a'ot + a0™)
—_— ) ~————
rotating counter-rotating 1,1) 2,1)
0, 1) \ 1,1)
0, ])

{[no)|n=012--;0=11]}



4, 1)

3, 1)

2, 1)

1,])

0, |)




THE |JAYNES-CUMMINGS MODEL

(ROTATING WAVE APPROXIMATION)

1
Hjc =wa'a+ 5(202 + glact +a'o™ )+ g(ac™ + afo™)
~————

counter-rotating

o x . cavity pnoton loss rate
o ¥y . qubit decoherence rate



THE |JAYNES-CUMMINGS MODEL

(ROTATING WAVE APPROXIMATION)




| — {(nJr 1/2)w +

::(n 1/2)60:

(Q —w)/2 gv/n—+1 _}_
gvn+1l —(Q-w)/2|[ ||n
- /g2(n+ 1)+ (2 — w)?/4




"STRONG  COUPLING

Jaynes-Cummings Model (Rotating Wave Approximation)
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g(aT + a)((fL +07) = g1 (CLTO'_ + a0+) —FQQ(CLTO'_I_ + aoc™)
—_—  ~——_—

rotating counter-rotating

9 =491 = 92

ttransit

T A

ST




ULTRA-STRONG COUPLING

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




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



Energy

Drive power (dB)
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VACUUM RABI OSCILLATION

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

Schmidt et al., (PRB, 2010); Raftery et al., (PRX, 2014)
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RECURRENT DELOCALIZATION

Phys. Rev. Lett. |16, 153601 (2016)
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QUASI-EQUILIBRIUM
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Phys. Rev. Lett. | 16, 153601 (2016)



BACK TO THE RABI MODEL
but from the (Infinrtely) strong-coupling limit



INFINITELY STRONG-COUPLING LIMIT
g — OO
HRabi — waTa + %Z + g(aT + a)O'X

n, £) = D(+g/w) |n) x |+)

D(z) = exp(za' — z*a)

En,: ~ wh + ﬁ(e_gz/zuﬂ)



INFINITELY STRONG-COUPLING LIMIT
g — O

@ /\ -0

(Franck-Condon effect in polaron physics)



PARITY CONSERVING REPRESENTATION

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

1
Hrabi = wa'a + §QO'Z +g(a" +a)o”

T4 = cos(ﬂaT a)o*

b= ac”™

1
Hrabi = wb'b — g(b' + b) 59 cos(mb' b)1?




[ DRESSED STATES

(Generalized Rotating Wave Approximation)

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

n,e/o) = Dy(g/w)|n), x |e/o)

Ene/o = wn+ ﬁ(e_gz/zwz) g > w



0.1

10

g/w



DUALITY



DUALITY

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

~ 1 /Q [4g? w2
H— H= D (aHD N
- (@)HD(a), a P \/w ( Wl  4g° )

- 1 .
H~ wa'a+ Eﬂﬁz — g(a' + a)5~

~y

Q  4g° g wS?
Q~ wO 4g°

0



DUALITY!

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

- 1 .
H=wa'a+ 2Q — g(a' + a)5”?

252w}
W 2g2
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