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L IGHT-MATTER INTERACTION

Photon ’\/\/\/\/\/\/ Iwo-Level
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CAVITY QED

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

ttransit Courtesy of Blais et al (PRA, 2004)

1
H=wa'a+g(a+a")o” + §Qaz




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.



SUPERCONDUCTING RESONATOR

CAVITY FOR MICRO-WAVE PHOTONS




SUPERCONDUCTING T RANSMISSION LINE

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




SUPERCONDUCTING | RANSMISSION LINE

Blais et al. (PRA, 2004)
Wallraft et al. (Nature, 2004)
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FQUIVALENT CIRCUIT
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QUANTIZATION
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RESONATOR (CAVITY)

Blais et al. (PRA, 2004)
Wallraff et al. (Nature, 2004)
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w/2m ~ 5 GHz




CIRCUIT QED SYSTEM

~.

g/2m ~ 50 MHz

Hcoupling — g(a]L T a)UX

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

)



RABI HAMILTONIAN

w/2m ~ 5 GHz g/2m 2 50 MHz

resonator coupling
~ = 1 e N
Hrapi = wala + Q0" +g(a+ al)o*
N——
qubit

(/21 ~ 5 GHz



CIRCUIT QED SYSTEM
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g/2m ~ 100 MHz

Hcoupling — g(a]L T a)OX

Houck et al. (Nature, 2007)



EXOTIC QUANTUM STATES OF PHOTONS

PHOTON BLOCKADE AND DELOCALIZATION

Phys. Rev. Lett. | 16, 153601 (2016)
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picture from schmidt et al. (PRB, 2010)



RECURRENT DELOCALIZATION
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QUASI-EQUILIBRIUM
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BACK TO THE RABI MODEL |

from the weak-coupling limit



1HE RABI MODEL

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

o K . cavity photon loss rate
o y . QuDbIt deconerence rate



VWEAK-COUPLING LIMIT
g =10




WEAK-COUPLING LIMIT g =0
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"STRONG  COUPLING

Jaynes-Cummings Model (Rotating Wave Approximation)

RYKELK W

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

rotating counter-rotating



"STRONG  COUPLING

Jaynes-Cummings Model (Rotating Wave Approximation)
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PHOTON BLOCKADE

Schmidt et al., (PRB, 2010); Raftery et al., (PRX, 2014)
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red curve: no decoherence, no photon loss
black curve: small decoherence+photon loss



BACK TO THE RABI MODEL |

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 eftect 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
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QUASI-EQUILIBRIUM

20 VA AV A ATV WA WAV AT AW

0 '200 5000 10000 15000 20000

t

One more transition!
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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)

~ 1 ~
H = wa'a + 2Q —é(éff + a)o”
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QUANTUM SENSING



KONDO PHYSICS



KONDO EFFECT IN NANO-DEVICES
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Temperature

 Glazman & Raikh, Pis’'ma Zh. Eksp. Teor. Fiz. (1988),
* Ng & Lee, Phys. Rev. Lett. (1988), ...

* Goldhaber-Gordon et al., Nature (1998),
 Cronenwett et al., Science (1998),

 Wiel et al., Science (2000), ...
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CHARGE VS SPIN FLUCTUATIONS
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NEW EXPERIMENT ON KONDO

Nature 545,71 (2017)

M. Desjaradins, J.Viennot, M. Dartiailh, L. Bruhat, M. Delbecq,
M. Lee, M.-S. Chol, A. Cottet, I. Kontos
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H = HQD + wOaTa + gnd(a 1 an) 1 thoton loss

D" (w) = Dy (w) + gDy (w)x(w) D" (w)

1

D™ (w) ~
() w —wo — g*x(w) + ik




Bruhat et al. (PRX, 2016)

g/2m ~ 65 MHz

T ~ 250 mK
b [ ~ 0.7 meV
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COULOMB BLOCKADE REGIME
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KONDO RIDGE
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MANIPULATION OF DECOHERENCE




MINIMA
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WHAT IS THE WIKIPEDIA ANIMATION ABOUT!

HOMEOMORPHISM

lopological states cannot be studied by homeomorphnism!



—HOMEOMORPHISM VS HOMOTOPY

* "Homeomorphism' concerns about the continuous
deformation of the topological space.

» "Homotopy' distinguishes continuous variations of continuous
mMaps from one to another topological space.




FROM MOMENTUM SPACE TO HILBERT SPACE
(FROM LATTICE TO WAVE FUNCTIONS)
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SU-SCHRIEFFER-HEEGER MODEL

(1D SPINLESS FERMION ON A BIPARTITE LATTICE)
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SU-SCHRIEFFER-HEEGER MODEL

(1D SPINLESS FERMION ON A BIPARTITE LATTICE)




SU-SCHRIEFFER-HEEGER MODEL

(1D SPINLESS FERMION ON A BIPARTITE LATTICE)




SU-SCHRIEFFER-HEEGER MODEL

(1D SPINLESS FERMION ON A BIPARTITE LATTICE)




SU-SCHRIEFFER-HEEGER MODEL

(1D SPINLESS FERMION ON A BIPARTITE LATTICE)




1T OPOLOGICAL SUPERCONDUCTOR

Kitaev (cond-mat/00 | 0440) Alicea et al. (Nat. Phys, 201 1)




STATES OF MATTER

opological number = +|

Ordered

broken symmetr
( /4 Y) Topological number = 0

JTopological number = -|

Disordered



"SYNTHETIC KITAEV QUANTUM WIRE
(Synthetic Spin-Orbit Coupling)
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SYNTHETIC KITAEV QUANTUM WIRE
(Synthetic Spin-Orbit Coupling)

¢
Py g

H=3" 3" |ebj b —t(b] be1q +hc.)

_ atz _(bz,TbE—l-l,i — bz,¢b€,T) -+ h.C._

; |
» Conceptually straightforward. A v g

» The chain index plays the role of isospin.

» Dealing with Bosons (instead of Fermions).



CAPACITIVELY COUPLED |OSEPHSON JUNCTION LADDER

Josephson junction

+ ' ‘ Capacitive coupling
Choi, Choi & Lee (PRL, 1998) ﬁ !:

ee (
Lee, Choi & Chol (PRB, 2003)
Shimada & Delsing (PRL, 2000)




MOEBIUS JOSEPHSON LADDER (M]L)

Kitaev (US Patent, 2010; cond-mat/060944 1)

twisted
boundary
condrtion

periodic
boundary
condrtion




MOEBIUS JOSEPHSON LADDER (M]L)

il

Kitaev (US Patent, 2010; cond-mat/060944 1)

twisted
‘\g boundary

condrtion

» |lopology In the real space
(unlike most other topological materials)

* [he energy scales as ~ | /L.



L IGHT- T OPOLOGICAL QUBIT COUPLING SCHEMES
PROTOTYPES BASED ON JOSEPHSON JUNCTION ARRAYS




* The electric field o

SYNTHETIC KITAEV QUANTUM WIRE

RN

\4\

» Conceptually straightforward.
" photons plays the role of the

magnetic field for the synthetic Kitaev quantum wire.
[ he coupling Is thus very strong as the islands are
microscopically large (still macroscopically small).




MOEBIUS JOSEPHSON LADDER: |

(Kitaev's Example, cond-mat/060944 |)

NOT TO SCALE

v
o

» Modulations of quantum phases only.

» Big difference In scales (centimeters vs sub-millimeters)
+ Spatiotemporal effects of the circurt resonator?



MOEBIUS JOSEPHSON LADDER: |

» Directly switching between the periodic
boundary condition and the twisted boundary
condrtion.

+ Effectively switching the topological states of
the Moebius Josephson ladder.
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