Cavity QED Construct:

Quantum Information Processing and Quantum Optics
for Solid State Artificial Atoms

Chang-Pu Sun (#8#)

Institute of Theoretical Physics,

Chinese Academy of Sciences

suncp@itp.ac.cn
http://www.itp.ac.cn/~suncp

, £
ITP AI 973 %‘:g;



Quantum Physics and Quantum

ITP

QPQIP in ITP CAS

Zi Song (Nankai),
Xue-Feng Liu (PKU),

Y.X. Liu, L.F. Wei (Riken, Japan)

Franco Nori (UM, US)
Paolo Zanardi (ISI, Italy),
J.Q. You (Fudan)

Z.D. Wang, (HKU)

Information Processing

P. Zhang,

Y. Li,

Y. D. Wang, .
H.T. Quan, Beijing
F. Xue

L. Zhou

T. Shi,

Y . Li

S. Yang

X.F. Qian
N. Zhao

B. Chen

Tianjin



Outline

Leturel: (Introductions)

Cavity QED Architecture: From Optical o Solid State Systems
---Superconducting Quantum Circuits and Nano-Mechanical Systems
Aprial 4, Tue 16:30-17:15 & 17:30-18:15 2.

Leturel:
Superconducting Quantum Circuit QED for Quantum Computing
Apr 8, Sat 11:30-12:15 (PHY5580)

Lecture 3.
Quantum State Transfer and Storage with Quantum Spin System
Apr 18, Tue 16:30-17:15 & 17:30-18:15

Lecture 4:
Decoherence induced by Quantum Phase Transition In Solid Systems
Apr 25, Tue 16:30-17:15 & 17:30-18:15




OoO~NO O, W NE

Related Publications and References therein

Leturel & 2:

Zhang, Y. D. Wang, and C. P. Sun, Phys. Rev. Lett. 95, 097204 (2005)
-X. Liu, J. Q. You, L. F. Wei, C. P. Sun, and F. Nori, Phys. Rev. Lett. 95, 087001 (2005)

.P.

Y.

. C. P. Sun, L. F. Wei, Y.-x. Liu, and F. Nori, Phys. Rev. A 73, 022318 (2006)

. Y. B. Gao, Y. D. Wang, and C. P. Sun, Phys. Rev. A 71, 032302 (2005)

. Y. D. Wang, Z. D. Wang, and C. P. Sun, Phys. Rev. B 72, 172507 (2005)

. Y. D. Wang, P. Zhang, D. L. Zhou, and C. P. Sun, Phys. Rev. B 70, 224515 (2004)
.Y. D. Wang, Y. B. Gao and C. P. Eur. Phys. Jour. B 40, 321-326 (2004).

. P. Zhang, Z. D. Wang, J. D. Sun, and C. P. Sun, Phys. Rev. A 71, 042301 (2005)

Lecture 3:

H.T. Quan, Z. Song, X.F. Liu, P. Zanardi , C.P.Sun, Phys. Rev. Lett. (2006) in press
X.-F. Qian, T. Shi, Y. Li, Z. Song, and C. P. Sun, Phys. Rev. A 72, 012333 (2005)
H. T. Quan, P. Zhang, and C. P. Sun, Phys. Rev. E 72, 056110 (2005)

H. T. Quan, P. Zhang, and C. P. Sun,Phys. Rev. E 73, 036122 (2006)
L. Zheng, C. Li, Y. Li, and C. P. Sun, Phys. Rev. A 71, 062101 (2005)
F. Xue, S. X. Yu, and C. P. Sun, Phys. Rev. A 73, 013403 (2006)

N OrOI




Related Publications and References therein

Lecture 4.

. C. P. Sun, Y. Li, and X. F. Liu, Phys. Rev. Lett. 91, 147903 (2003)

S. Yang, Z. Song, and C. P. Sun, Phys. Rev. A 73, 022317 (2006)

X.-F. Qian, Y. Li, Y. Li, Z. Song, and C. P. Sun, Phys. Rev. A 72, 062329 (2005)
Z. Song, P. Zhang, T. Shi, and C.-P. Sun, Phys. Rev. B 71, 205314 (2005)

T. Shi, Y. Li, Z. Song, and C.-P. Sun, Phys. Rev. A 71, 032309 (2005)

Y. Li, T. Shi, B. Chen, Z. Song, and C.-P. Sun, Phys. Rev. A 71, 022301 (2005)
R. Xin, Z. Song and C.P. Sun, Physics Letters A, 342,, 30 (2005)

N O Ol

Review Article:
Song Z, Sun CP, LOW TEMPERATURE PHYSICS 31 (8-9): 686 (2005)

ITP




Lecturel - Overviews:
Quantum Information Processing

based on Solid State Systems

---Superconducting Quantum Circuits and Nano-Mechanical Systems

ITP




1.

Physical Realizations of Quantum Bits (Qubits)
Require Specially Designed Two-Level Systems:

Spins and Quasi-spins
in Semiconductors
Quantum Dots

DiVincenzo Five criteria

Well defined addressable qubit array

stable memory

Coherent

Scalable

Initialize in the |000..> state
Long decoherence time (=104

operation time)

Universal set of gate operations
Single-bit measurement

ITP

Trapped lon
Photon-Atom
Liquid NMR

Controllable

Cooper-Pair Box-Charge Qubit
Single Junction — Phase Qubit
Rf-SQUID: Flux Qubit




Main Obstacles and Challenges For QC

quantum decoherence, which can be significantly
enhanced in a system of many qubits,

a. In General
One Qubit Dephasing

e
N Qubit Dephasing

e—NZ)/t

Sun et al , PRA (1993,1998)

ITP

b. An Atomic Ensemble
N
H=> g™ +hc—2>gJNb +...

N
S 6l =5, = JNb’
Achieve a./N enhanced

effective coupling, but

induce a VN enlarged
decoherence

Sun, Yi, Li, and You, PRA (2002,2003)




Low Frequency Noise 1/f

NEC experiment 2005
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qa'*l - d.abat.cpu.se principle difficulty , but
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Quantum Information Meets
Condensed Matter Physics ?

Or

Condensed Matter Physics Beats *

Quantum Information ?

ITP




Integrating Various Qubits for QIP

Physics: Creating Distant Entanglement?

Qubit Qubit —
Atom, Spin, lon, or
Artificial Atoms :
Charge, Flux , Quantum Dots
‘ Examples
Data Bus: A Quantize Filed (1+N) : Tian, Zoller, PRL 93, 266403 (04)
4 (C+N) : Irish , Schwab, PRB,68, 155311 (03)
Quantized Electromagnetic Field (C+JJ): Wang, Sun, PRB, 70, 224515 (04)
Large Josphson Junction (2004, Exp) cpe - .
o / Artificial Cavity QED =
Quantum Transmission Line (2004, Exp)
“Phonons”: GHz. Nano Mechanical Beam Spin-Boson Model

ITP




Cavity QED: Virtual Photon Exchange
Induces Qubit-Qubit coupling

o) o Effective Inter-Qubit Coupling
l9) E E l9)

(9, )

Cd
25 25
:ng’ . o
eff — Ok — a3
1s 1s k

See the details in Lecture 2
ITP




Finite Effective Interaction Requires Gapped Systems

Effective Interaction Jeit = Z Ok — 05

=

ITP




Circuit QED :

Superconducting Transmission Line +Charge Qubit

=

O —|O)

Normal Metal

o
“ g O

DC +6 GHz Iin S5 um S

P See the details

Supercond.

= eSS

The Chinese Academy of Scisce

out

o=
e

\;‘kf
S

iIn Next Lecture

with Qubit?




Circuit QED Based on Superconductors

H=hwa "a++hwo, +g(ac, +a'o )

Nature 431, 162 (2004). Nature 431, 159 (2004).
X o8 ° " + G2 | 1y N
O 0.6 :2:_ 77777 AT
m o 0.4 o ), = g2/n
= - d
= g o2 T m 1
= b
3 é ° 16 4 ——
Q) % T 143 o - .
- 8 g % . - -
H (=] § 12 T&ﬂ“;;.;’;\d
U) gmi_—v""vog”\ '.:ﬂmo‘“ ‘H“f‘
z 8 l'n7a0“ ‘x‘(\ 360t
§ chaman® - “‘-\0"‘@5
602 6.03 6.04 B6.05 6.08 6.07 4] “A“'k ““’S’OU,U a
Frequency, vge (GHz)

Wang, Zhang, Zhou, and Sun, Phys. Rev. B 70, 224515 (2004)

A Earlier Proposal: Circuit QED based on Large junction by us (2002)

Large Junction V =cos(g)=1- %qﬁz
ITP




Strong Couplings by Circuit QED

Parameter Symbol Optical cQED Microwave circuit
with Cs atoms SRiED QED
Dipole moment d/ea, 1 1,000 20,000
Vacuum Rabi g/n 220 MHz 47 kHz 100 MHz
frequency
Cavity lifetime 1/x; Q 1 ns; 3 x 107 1 ms; 3x 160 ns;
108 104
Atom lifetime 1/y 60 ns 30 ms > 2 us
Atom transit i ansit > 50 ps 100 ps Infinite
time
Critical atom # | Ny=2yx/g? 6 x 103 3 x 10° 6 x 10
Critical photon | my=y2/2g? 3 x 104 3 x 108 1x10°
+H
# of Ngapi—297 (k 10 5 100
vacuumRabi +Y)
oscillations

Blais, A., et al., Phys.

Rev.A 69, 062320 (2004)




Other Condensed Matter System seems fto Beat
Quantum Information ?

Finite Correlated Length vs. Decaying Entanglement
Due to the decreasing effective coupling

QI Transfer from A to B = Dynamic Entangling A and B States

C{Ublt » L > CIUblt

Correlation length

a long range order? <(p|¢)0> ~1or 1/N°

(¥ ()W (x)) x exp(- |X‘L—X'|), L~ ¢A

ITP




BEC : Long distance correlation of Boson System

Off-diagonal long range order (ODLRO)

High temperature (T>Tc): Low temperature (T<Tc):
E: 3 >:
E . g . . . . E. E. !D
o Ay <K a ’I—D=\3/2.612, ﬂ,D ~a Coherent Overlap :

a
Macro-Atoms

n i (% n. mkT r
p(%y) :Vujnkek( Y)dk —>V°+ o exp[——]

R 2
P \/27rh
mkgT

Thermal Wave Length

r=|x—y] - p(xy) -1t

ITP




Quantum state transfer via Spin Ladder

A typical gapped system

J lllllllllllllllll J
m‘] ij_o
A 1 2 3 i N-2 N B

(a)

J lllllllllllllllll J
F;
mJ Jm_o
A 1 2 3 1 N-2 N B

(b) L’

HI :JOSA’51+‘]OSB'§N Hint:J()szz(a):O’X)gA°§B

Li, Shi, Chen, Song, Sun, Phys. Rev. A 71, 022301 (2005)
ITP




De-entanglement vs. Decoherence

Yu, Eberly, Phys. Rev. Lett. 93, 140404 (2004)

2
i 1 —N -yt
e’ —¢€
\ \\iﬂtum correlations?
Decoherence of single qubit Concurrence=entalement

What characterize the quantum coherence of many body system?
Entanglement or Corrrelation? Are there differences?

ITP




Overcome the difficulty by Engineered Spin Chain
With Always-On Interactions

Our discovery :

S. Bose, 2003;
M. Christandl, PRL, 92, (2004) Commensurate Spectrum
i=N-1
H=02 3,(SS,,+8S], U(t)=P
i=1
J. =JI(N —1) Shi, Li, Song, and Sun, Phys. Rev. A 71, 032309 (2005)

Time evolution=Parity Reflection

For the details see Lecture 3:
ITP




Peierls Distorted Chain for QST

M.X. Huo, Ying Li, Z. Song , C.P. Sun, 2006 in preparation
More Realistic System with spatially-varying Hamiltonian
E{ H H E{ H H H
H o ar f}[ H o ar f}[

Dimmerization : SSH model

ITP




Nano-Mechanical Resonator (NAMR)

Quantization of Single Model Phonon

k,T =48mK -k, ~ 7i\[E/ p(hL) ~ -1GHz

Knobel and Cleland, Nature, 2003
La Haye et al., Science, 304, 74

(2004)
H =hwa'a
2)
Mechanical beam - 400 "
|1> :% 2360 {'rk"‘l T=56 mK
|O> g 320 ‘”‘u"'*v"lwn‘f'ﬂ'j"-"# il Jﬂ\“«

T T T T
19.682 19.683 19.684 19.685 10.686
Frequency (MHz)

0.001 mm

Standard Quantum Limit (SQL):

ITP
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Standard Quantum Limit (SQL):

Measurement of length Limited by Uncertain Relation

h
Free Particle ~ APAX, 2 5

Ad = \/(Axl)z F(AG) + (r%)2

d=x—X A A
X, Lo X, rﬁp > \/Z(Axl)(rﬁp)+(Ax2)2
o) 0 o) :\/E+(Ax2)2 _ |nz
I | m m
Harmonic Oscillator X(t) = x(0) cos(wt) + p(O )sm(a)t)
Mo

AX(t) = \/ (AX)? cos’ (at) + (Azp)j sin®(wt) > \/z
m-w Mo

ITP




Nano-Mechanical QED (NM-QED )Constructs

1.NAMR + Spins 2. NAMR + Josephson Qubit

mechanical
resonance

Nature 430, 329 (2004) Vo Vo V

Armour, et al Phys. Rev. Lett. 88, 148301 (2002).

ITP Wang, Gao and Sun. Eur. Phys. Jour. B 40, 321-326 (2004).




Direct Observation of Quantization of NAMR

Gaidarzhy et al, PRL. 94, 030402 (2005)

2 WA LA

iwEL°B? /' m

V= 2 -
o — o +ioolQ

| (o)

G S . 4 T = 1000 mK 175
_ 140 | c ﬂ Ny =14 140 -
S - )
.E:: 105 105 2/\ 500 3
>’_’ 70 70 é El'
15 35 250 __
o o =
- =
1.46 1.48 1.50 o 2 4 [ 8 -—
Frequency (GHz) B (Tesla) 0
F (pN) % 2 1 1 M 4
4 5 [ 7 8 910 20 30 i o — -
T 1.46 1.48 1.50 152 60 65 7.0 7.5
10 £
©) x = FQ / kg 20 f (GHz) B (Tesla)
K,y = 188 N/m
3 F : ~ .
z g
= 1° 2 e - 500 <
= 1k =] = 3
E = = =
- (53 —
0.3 = s B
4 5
>
100 -95 -90 -85 -80 =0
Pirive (dBm) M 1 M 1 " L 1 M 1 M 1
10.0 10.5 11.0 1.5 0 40 80 120
B (Tesla) Time (min)
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Micromagnetic
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tip

Magnetic-
field
gradient

of ¢

Cantilever position

TkXpeal

) ) 64 cycles
Microwave field —A ”_
Relative phase:
Spin z component 0 b1 0 T
Cantilever frequency shift J— ~43Hz —5f
HE |
| | | | | | |
Time



Nano-Mechanical QED: Single Mode Phonon

ITP

P2 1 2,2 R C
H=—"-+-M®.z°+yhB-S
2M 2

>

B = B, cos(at)ex + B, sin(wt)ey + B,e: + Bin(2)

37 M) — 1
A d?

Etip(z) ~ (& — 512)&( + (17, — 7712)62

B

H=(p:+x°)/2+&S, +2nxS,,



Adiabatic Quantum Measurement

Sun, et al, PHYS REV A 6301 : 2111(2001); EUR PHYS J D 17 :85(2001)

(€S, +2nxS,)|n(x)) =V, (x)|n(x)), n=+

V. (X) = J_r\/g2 +4n°x° ~+e+2n°X° /¢,

Horr = (P +X°)/2+V,

=(w*xd)a"a




Probe for Spin Wave : Dressed Boson

F. Xue, L. Zhong, C.P. Sun, 2006, PRB

g 4 o

T Chinese Acaemy of Scignve
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Artificial Cavity QED Construct

2-Level Artificial Atoms

Natural Superconducting | Nuclear Quantu

Atom,lons Qbits Spin,Excitation | m Dots
Q-EM field CavityQED Semi-Clas. Quant. Quant.
S-TLR T Circuit QED < <
NAMR T NM-QED Semi-Clas T
Large JJ T Circuit QED X X
Collective X X SW.QED SW.QE
Spin D

T=Theoretical Protocols




Nanomechanical

resonator




Decoherence showed by Nano MQED

A~ AN 2
CZ

—_—_®_F ............... 1 n, (X)=24(C,V,+C,(X)V,)

=N, +on(X)

E :
H =4E.no, - —Lo, - A(a+a')o, +hw,a'a 1
2 Iit) 4]
1f - )
D,E- 2 4 . &0 10
0.8}
PN 4l
0.2} Y. D. Wang, Y. B. Gao and C. P. Sun,
0

5 =0 Ioo T itn 300 S Eur. Phys. Jour. B 40, 321-326 (2004).
ITF




4 I
T T
-|- =
A 2
H. = 2e” (A —n(X))
— C2
n, (%) =%(CV, +C, (R)V,) C,(%)=C,0-)
=n_ +on(X Az, 2
g (X) 5n(x):—nXF(a+aT)
H = 4Eno; — =L oy — A(a + a')o; + hwoa'a

2




Cooling Nano-Mechanical Resonator
By "Bang-bang " couplings to Charge Qubit

Zhang, Wang, Sun, PRL, 097204 (2005) ,

I['w)=%a a{coth[ @ ]+1:|
¢ 2k, T )
—-‘— OO O O O
w=E, cos(nq)xj &)

0

181 0.066 y 10

166 0.064 ] )
: 0.062 10T »
14+ 170 060 e Nth ~ 1-7,
107
12+ 0.056 T
10k 80 82 84[86 CREN <n>s‘|ﬂ'— g,z. — 72. / 8;
0.8k 107
Py
-3
5 U r,/x =133
04 ] el a
’ 10 -
02} <n> s =
00F  , v , T . 107 10" 1 10 ¢
0 20 40 60 80 100 120 140 Nth
t

TP : . . .
Our result : Cooling efficiency vs. initial state




Quantum transducers:

Sun, Wei, Liu, Nori, PRA, 2006

(Dq = iZ@(ak _a:),

H =§a; + @b+ A(b" +b)o,

—Ecos(ﬂ(bx)a;
2 @,

ITP
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Mechnical QED and Circuit QED

—link Qubits with quantum Data Bus

Jaynes-Cummings (JC) Model

What is New Physics ?




Exotic features
of Superconducting Artificial Atoms

Liu, You, Wei , Sun, and Nori, PRL, (2005)

No A-Type Natural Atoms in Electric Dipole Transitions

Winger —Ekert Theorem with SO(3) or SO(4) Symmetry

A —Type = —Type
V —Type _

ITP




Things change dramatically for the Artificial Afoms

in Symmetry Breaking

Liu, You, Wei , Sun, and Nori, PRL, (2005,)

Total Phase Sensitiveness

for Adiabatic Manipulations

ITP
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Appendix 1:
Cavity QED for Atom-Photon system

m A Constrained Photon System
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Model and Effects of Cavity QED :

Jaynes-Cummings (JC) Model = Spin-Boson Model
— + 1 +
H=hwa a+5hw,o, +g(@ac,. +a o )

[a,a7]=1

Enhancement and suppression spontaneous emission
Vacuum Rabi Splits in Spectrum

Collapse and revivals of Atomic Population

Coherent Forces for Atoms entering the cavity

S LN




Energies of Dressed States

|+,n))=sind,|g,n+1)+cosd,|en) A=0
|-.n))=—cosd,|g,n+1)-sing,|e,n) 3) | [2)
12) L —)
A “)—ég: o)
A=@g -0 c0s26, = —— 2 0
\/4g (n+1)+A N "
1, h 5 2 Zg
E.=ho(h+=)+—-\A"+49°(n+1 t
. =ha(n+2) £ A% +4g(n+1) o
a)/a);
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Single Qubit - Single Model Virtual Photon Process

H=H,+V : /J\M,\'\‘»\

1
H,=-w,0, +wa"a,
2

2'nd Order Process
V =gao, +h.c i
He =~ HO +Veff - H0 +§|_\/,S],

0=V +[H,,S] S=—9 as —hc

W — @,

ITP




The Lamb Shifts :

2
V. =¢aa'o, 1 9 aa‘o, 2s =——

2 w—w, g

2 2
Her = (wr —%azjaTa—%La)M +g—]az 1S —

Atom AC Stark shift Optical AC Stark Effect

2 2
g 1, 7, _@
E, ~fi(wt> )(n+2) = (AF>
. = I A)( 2) 2( +A)

ITP




Decoherence due to Lamb Shifts :

Large detuning

o |6 a)® |g)

|e>N o e e

o K, —wt
O~ @ e i - S
g2 O i
|a)—a)|2<<l O Ole +Oé>(X)|e>
a - -

o) @ (ble)+clg) mmmp P e " a)@le)+c|e™ a)x|g)

o, (t) :\aﬂg)(gMb\z\e)(e\+ab*D(t)\e><g\+h.c

ITP
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Progressive Decoherence Experiment

D(t) = <e—itm+a | g itn a>

Laser velocily
selection 400(6) m/s

Circularisation

FAILICY

Superposition
preparation

\ A
i
q £
i \ / \
] S A 712 kHe A
— -
- fac
p h ..
q 712 kHz, ]
] 9.5 photons ]
T T

Ramsey Fringe Signal
[

[}
o ]
104 kHz ]
.........
2 3 S
D Q 1 (5] 10
g v (kHz)

Haroch’'s Group

Phys. Rev. Lett. 77,4887,(1996)



Entanglement due to Virtual Photon Exchange

Virtual Photon Process

H=H.+V :
0 With Two Atoms

1
H, = 2 w, (0 + o)+ wa*a

25 2p  2s 2p
V = ga(o? +02) + ga’ (o +0) I/\/\/\/\ﬁ\
. 1s 1s
Hi =———(cP0® +o0c®) |
@ — @, Large detuning
2 2
9 (a'a+1/2)](c¥ + o) 9" 4
0 — W, |lo—w, [

Small g =9°/|w—w, | means a slow process

ITP
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Multi-model virtual photon Process

H=H,+V :
1 +
H, = Ea)a(o-él) "‘O'éz)) +Za)kakak
K

V =>ga (c"+5®)+hc
K

[ﬁ G




Second order perturbation

He ~ HO+Veff = HO+%[\/’S]’

gk + @ (2)
S = E ——a, (07" + 0 —hc
. ) k( = — )

Vig =+ 3 (008 +) e 4008, 3 (08 o)

9k [?
Jett = Z O E O 5(ak ak) Zakakgkgk

k (o, —w,)

Off-diagonal Lamb shift

ITP




Condition for Finite Effective Coupling

9k |2
\]eff - Z Wk — Wa

K k)

Z AR B

[ >

) 5
[9) i
*

19, I

-1
|a)k_a)a|

Gapped System is needed !!!

In Quantum Computing, fast operation requires
|2
IS not too small

that the sum Z |9,
ITP k a)k_a)a




Towards to Fully Solid State Cavity QED

SS Qubits + SS Data Bus

— _/
V

Superconductor Circuit QI;D
4

A 1)
() '— |()> |O> |()>




Circuit QED based Josephson Junction

input coupling capacitor Cooper pair box (Al)

Nature 431 162 (2004)

g 4 o
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Nano-Mechanic (NM)- QED

Integrating Josephson Qubit or Spin wit A nano -beam

Voi — |- |
Tuning - = :
| mechanical
% resonance
| 1
O e
~ Vo Vo V

Knobel etal , Nature, 2003 Gaidarzhy et al, PRL.
LaHaye et al., Science (2004), 94, 030402 (2005) Nature 430, 329 (2004)
ITP
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Quantum Information is Fragile

T'VE TNVENTED A QUANTUM
COMPUTER, CAPABLE OF
TNTERACTING WITH MATTER
FROM OTHER ONIVERSES
TO SOLVE COMPLER
EQUATIONS.

WL Mg ryeeed a3 oo

el

ACCORDING TO CHAQS
THEQRY, YOUR TINY
CHANGE TO ANOTHER
UNTVERSE (WILL SHIFT
173 DESTINY,
POSSIBLY KILLING
EVERY
[NHABITANT,

SR |

—

-_"li a7 =1

__p .
(EHIFT H:] PENS ]
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Physics of Quantum Information:

ITP
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