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Mesoscopic devices for cavity QED

From quantum optics to quantum impurities

P. Degiovanni
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Coupling of several qubits: achieved through an intermediate 
system

Main problems: Mutual influence through the “quantum bus” ?

Correlations and dynamics of the two qubits ?

Introduction and motivations
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Cavity QED

Cavity Quantum Electrodynamics (cQED)

2g = vacuum Rabi freq.

! = cavity decay rate

" = “transverse” decay rate

Strong Coupling = g #$!$%$"$%$&'t

t = transit time

Jaynes-Cummings Hamiltonian
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Quantized Field
Electric dipole 

Interaction
2-level systemMaster equation for the qubit + cavity system:

Dissipation terms (Markovian)

Introduction and motivation

h̄−1HJC = ω0(a†a+1/2)+
ωeg

2
σz +

g
2
(a†σ−+aσ+)

Jaynes-Cummings hamiltonian: valid for             , i.e. for 

Quantized mode 2-level system dipolar coupling

Lowest frequency mode

Strong coupling:

Atom / mode interaction dominates 
dissipative processes.

g! κ,γr
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Experimental realizations of cQED

!"#$%&'(() *

#+,-./012+/3415&/67438

945:;8&,0;4<:-2&140=4+>&?4..0.<

@67438&A6>,415&34>-B&C&><

D' ( ' E F * C(

'E

')

'F

'G

'*

'H

I
4-
;2
&-
1
-
.5
8
&J
2
=
K

34>-&J><K

A-<451

L !,-1&I6=.8&M-.03&/67438&N43:&6&

O,:0301&.-/4./+;63415 .415O

L @0>,634=;-&N43:&6&<3634/&-;-/3.4/&P4-;2&

J/4./+;6.&<363-&<36=4;438&612&#36.Q&

3+1415K

L R-.8&<-1<4347-&30&5-0>-3.4/&S+6;438&0P&

>4..0.<

For large detuning, g /!"1, expansion of Eq. (4) yields
the dispersive spectrum shown in Fig. 1(c). In this situation,
the eigenstates of the one excitation manifold take the form

[15]

!! ,0" # ! $g/!%!↓ ,0" + !↑ ,1" , $7%

!+ ,0" # !↓ ,0" + $g/!%!↑ ,1" . $8%

The corresponding decay rates are then simply given by

#! ,0 & $g/!%2$ + % , $9%

#+ ,0 & $ + $g/!%2% . $10%

More insight into the dispersive regime is gained by mak-

ing the unitary transformation

U = exp' g
!

$a&+ ! a†&!%( $11%

and expanding to second order in g (neglecting damping for
the moment) to obtain

UHU† ) ''(r +
g2

!
&z(a†a + '

2
') +

g2

!
(&z. $12%

As is clear from this expression, the atom transition is ac

Stark/Lamb shifted by $g2 /!%$n+1/2%. Alternatively, one
can interpret the ac Stark shift as a dispersive shift of the

cavity transition by &zg2 /!. In other words, the atom pulls

the cavity frequency by ±g2 /%!.

III. CIRCUIT IMPLEMENTATION OF CAVITY QED

We now consider the proposed realization of cavity QED

using the superconducing circuits shown in Fig. 2. A 1D

transmission line resonator consisting of a full-wave section

of superconducting coplanar waveguide plays the role of the

cavity and a superconducting qubit plays the role of the

atom. A number of superconducting quantum circuits could

function as artificial atom, but for definiteness we focus here

on the Cooper-pair box [6,16–18].

A. Cavity: Coplanar stripline resonator

An important advantage of this approach is that the zero-

point energy is distributed over a very small effective volume

()10!5 cubic wavelengths) for our choice of a quasi-one-
dimensional transmission line “cavity.” As shown in Appen-

dix A, this leads to significant rms voltages Vrms
0 #*'(r /cL

between the center conductor and the adjacent ground plane

at the antinodal positions, where L is the resonator length and

c is the capacitance per unit length of the transmission line.

At a resonant frequency of 10 GHz $h* /kB#0.5 K% and for
a 10 +m gap between the center conductor and the adjacent

ground plane, Vrms#2 +V corresponding to electric fields

Erms#0.2 V/m, some 100 times larger than achieved in the
3D cavity described in Ref. [3]. Thus, this geometry might
also be useful for coupling to Rydberg atoms [19].

In addition to the small effective volume and the fact that

the on-chip realization of CQED shown in Fig. 2 can be

fabricated with existing lithographic techniques, a

transmission-line resonator geometry offers other practical

advantages over lumped LC circuits or current-biased large

Josephson junctions. The qubit can be placed within the cav-

ity formed by the transmission line to strongly suppress the

spontaneous emission, in contrast to a lumped LC circuit,

where without additional special filtering, radiation and para-

sitic resonances may be induced in the wiring [20]. Since the
resonant frequency of the transmission line is determined

primarily by a fixed geometry, its reproducibility and immu-

nity to 1/ f noise should be superior to Josephson junction

plasma oscillators. Finally, transmission-line resonances in

coplanar waveguides with Q#106 have already been dem-
onstrated [21,22], suggesting that the internal losses can be
very low. The optimal choice of the resonator Q in this ap-

proach is strongly dependent on the intrinsic decay rates of

superconducting qubits which, as described below, are pres-

ently unknown, but can be determined with the setup pro-

posed here. Here we assume the conservative case of an

overcoupled resonator with a Q#104, which is preferable for
the first experiments.

B. Artificial atom: The Cooper-pair box

Our choice of “atom,” the Cooper-pair box [6,16], is a
mesoscopic superconducting island. As shown in Fig. 3, the

FIG. 2. (Color online). Schematic layout and equivalent lumped
circuit representation of proposed implementation of cavity QED

using superconducting circuits. The 1D transmission line resonator

consists of a full-wave section of superconducting coplanar wave-

guide, which may be lithographically fabricated using conventional

optical lithography. A Cooper-pair box qubit is placed between the

superconducting lines and is capacitively coupled to the center trace

at a maximum of the voltage standing wave, yielding a strong elec-

tric dipole interaction between the qubit and a single photon in the

cavity. The box consists of two small $#100 nm,100 nm% Joseph-
son junctions, configured in a #1 +m loop to permit tuning of the

effective Josephson energy by an external flux -ext. Input and out-

put signals are coupled to the resonator, via the capacitive gaps in

the center line, from 50) transmission lines which allow measure-

ments of the amplitude and phase of the cavity transmission, and

the introduction of dc and rf pulses to manipulate the qubit states.

Multiple qubits (not shown) can be similarly placed at different
antinodes of the standing wave to generate entanglement and two-

bit quantum gates across distances of several millimeters.
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Observation of theVacuum Rabi Spectrum for One Trapped Atom
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The transmission spectrum for one atom strongly coupled to the field of a high finesse optical
resonator is observed to exhibit a clearly resolved vacuum Rabi splitting characteristic of the normal
modes in the eigenvalue spectrum of the atom-cavity system. A new Raman scheme for cooling atomic
motion along the cavity axis enables a complete spectrum to be recorded for an individual atom trapped
within the cavity mode, in contrast to all previous measurements in cavity QED that have required
averaging over 103 ! 105 atoms.

DOI: 10.1103/PhysRevLett.93.233603 PACS numbers: 42.50.Pq, 03.67.–a, 32.80.Pj

A cornerstone of optical physics is the interaction of a
single atom with the electromagnetic field of a high
quality resonator. Of particular importance is the regime
of strong coupling, for which the frequency scale g asso-
ciated with reversible evolution for the atom-cavity sys-
tem exceeds the rates "!;"# for irreversible decay of atom
and cavity field, respectively [1]. In the domain of strong
coupling, a photon emitted by the atom into the cavity
mode is likely to be repeatedly absorbed and reemitted at
the single-quantum Rabi frequency 2g before being irre-
versibly lost into the environment. This oscillatory ex-
change of excitation between atom and cavity field results
from a normal-mode splitting in the eigenvalue spectrum
of the atom-cavity system [2–4], and has been dubbed the
vacuum Rabi splitting [3].

Strong coupling in cavity QED as evidenced by the
vacuum Rabi splitting provides enabling capabilities for
quantum information science, including for the imple-
mentation of scalable quantum computation [5,6], for the
realization of distributed quantum networks [7,8], and
more generally, for the study of open quantum systems
[9]. Against this backdrop, experiments in cavity QED
have made great strides over the past two decades to
achieve strong coupling [10]. The vacuum Rabi splitting
for single intracavity atoms has been observed with
atomic beams in both the optical [11–13] and microwave
regimes [14]. The combination of laser cooled atoms and
large coherent coupling has enabled the vacuum Rabi
spectrum to be obtained from transit signals produced
by single atoms [15]. A significant advance has been the
trapping of individual atoms in a regime of strong cou-
pling [16,17], with the vacuum Rabi splitting first evi-
denced for single trapped atoms in Ref. [16] and the entire
transmission spectra recorded in Ref. [18].

Without exception these prior single atom experiments
related to the vacuum Rabi splitting in cavity QED [11–
18] have required averaging over trials with many atoms
to obtain quantitative spectral information, even if indi-
vidual trials involved only single atoms (e.g., 105 atoms
were required to obtain a spectrum in Ref. [14] and >103

atoms were needed in Ref. [18]). By contrast, the imple-

mentation of complex algorithms in quantum information
science requires the capability for repeated manipulation
and measurement of an individual quantum system, as
has been spectacularly demonstrated with trapped ions
[19,20] and recently with Cooper pair boxes [21].

With this goal in mind, in this Letter we report mea-
surements of the spectral response of single atoms that
are trapped and strongly coupled to the field of a high
finesse optical resonator. By alternating intervals of probe
measurement and of atomic cooling, we record a complete
probe spectrum for one-and-the-same atom. The vacuum
Rabi splitting is thereby measured in a quantitative fash-
ion for each atom by way of a protocol that represents a
first step towards more complex tasks in quantum infor-

FIG. 1 (color online). A single atom is trapped inside an
optical cavity in the regime of strong coupling by way of an
intracavity FORT driven by the field EFORT. The transmission
spectrum T1"!p# for the atom-cavity system is obtained by
varying the frequency !p of the probe beam Ep and recording
the output with single-photon detectors. Cooling of the radial
atomic motion is accomplished with the transverse fields !4,
while axial cooling results from Raman transitions driven by
the fields EFORT, ERaman. An additional transverse field !3 acts
as a repumper during probe intervals.

PRL 93, 233603 (2004) P H Y S I C A L R E V I E W L E T T E R S week ending
3 DECEMBER 2004

0031-9007=04=93(23)=233603(4)$22.50 233603-1  2004 The American Physical Society

Single atoms in optical cavities

Introduction and motivation



ENS L
y
o

n

Beyond quantum optics cQED

Quantum optics

Condensed matter physics
Qubit / cavity optimization: leads to higher values of the coupling !
Nanomechanics: achieves the super-strong coupling regime

Higher modes can usually be neglected
Main interest: quantum state preparation, evolution and measurement
Notable exception: non linear quantum optics

Phys. Rev. Lett. 95, 140504 (2005)

Europhys. Lett. 78, 60002 (2007)

Introduction and motivation

Europhys. Lett. 68, 37-43 (2004)

with S. Camalet, J. Schriefl and F. Delduc

Our work: other systems also correspond to the original cQED problem 
(1D cavity + two level system), mapping on a double quantum impurity 
problem.
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Two qubits coupled to a transmission lineSites couplés via un fil quantique
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Double one channel, spin 1/2 Kondo problem

Three different mesoscopic systems...

The double Kondo model in mesoscopic physics
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are described by the double Kondo model

HB =
v
2

Z 0

−L

(
h̄−1Π2+ h̄(∂xΦ)2)dx

Bosonic field on a finite line

HK = HB−
1
2 ∑
j=−L,0

Bxj
(
eiβΦ(x j)σ+

j + e−iβΦ(x j)σ−j
)
− 1
2 ∑
j=−L,0

Bzjσ
z
j

After polaronic transformation: double Kondo

The coupling constant determines the 
dimension of the boundary operator.

The double Kondo model in mesoscopic physics

Circuit QED: double spin-boson

H int
j =

vβ j

2
Π(x j).σz

jHqb
j =−

Bz
j

2
σz

j−
Bx

j

2
σx

j



Contrainte de charge
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Fixed charge condition

The charge stored in the red dashed box is conserved

Josephson qubits  in a resonatorJosephson qubits

1
β

Z 0

−L
h̄−1Π(x)dx− 1

2
(
σz0+σz−L

)
= nG0 +nG−L−1 .
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From devices to double Kondo

Bz = µ0hz
Bx = J⊥/2πa

Modèle double Kondo et correspondances
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β2j
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1
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v= vspin
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Systèmes étudiés
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v= vF

Bx ∝ t/
√
a

β2/π= 1/gLutt

Bz = µ
1
2
(1−σz) = d†d

Resonant levels

β =
√

π β =
√

2πβ! 0.3

Circuit QED devices Fermi liquid Isotropic Kondo

Supra

Ligne de transmissionCooper box

Supra

Qubits

β j =
2Cj

Cj+CJ+g
j

√
R
h̄/e2

Hqb
j =−

Bz
j

2
σz

j−
Bx

j

2
σx

j

v= 1/
√
LC

The double Kondo model in mesoscopic physics
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β =
√

π β =
√

2πβ! 0.3

Perturbation theory

No Ir divergences (finite size)
UV convergence:

β2 < π

Δ∂(eiβΦ) = β2/π

Non perturbative approaches

TBA & Destri - De Vega eqs can be used to 
compute thermodynamical quantities.

Toulouse point

Fermionic solution can be used to 
compute thermodynamics and dynamics.

Europhys. Lett. 68, 37-43 (2004).

Jaynes Cummings model

Coupling to a single mode & RWA

Add dissipation: cavity relaxation, qubit 
relaxation & dephasing

Phys. Rev. A 74, 033802 (2006)
Preprint arXiv:0704.3489

Strategy

The double Kondo model in mesoscopic physics
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1+ e2i(kL−πχ)R0(k)R−L(k) = 0

Rj(k) =
k− k j− iα j

k− k j+ iα j
Quantum Coax.

L

C

C

Quantum

Data Bus

Qubit 1 Qubit 2

!
0

!
-L

ξ j ! (h̄v)2/aE2J
k j = Bzj/h̄v
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Reflexion matrices and influence lengths

Fermionic Fabry-Perot cavity

Stationary wave condition for bouncing fermionic 
excitations

Reflexion matrices:

The Kondo energy scale
Each quantum impurity introduces an energy scale at the boundary 
which gives a length scale ξ j = 1/α j

Represents the influence zone of each quantum impurity (Kondo cloud).

Non perturbative approach
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from boundary field theory

Boundary field theory

Each boundary created correlated pairs of 
excitations (Cooper pairs).

For                       , Cooper pairs do not overlap: 
the two qubits do not influence each other. 

L! h̄v/kBT

Free energy at T=0 (ground state energy)

Computation of the scalar product of boundary states (Caux et al, 
Phys. Rev. Lett. 88 (2002) 106402).

Free fermion point: Chatterjee contour integral method (Mod. Phys. 
Lett. A 10 (1995), 973).

Non perturbative approach
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L
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boundary field theory

E0 =
h̄v
π

Z 0

−∞

(
L+∑

j

α j

α2j +(k− k j)2

)
kdk− h̄v

2π

Z +∞

0
log

(
|1+X(ik)|2)

)
dk

Bulk contribution Boundary contribution Universal contribution

Mutual influence effects are contained in the logarithmic integral.

X(k) = e2i(kL−πχ)R0(k)R−L(k)where

Explicit result:

General structure at vanishing temperature:

Non perturbative approach
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Analyticity issues

Non perturbative approach

The logarithmic formula computes the ground state energy in the grand 
canonical ensemble whereas the fixed charge condition means that we are 
working in the canonical ensemble.

Grand canonical ensemble: change of 
vacuum when a one-particle energy level 
crosses zero.

Canonical ensemble: we musk keep the same 
one-particle energy levels occupied.

Solution: the logarithmic formula should be 
supplemented by an analiticity requirement.

Caux, Saleur and Siano, PRL 88 (2002), 106402
Nucl. Phys. B 672 (2003), 411.
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Maximum correlation

At fixed Kondo lengths, look for the 
maximum correlation by varying other 
parameters 

Large clouds

Cmax =
1

4(1+L/ξ0)

ξ−L" LFor

Question: when are the correlations maximal in term 
of other parameters ?

Results
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Populations and correlations

ξ0 = ξ−L = 200LLarge Kondo clouds

Fermionic one particle energy 
levels

A

A

B

B

C

C

D

D

Maximum correlation correspond to maximal 
hybridization betweeen the line and the impurities.

Exhaustion criterion of Nozières.

Results
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Physical picture

Pour conclure
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Pour conclure
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Large Kondo clouds

Correlations emerge when the same 
degrees of freedom of the line 
participate to the Kondo cloud 
(exhaustion criterion)

Pour conclure

!"#$%&'( )*&*+,#( (--(.*+-

RKKY
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Very weak correlations between the 
quantum impurities. 

Efficient screening.

Small Kondo clouds

This picture should be valid generally. 

Results
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Conclusions and perspectives

Conclusion

Description of three mesoscopic double quantum impurity problems 
by the double Kondo model.

Exact solution at its Toulouse point (non trivial analyticity issues).

Identification of two different regimes (Kondo and cavity regimes).  
Role of Kondo lengths scales.

Perspectives

Exact solution at other points (TBA, Destri-DeVéga eqs.).

Introduction of dissipation at the Toulouse point.

Real time dynamics at the Toulouse point (forced mesoscopic 
systems).

Conclusion and perspectives
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The end.

Thanks a lot for your attention.
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Circuit QED with two end qubits

Two qubits coupled to a transmission line

Josephson qubits  in a resonatorJosephson qubits

β j =
2Cj

Cj+CJ+g
j

√
R
h̄/e2

HB =
v
2

Z 0

−L

(
h̄−1Π2+ h̄(∂xΦ)2)dx

Capacitive coupling

Double spin boson model with transmission line
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A mesoscopic Kondo problem

Magnetic impurities: two spin 1/2 coupled to local fields along z

Quantum wire of finite length with spin 1/2 electrons (gapless spin 
degrees of freedom).

Anisotropic exchange interaction between electrons and impurities

Hj = J⊥j {Sxj S x( j)+Syj S y( j)}+ JzjS
z
jS z( j)

The double Kondo model in mesoscopic physics



Sites couplés via un fil quantique

!!"

!

"
#

$
$

%&

#
'

'
"

!#
'

'
" "

#
$

$

%&

!%&

()#*+ ,-./*0!)*+

&)1 234/#)23* 5)23),* ,* 53##)/!*0

4%*6 3/ 740489#0* ,-)/#*046#):/
*# 3/* %)#*++* ,* &*08)

&;<;=; >41,4/*? @AB+; C*%; 5*##; 45? 'DEF G'HFIJ

K:3714!*+ #3//*1 ,* 6:/+#4/#*+
L3M)#+ 6:371N*+ %)4 3/ */%)0://*8*/# O 7;'$

gLutt
vF

ENS L
y
o

n

Quantum dots and wires

Luttinger liquid for spinless electrons (Haldane 1981, Fabrizio & Gogolin 1995)

Interaction parameter 
Renormalized Fermi velocity

Quantum wire

Edge states (chiral)

Tunneling between a quantum wire and two resonant levels

Tunneling between and infinite wire and one resonant level
Furusaki and Matveev, Phys. Rev. Lett. 88 (2002), 226404.

The double Kondo model in mesoscopic physics
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Populations and correlations

ξ0 = ξ−L = 200LLarge Kondo clouds
Ligne courte - Charges moyennes - Cas symétrique
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Ligne courte - Corrélation - Cas symétrique
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V2L= 1.2 h̄v

ResultsStudy of the double Kondo model


