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Dissipation-induced stationary entanglement in dipole-dipole interacting atomic samples
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The dynamics of two two-level dipole-dipole interacting atoms coupled to a common electro-magnetic bath
and closely located inside a lossy cavity, is reported. Initially injecting only one excitation in the two-atom
cavity system, loss mechanisms asymptotically drive the matter sample toward a stationary maximally en-
tangled state. The role played by the closeness of the two atoms, with respect to such a cooperative behavior,
is carefully discussed. Stationary radiation trapping effects are found and transparently interpreted.
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A system prepared in an entangled state may show rathdéaster energy loss mechanism, may as well be conditionally
puzzling behavior and counterintuitive features. In such auided toward a stationary robust entangled state. We shall
state, for example, the system exhibits the astonishing progrove that this state is the antisymmetric one with respect to
erty that the results of measurements on one subsystem caire exchange of the two two-level atoms provided that all the
not be specified independently from the parameters of thenitial energy given to the system is concentrated in the mat-
measurements on the other components. The renewed aggt subsystem only.
more and more growing interest toward entanglement con- | et us suppose that two identical two-level atoms are lo-
cept reflects the consolidated belief that unfactorizable statasated atr, andr, inside a resonant single-mode cavity. Put-
of multipartite system provide an unreplaceable applicativaing R=|r,-r,|=|R| and denoting by the angle betweeR
resource, for example, in the quantum computing researcind the atomic transition dipole momettthe Hamiltonian
area[1]. However, the realization of quantum computationdescribing the dipole interaction between the two atoms can
protocols suffers from the difficulty of isolating a quantum- be written in the forn[17,19
mechanical system from its environment. Unavoidably, the : e
system-environment interaction leads to decoherence phe- Hi=fi(oy 07 + H.c), 1)
nomena which, as intuition suggests, are always noxious fofnere 772%(1"003/w8R3)(1—3 cog6) andT, is the spontane-
quantum computers, since they_ |mply the loss (.)f the mforbus emission rate in free space. In Et) crﬂ) (i=1,2 are
mation stpred L system. This circumstance Is at t_he Olihe Pauli operators of thigh atom. Assume in addition that
gin of an intense research aimed at proposing theoretical a

. . | the conditions are satisfied under which the interaction
experimental schemes to fight or control decoherence manf .. veen each atom and the cavity field is described by a
festations[2—7]. Very recently, however, the possibility of

environment-induced entanglement in an open quantum SyJaynes Cumming&lC) model[19]. Under these hypotheses,

S . The unitary time evolution of the system under scrutiny is
tem ha; opened new intriguing .perspe_ctl{/&sll]. For ex t%overned by the following Hamiltonian:
ample, it has been shown that dissipation can be exploited , ,
implement nearly decoherence-free quantum ggiesl3, ho . , _
the main requirement being the existence of a decoherenceHac=fiwa'a + 702 oy + ﬁz [eVacl + H.c]+Hy,,
free subspace for the system under considerafidh More- =1 =1
over, despite the widely held belief, it has been shown that (2
transient entanglement between distant atoms can be inducsv%ere on denotes the enerav separation between ithe
by atomic spontaneous decay or by cavity lo48e%1,15. It “o gy sep

has been also demonstratdd] that asymptotigstationary atom_(| :hl,fZ) excited (|f+>ri1) and_ grour&d(|—>i)@§tat§s{ar)]
entangled states of two closely separated two-level atoms in “0 IS the frequency of the cavity mode, and Is theith
tom-field mode coupling constant. In the above equation

free space can be created by spontaneous emission. Notwitfi=; " o . :
standing the nearness of the two atoms, dipole-dipole inte a'") is the annihilation(creation operator relative to the

action is however neglected in Rdfl6]. In this paper we Single-mode cavity field and)’ the ith atom inversion op-
investigate the dynamics of a couple of spontaneously emitrator. Itis easy to demonstrate that the total excitation num-
ting two-level atoms confined within a bad single-mode cav-ber operatorN:aTa+%(o-(zl)+o(22))+1 is a constant of mo-
ity, taking into account from the very beginning their dipole- tion. Thus, preparing the physical systemta0 in a state
dipole interaction. Our main result is that in such a conditionwith a well-defined number of excitatiol, its dynamics is
the matter subsystem, even experiencing a further relativelgonfined in the finite-dimensional Hilbert subspace singled

out by this eigenvalue d¥. In a realistic situation, however,
the system we are considering evolves under the action of
*Electronic address: messina@fisica.unipa.it different sources of decoherence. First, photons can leak out

1050-2947/2004/1@)/0225114)/$22.50 70022511-1 ©2004 The American Physical Society



NICOLOSI et al. PHYSICAL REVIEW A 70, 022511(2004

through the cavity mirrors due to the coupling of the resona=(4ww3|d|?/3%c® andT';,=T,,=T'f(R), where[23]
tor mode to the free radiation field. Moreover, the atoms e
confined in the resonator can spontaneously emit photons sin(ﬂR

into noncavity field modes. The microscopic Hamiltonian 3 > c )
which takes into account all these loss mechanisms can be (R = 2 [1-(cos®)"Jc woR *+[1-3(cos9)]
written in the form[20] r

. [ o . [ @Wo
H=Hac+Hg+Har+ Her 3) sin| R} sin 'R
. x| c? > —c? 3 (11)
whereHc is given by Eq.(2), | (woR) (woR)
Hr=%>, wk,}\[cl,)\ck,)\ +E’|£'x§k’)\] (4) with 0<f(R)<1. We emphasize Fhaflz measures Fhe
K\ strength of the atom-atom cooperation induced by their cou-

pling with a common bath. Finallk==, |S, > wy, - o), ap-
pearing in Eq.(9), is the cavity decay rate coefficient. As-
Hpr= E [gk Baot) +H.cl (5)  sume now that the two atoms inside the cavity are closely
located, that ic<Rwq. In such a situation the cooperation
between the two atoms stemming from their interaction with
common bath, is maximum, thatfi€R)=1. Moreover, it is
reasonable to putP=¢@ =¢. We are able to exactly solve
(6) Eqg. (8) when this pointlike model is adopted. To this end,
consider the unitary operattf defined as

is the Hamiltonian of the environment,

describes the interaction between the atoms and the bath a
finally,

Her= 2 [ScaCrae’ + H.cl
ko

the cavity field. As usual, in Eq4) we have assumed that (12

the two subsystems, the two atoms, and the single-mode cav-

ity, see two different reservoirs in the following, both as- It can be shown thdtU, N]=0 and that, confining our atten-
sumed atT=0. The boson operators relative to the atomiction on the Hilbert subspace correspondentN{s=0,1, Eq.
bath are denoted byc, }\,"c‘k A}, Whereasc, )\,cl , are the (8) can be equivalently cast in the form

(k,\) mode annihilation and creation operators, respectively,

of the cavity environment. Moreover, the coupling constants bAC_ UTpacU = - —[HAC,pAC] +k(2adppce — o dpac

S\ are phenomenological parameters and

takes into account the coupling between the environment and U= exp[— 7_7(0102 _ 0103)}

<Z7Tﬁ 2)1/2 dekr @) ~paca’a) + 2T 20 W pacot? = oV o Mpac
-de i 7 ~
gk T ~ D Co.(l)o_(l)) (13)
stems from a dipole atom-field couplifg8]. In Eq.(7) &,  wherepac=U"pacU
represents the polarization vector of the thermal k&t 9

mode of frequencyw, andV its effective volume. In the
rotating-wave and Born-Markov approximatiof#l,22, the
reduced density operatpp relative to the bipartite system
composed by the two-atom subsystem and the single-mode _ ﬁ_ﬂ(a(z) oDy (14)
cavity, evolves nonunitarily in accordance with the following z " %)

quantum master equation in Lindblad form:

ﬁAC = UTHpU = fiwa'a + hwpY, o) + hegfac'™ + H.c]
i=1

with ges= V2e. Itis important to notice that in the new rep-
o0 H ‘s i 8 resentation, the dipole-dipole interactiéh, given by Eg.
Pac= h[ acPacl + Lipac* Lapacs (8 (1) only renormalizes the atomic frequencies. The trans-

formed HamiltonianﬁAC puts transparently into evidence

where that the system of two atoms cooperates in the interaction
Lipac=KkRappca' — a'ppca = paca’ @), 9 with the cavity field. In this new representation, two two-
level fictitious atoms appear, only one of them being
and coupled, by means of a simple JC interaction model, to the
2 cavity field. Such a decoupling is still accomplished By
Lapnc= 2 T2V paco? = 0V pac = pacoVo®) when 7=0. The circumstance that the atomic sample can
i=1 exchange energy with the field through only one of its col-
T2 @ _ (1) JREONE) Iectivg atoms, provides a ngtural explgngtion for the ra_diation
12208 ppco? = 0100 pac = paco! ) trapping phenomen24]. This conclusion is true under ideal
+ 1126 ppco’t) = 620 ppc— paca@a'?). conditions when neither cavity losses or atomic spontaneous

(10) decay are considered. Thus, it seems interesting to investi-
gate whether such an energy storage mechanism survives in
In the above equations we have introducell a more realistic situation like the one under scrutiny in this
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paper. Looking at Eq.14) we may see also that in the trans- _ 2

formed representation the atomic subsystem loses its energy Paq(t) = 0%+ QZ[COSV(Qﬂ) cogQt) e,  (18)
only through the interaction of the first atom with both the
cavity mode and the environment. Such a behavior stems
from the fact that the other atom freely evolves being decou-_

{ isze”(ﬂz —iQ[SINQt) + —i SINh(Q)]

pled from either the cavity field and the electromagneticf2. 4()_ QZ

modes of the thermal bath. Comparing this result with the

interpretation of the energy trapping given in Rg¢4] and _

[25], we may immediately catch the main role played by the ¥ Aeer{ COSHOLY —cot 0] 1, (19

closeness of the two atoms in our model. It is indeed just this

feature which, in the transformed representation, leads to thehere A, =k+2I", 2A=n+iA_

existence of one atom immune from spontaneous emission

losses and, at the same time, decoupled from the cavity P 1 1/2

mode. Thus, to locate the atomic sample within a linear di- Q= {(— 1=+ =(P?>- 4V)1’2] , (20)
mension much shorter than the wavelength of the cavity 2 2

mode, introduces a permutational atomic symmetry which is
at the origin of a collective behavior of the two atoms. As aV
direct consequence, the matter system may stationarily trz?
the initial energy even in presence of both the proposed di
sipation channels. Suppose that only one excitation is ini-
tially present in the atomic subsystem, whereas the cavity |9f. a one .ex0|tat|on appropriate P'e.r.‘s'ty matrix de_scn_bmg
prepared in its vacuum state. From an experimental point o\f‘”th certainty thg storage of the l|n|t|al energy. Tgklng Into
view it seems reasonable to think that the excitation given ggeeount the easﬂy demonstrable |nequa_!Ety<A+, Itis im-

the matter system is captured by the atom 1 or by the atom 31€diate to convince oneself that forA,” the correspon-

with the same probability. On the other hand, exciting onlydent asymptotic form assumed Py is time independent
an a priori fixed atom or preparing a quantum coherent Suand such that the probability of finding energy in the effec-

perposition of the two statelst);[—), and |-),|+),, could tive JC subsystem exactly vanishes. Considering that the ini-

present serious practical difficulties. Stated another way, ouﬁlal condition imposed om,c(0) may be converted intp;
initial condition can be reasonably expressed fpe(0) 2(5'2+53) andp;=0 fori+#j, we may conclude that at
=pa0)® pe(0)  with pA:%(|+>1|—>2 L=+ )] + Do >A;! the only two matrix elements different from zero are
—|x(+|) andpc(0)=]0)(0], |0) being the vacuum Fock state of P11(t) =p22(0) andpzs(t) ='p33(0). Transformingpac(t) back

the cavity mode. It is evident that, under this hypothesis, at o the original representation, the exact solutig for the
generic time instant, the density operatopac, can have reduced density matrix of the system under scrutiny is then

nonzero matrix elements only in the Hilbert subspace genelgas'tly found. Sl'ncf th? lén'tta“f’ operafdrls time m?etpert]—
ated by the following ordered set of four state vectors: ent, we are legiimated fo forecast an asympltotic ime-
independent solution in the original representation too. The

{10)= 1= D23 10} + Yol 32100 Yal + Vi 113 Y|~ Do} reduced density matrix can indeed be written in the compact

form
(15

with P=77+4s2,— A% andV=—-A%7? and w= w,. We empha-
ze that, on the basis of the block diagonal form exhibited

‘pac(t), the transformed system, at a generic time instant
IS in a statistical mixture of the vacuum sta@|-),|-), and

Taking into account thafU,N]=0, the same conclusion pAC:}|¢D><‘//D|+}|¢T><‘//T|a (21)
holds forpc too. This fact provides the key to solve exactly
Eqg. (13). One finds )
with [¢p)=[0)|-)4|-), and
pu® O 0 0

~ 0 Doat) O a4t) 1 _ _
pact) = 0 0 Taid) O ., (18 |'/fT>—2[| Dl + 2=+ )a]=)2] (22

0 D24 0 Duyt) eigenstate of g, +a,)? with eigenvalue zero. Equatioi21)
, suggests thastationary entangled states of the two atoms
wherefs 1) =53 50), Bua(t)=1 -2, Bi(0) with can be generated by putting them outside of the cavity

t 5 o P single-photon detectors, allowing a continuous monitoring of

Poalt) = — 2{(|A|2 )cosr(Qlt) +< 1 the decay of the system through the two possible channels
Q7+ Q (atomic and cavity dissipation Reading out the detectors

Q A Qun Q states at> A, ~kL, if no photon has been emitted, then as

- |A|2>cos((22t) +< 2 L )sm(ta) ( 21; a consequence of this measurement outcome, our system is
2 2 projected into the statpj;) given by Eq.(22). This is the

QO _ main result of our paper which means that a successful mea-
+ ?A>Slnf(91t) : (17)  surement, performed at large enough time instants, generates
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an uncorrelated state of the two subsystems atoms and cavit 1
leaving the atomic sample in its maximally antisymmetric M/\/\/\p
entangled stat€22). To analyze the time evolution of the
degree of entanglement that gets established between the tw g 081 ||
initially uncorrelated atoms, we exploit the concept of con- “\\;
currenceC first introduced by Wootterf26,27. If at an as-
signed timet, no photons have been emitted, the conditional
concurrenceC assumes the form

0.6

[e2)

IS

0_ N
[p2o(t) = Pas(t)|
P22(t) + D3z + Paslt)

Conditicnal concurren

Ct) = (23

0.2 U

As clearly shown in Fig. 1, the degree of entanglement be-
tween the two atoms, starting from zero, reaches its maxi- 0
mum value, that i€€=1, in a time of the order di!, after a
large number of oscillations.

To summarize, in this paper we have analyzed the dynam- FIG. 1. Conditional concurrenc€ in corresponding toz
ics of a system composed of two two-level atoms with=0.%, k=10"'¢, and'=10"%.
dipole-dipole interaction, embedded in a bad single-mode
cavity and coupled to a common electromagnetic environrealizable preparation of the matter subsystem. This fact
ment. The exact analytic solution of the Markovian dissipa-make it possible the experimental realization of this process
tive dynamics reveals that the environment induces stationwith real atoms and could be of some relevance for the de-
ary entangled states of the two atoms, starting from aelopment of quantum devices.
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