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Quantum interference in timed Dicke basisand its effect on bipartite entanglement
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We analyze the effect of position dependent excitation @lassthe properties of entanglement between two
qubits formed in atomic systems. We show that the excitgif@se induces a vacuum mediated quantum inter-
ference in the system that affects the dynamical behavientEnglement between the qubits. It is also found
that the quantum interference leads to a coherent popnlatiosfer between the symmetric and antisymmetric
states which can considerably modify the dynamics of twiitggntanglement and can even prevent finite time
disentanglement (sudden death) under certain conditions.
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I. INTRODUCTION position dependent excitation phase on the Dicke cooperati
emission spectrum. A strong quantum correlation among the
. S toms was reported in presence of the excitation phase. This
Quantum interference (QI), an intriguing consequences 0\ijlvas attributed to a vacuum mediated QI generated in the two

the superposition principle has led to numerous fascigatin : o .
. . atom system in presence of the position dependent excitatio
phenomena such as coherent population trapping [1], las-

ing without inversion|[2], electromagnetically inducedrs- phase. The result of [38] qualitatively indicates that tha-s

parency/[3], and quantum entanglemént [4-6]. The applicat—'al variation of the excitation phase can affect the gethamna

. , ; o -+ . and evolution of entanglement in the system. It may be added
tion of Ql in generation of bipartite entanglement both is-di ; ;

A . . . that, such vacuum mediated QI and its effect has been ear-
crete [7) 8] and continuous-variable [9/ 10] settings hanbe | C . p

- . L g Lo lier studied in atomic systems [28,/139+41]. Further, a recen
the focus of current investigation. Note that bipartiteagnat

glement involving two atoms, extensively used for implemen work has predicted how one can use such QI to protect bipar-

: ; : : tite entanglement [42]. While these earlier works utilire t
tations of various quantum information protocals|[11-1§], ; i
known to be quite fragile in the face of decoherence [11, 17]q.uantum mterfer_ence that comes abou_t due 10 the co_nflgura-

; o : tion of the atomic system, we are motivated at studying the
In view of this, in the past few years considerable effort has ffect of tum interf induced by th ition d
been devoted to the study of dynamical aspect of two atom erg oct of quantum interference induced by the position aepe
tanglement in presence of decoherence|[18-26]. In one suc%ent excitation phase.
study [18] it was found that in contrary to the adverse effect T0 understand the effects of such QI on the two atom en-
of spontaneous emission on atomic entanglement [24], coopanglement, we in this paper perform a systematic study of
erative spontaneous emission in two atom systems can geHe time evolution of entanglement measure for two strongly
erate entanglement among the atoms. It is worth mentior@iPole coupled atoms undergoing a cooperative spontaneous
ing here that the problem of cooperative spontaneous emi§&mission. We consider various initial quantum states irctvhi
sion first addressed by Dicke [27] is known to exhibit sev-the two atoms can be prepared and explore the effects on the
eral counter-intuitive phenomena in two atom systems [28flynamical behavior of entanglement that results as a conse-
namely, directed spontaneous emission [29], Lamb shil [30 auence of the quantum interference. We explicitly take into
single photon Dicke superradian¢el[31] and others. In redccount the position dependent excitation of the atoms by in
cent times, with the discovery of atom like behavior of semi-troducingtimed Dickebasis[2€]. Itis important to understand
conductor quantum dots [33-35] and their utilization taygar that the entanglement in a two atom system crucially depends
solid state quantum computirlg [33-36], we have a new clas@n the cooperative decay rates, the initial conditions, taed
of systems where the phenomenon of cooperative spontaneoti§ole-dipole interactions [21], all of which gets modifiede

emission can be of immense importance from the context of0 the quantum interference. It is worth mentioning here tha
guantum information sciences. Ql arising from position dependent phase in such timed Dicke

basis was explored in a recent study in context to population
et X . .. dynamics and photon correlation studies in two atom systems
dependant excitation phase on the population dynamics, inz= S : L)
; ) ) 37]. We however in this current work are interested in inives
tensity and spatial and angular correlations for two twele .
i gating the effect of such QI on the entanglement of two atoms.

atoms interacting via their dipoles. The results show that For instance. for the svstem initially prepared in the sviame
excitation phase considerably modifies the dynamics of the y y y prep y

system. Later, Dast al. [3€] investigated the effect of the e 'qmed chke state, a coheren_ce between the symmetric and
antisymmetric states is dynamically generated as a refult o

the QI between the two pathways to the ground state. This
coherence leads to considerably slow decay of entanglement
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our system using a master equation approach. Thenin Sec. llI
we discuss the entanglement measure and derive generalized
analytical expressions in the timed Dicke basis for the two Qi = —vycos(korij)/korij, (4)
atom system. In Sec. IV, we then consider two initial condi- Yii = ~ysin(korij)/kori;- (5)
tions: for the atoms prepared in pure states and mixed state
and show explicitly that the vacuum mediated QI induced by We next consider the preparation of initial state of the
excitation phase can lead to considerable modification of tw qubits. For this purpose we assume that the qubits interacts
atom entanglement behavior. We provide analytical and nuwith a very weak laser field (almost at a single photon level)
merical results in support of our propositions. Finally, we propagating with a wave-vectéy. The interaction with the
summarize our results in Sec. V. weak field can lead to a resonant single photon absorption pro
cess. Itis important to note that we consider the direction o
the wave-vector to be different to that of the inter-qubisax
This thus generate a position dependent excitation phase of
the qubits when ever a photon is absorbed. The excitation pro
We consider a system of two qubits formed by the excitedcess, with the laser field treated classically and in thetirma
states|e;) and ground statelg;) (i = 1,2) of two identical ~wave approximation, can be described by the Hamiltonian
two level atoms. The qubits are fixed at positionsandr,
and the inter-atomic distance is less than the wavelength of
the radiation field\. We further assume that the qubits are
coupled to one another by a dipole-dipole interaction aed ar

coupled to the environment via an interaction with a COMmMON, b are() — d .£/h = d.,,,-E/his the Rabi frequency and
H H H H — Yei1g1 - Yez2g2

;/acuur;]\ reservowt.).The time evotI)utlon of éhe density operat(_)VO is the angular frequency of the incident radiation. Noté¢ tha
for suc aktwo;jq_u it systgm[ggn etreated inamaster equatiqyq ssjtion dependent phase factors in the Hamiltoniaridvou
ramework and is given by [78] substantially affect the dynamical behavior of the cotreta

d 2 2 in the two qubit system. We except that this in turn will lead

h= —iwg Z[o’f’ o] — ZZ Qijlolaj, p) to modification of entanglement among the qubits. The inves-
=1 j

II. MODEL AND EQUATIONSOF EVOLUTION

2
V=—hQ) (ofeori ¢miomwlt Lady),  (6)

j=1

i#]
2
— > wislpoloj+olajp—20500]), (1)
ij=1

wherewy is the atomic transition frequency; = (ajaz- —
o;01)/2 is the energy operator with! (o) being the raising
(lowering) operator foith atom,2;; and~;; for ¢ # j are
respectively, the dipole-dipole interaction term and thep:
erative decay rate given by

tigation of any such modification in the entanglement featur

is the key focus of this paper. In order to investigate the ef-
fect of position dependent excitation phase on the dynaimics
proves to be convenientto work in a basis defined by the phase
factors. Such a basis was introduced in Refl [29] in context
to directed spontaneous emission from an ensemble of atoms
and is also known as thémed Dicke basis. To this end, for

our system of two qubits there are four timed Dicke states:

le) = lereg)elonitikors, (7
3 2 Sin(/{()’l’ij) COS(/{()TZ'J') 1 iKo- iKo-
Qi = 37 {(1 — 3cos” ) < (Rors;)? + (kori;)® |s) = ﬁ(|€192>€ 0T 4 |greg)e™ 02, 8
~ (1 = cos? 9)%} © @) = (gl ~lgieaie®er),(9)
and l9) = l9192)- (10)
3 5 o sin(korij) In terms of this basis the equations of evolution for the ele-
Vig = 37 {(1 — COos 9)ij ments of the density operator are:
COS(]CQTZ") sin(kori-) . — _4 11
1—3 2 2] ) J 3 Pee YPees ( a)
+ (1= 8cos”d) ( (kori)?  (koryy)® ) ] )
where2y = 2vi1 = 2799 = 2|@e,|?w?/3meohc? is the spon- Pes = — [37 4+ Y12 cos © + i(wo — Q12 cos V)] pes
taneous decay rate o_f the in_dividual qubigs,, is the dipole_ +ising(yis — iQ12)peas (11b)
momentk, = 27/ with X being the wavelength of the emit-
ted radiation and is the angle between the direction of the
dipole moment an.d the I_ine joining f[h‘?h and thejt_h qubits, Pea = — [37 — 112 08 0 + i(wo + Q12 €08 Y)]pea
andr;; = |r; —r;|is the interqubit distance. In this paper we +ising(yia + iQ12)pes, (11c)
assume that the orientation of the dipole moment is random
and hence Egs[](2) and (3) simplifies considerably and take
the form Peg = —2(7y + iwp) Peg. (11d)
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FIG. 1: (Color Online)Energy level diagram for two two-léetoms in bare basis (a) and in the timed Dicke basis (b). Tégukncy shift
A = Q12 cos ¢ occurs as a result of dipole-dipole interaction betweertileatoms. The collective stateég and|a) decays at a rate af
andI'_ respectively, wher& 1 = 2(y £ y12 cos o).

Pss = — 2(7 + 712 €08 ) pss — i8N (Y12 + 1 12)pas note that one can manipulate the level shift by only orientin
+ising(y12 — i€12)psa + 2(7 + 712 €08 @) pee the laser field appropriately with respect to the line jognine
(11e) two atoms. For example; = /2, i.e., when the angle be-
tween the laser propagation direction and the line joinirey t
two atoms is¢ = «/3 and the interatomic distance equal to
Paa = — 2(7 — Y12 COS ) Paa — i8N (Y12 — 112) Pas half of the radiation wavelength;> = )\/2, the level shift
+ising(yia +iQ12)psa + 2(7 — Y12 €OS ©) pee. var]lshes. Thu.s itis possﬂ;le to cpntrql the_level sh|ft. by ap
(11f) plying a laser field in a particular direction without turgiaff
the dipole-dipole interaction.
Further, we note that the transition probability from the ex
Pas = — 2(y — 112 cO8 ) pas + 18I0 (Y12 + 1212) Pss cited statde) to the one photon statels,) and|a), is the sum
L _ _9; : of the probability of each transition. Since it is the proixab
Fising(2 = ih)pes = 2masin ppee, - (110) ity, and not the probability amplitudes that adds up we don’t
expect quantum interference phenomenon to occur. However,
Pgs = — [V + Y12 cos o — i(wo + Q12 cos )] pgs the transition probability from the one photon states,and
+ising(yiz — iQ12)pga |a) to the ground statfy) is obtained by squaring the sum of
the amplitude of each transition. When there is a coherence
between the two statel} and|a)), this can lead to quantum
interference yielding coherent population transfer betwje)
Pga = — [y — 712 c0s @ — i(wo — Q12 €08 ©)])pga and|a). Indeed, the populations i) and|a) is coupled to
‘ e . ‘ the coherencg,, as per Eqs[(11e)-(I]Lg). Itis worth to note
isin (712 = #h12)Pgs that this coupling di irecti
) pling disappears when the direction of propaga
= 2(y = 712€08¢)pac + 2ivi2sinppse,  (110)  tion of the laser field is perpendicular to the interqubitsaxi
& =7/2 (¢ = 0). Therefore, we see that in the presence of
. a position dependent excitation phgsquantum interference
Pag =207 + ’m.COb #)Pss + 2(7 = 112 €08 ¢)paa _ isri)nduced inpthe system. In thiz S:ger we hence explore to
+ 2im128I0 9(pas = Psa), (11))  what extent the guantum interference developed in thermsyste
affects the dynamical properties of the bipartite entamgiet
between the two qubits.

+ 2(7y 4+ Y12 €08 ) pse + 2iy12 8N PPge, (11h)

wherep = ko - (r; —r;) = Q{rz-j cos & with £ being the angle
between the laser propagation direction and the line jginin
the two atoms.

Inspection of Eqs[{I1b) and(11c) shows that the presence

of atom-atom interaction gives rise to collective levefishhe 1. ENTANGLEMENT MEASURE
level shift arises due to the atom-atom interaction onlyuosc
in stategs) and|a). The other collective stateés) and|g) do In general a state of a quantum system is said to be entan-

not see any level shift due to this interaction as per Eq. X11d gled when the density operator of the composite system can-
That is, the energy difference between theand|g) remain  not factorize into that of the individual subsystems. Thene

2wg. The statds) is shifted up while the state) is shifted several entanglement measures for two-qubit system iiitthe |
down by an equal amounk = ;2 cos¢ from the single erature. However, we use the concurrence, a widely used en-
photon resonance line as shown in Eify. 1b. Itis interesting t tanglement monotone, for our purpose. The concurrenceg, firs
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introduced by Wooters [43], is defined by the square root of the product of the populations in the egcit

and ground states. On the other hand,dg(t) to be a mea-
C(t) = max0, \//\_1 — \/)\_ — \/)\_3 — \/E), (12)  sure of entanglement for the system the two photon coherence

should be greater than the square root of the product of the

WhereAl > AQ > A3 > A4. {)\Z} are the eigenValues Of the popu'ation in one photon excited states.

matrix pp in which p = oy ® oyp*oy ® oy, With o, being the In order to gain insight into the physics it is convenient to

Pauli matrix. The concurrence takes values ranging from 0 t@xpress the concurrences in terms of timed Dicke basis-intro

1. For maximally entangled staf&?) = 1 and for separable qyced earlier. To do so, one has to apply a unitary transforma

stateC(t) = 0. S _ tion UpUT on the density matrix given by (I.3). The matrix U
In general, for a dissipative system, without any externals given by

driving field, the density matrix of the qubits system has the

form 10 0 0
0% -2+ o0
pi1 0 0 piy U= 0 f f 0 (19)
0 p22 pa3 O V2 V2
t) = 13
p(t) 0 s pss O (13) 00 0 1
P 00 pag The elements of the density matilixU is related to that of
in the following basis set p by
1) = |6162>eiko~(r1+r2) Pee = P11
|2) = |e1ga)e™ o™ Peg = P114
13) = |greq)eore Paa = 5(022 + p33 — (p23 + p32))
4) = |9192 (14) 1
4 =1 ) Pss = 5(P22+p33+p23+ﬂ32)
Note that for a quantum state initially prepared in a bloakfo 1
of (I3), the time-evolved density matrix will have the same Pas = §(p22 — p33 + p23 — P32)
block form, i.e., the zeros remain zero and the nonzero com- 1
ponents evolve in time [21, 26]. We next proceed to calculate Psa = 5(p22 — p33 — (pag — p32)). (20)

the concurrence for the qubits system initially prepareithén
form of (I3). To do so, one has to determine the mafrix Therefore the concurrence can be expressed in terms of the
in the basis wherg is expressed. Using the definition of the timed Dicke basis as

density matrixp, we obtain

C(t) = max0,C(t),Ca(t)), (22)
paa 00 p
p(t) = 614 P33 P23 (1)4 . (15) where
0 ps2 pz2 0 Ci(t) =V (pos = paa)® + 4IM(pas > = 2y/puchys (22)

par 0 0 pn

Thus the square root of the eigenvalues of the maigiare: Ca(t) = 2|peg] — v/ (pss + paa)? + 4[R€(pas)2.  (23)

{VAi} = {\/p22p33 & |pasl, /p11pas £ |p14|}.  (16)  This expression for concurrence will be used in the follayvin
section to study the dynamical evolution of entanglement in

There are two possible expressions for the concurrence, déhe two-qubit system by considering various initial coruis.
pending on the values of the eigenvalues. The first casetis tha

when|pa3| + \/p22p33 be the largest eigenvalue. This leads to

a concurrence IV. ENTANGLEMENT DYNAMICSOF TWO IDENTICAL

QUBITS
C1(t) = 2(|p23| — v/P11p4a)- (17)

While if |p14] + /p11pas is the largest eigenvalue then the
concurrence takes the form

Using the entanglement measure introduced in the previ-
ous section we study the effect of the position dependent ex-
citation phase by considering pure and mixed state aslinitia

Ca(t) = 2(|p1a] — /p22p33)- (18) ~ conditions.
Depending on the initial condition used, one of the con- N
currence expressions suffices to measure the entanglement A. Initial pure states

present in the qubits system. Further, inspectio_of (1d) an
(I8) shows that’; (t) would be positive and hence the mea- In the two-qubit system one might consider a pure sepa-
sure of entanglement when the one photon coherence is largeble or entangled state as an initial condition. For instan
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FIG. 2: (Color online) A scheme illustrating a proposed roelttio prepare symmetric timed Dicke stat¢. A similar scheme has been
proposed to excite one atom in a cloud of N atoms [29]. Theineat crystal (NLC) down converts the a pump photon into aiggdier pair.
A click on detector (D1) indicates generation of the pair ardce no click on the second detector (D2)—assuming a peldéector—-means
the other photonk(p) conditionally excite one of the atoms.

for pure separable state, one can take the two atom excitddads to
state,|e). Even though this is unentangled state at the ini- (et
tial time, the interaction of the atoms with the environment C(t) = max0,e 2. (26)

leads to V\_/eak transient entanglement.L_lS, 21]. The effect. O\f/Ve immediately see that the concurrence depends only on the
guantum interference induced by position dependent excit

! ) . C aSymmetric state populatiop,s (). As there is no single pho-
tion phase is unimportant in th'.s case and_t_hus we rathesfocqon coherence generated in this case, population transfer b
on pure entangled state as an initial condition.

e . tween the|s) and|a) does not occur. As a result the initial
We take the initial state of th? two-qubit system to be theentanglement experiences an enhanced decay due to the col-
symmetric statds). This state is a pure maximally entan-

. . lective decay rate and goes asymptotically to zero as
gled state and can be prepared using correlated pair of ph?-_) . For)lnoni(}(;w)tical a?oms hgwep\)/er evgn though the

tons generated from a parametric down conversion process In | has th behavi identical h
which one of the photons is sent to a detector (D1) and thgr.\t_ang ement has the same behavior as identical atoms at the
initial time, it exhibits revival at later times [18]. Herbd de-

?éq(;rt:”gtiifg ;ﬁg%:%se:hi;tgmz' s'eAn(t:I';gktr?g ;?:mdsetﬁctf[uning plays an important role in creating coherence betwee
P ' She symmetric and antisymmetric states, which is the basis f

second detector (D2) registrars a count then no atom is e)Sntanglement in the two-qubit system. In the following we

cited. However, if D1 shows a click and D2 does not then C o .
we know that one of the atoms is excited, but we don’t knowrather show, by taking into account the spatial phase depen-

. . . " dence of the atomic states, that quantum interference in the
which one (see FigLl2). This leads o a superposition statg stem leads to a population transfer between the symmetric
|s). Recently, Thiekt al. [44] proposed a method to prepare Y Pop y

all the symmetric states using a linear optical tools. W& Seeand antisymmetric states and hence generation of coherence

to investigate the dynamics of entanglement of the two qubit(pcflfz]' h hift that t . during th :
as they interact with the environment and with each other via € phase shitt tnat an atom experiences during the excl-
their electric-dipoles.

In terms of the timed Dicke basis the initial density matrix 0.20~
has only one nonzero element namgely(0) = 1; all the rest I
of matrix elements are zero. Since there is no initial two-pho
ton coherence,,(0) = 0, according to Eq.[{T1d), it remains 0.15
zero all the time. As a consequence the expression given by I
(23) will be negative and hence cannot be used as entangle-
ment measure. Moreover, it is easy to see that for initial con
dition we consideredy..(t) = 0. In view of this expression i ¢ ]
(22) takes the form 0.05; 1

rp,=21/8 0.20p

27 0.15¢
p= T ry2 COSE

[ §=0 1
0.10f ‘ ‘ -

Concurrenct

Ci(t) = V/(pss — Paa)? +4[IM(pas)]2 >0 (24)

and thus the concurrence can be written as

0.00-————

yt
C(t) = max0,Cy(t)). (25)
FIG. 3: (Color online) Plots of the time evolution of concmce
This expression shows that the concurrence is unity=at0  C;(¢) with initial condition pss(0) = 1, for interatomic distance
as it should be. ri2 = A8 (vi2/y = 0.9, Qi2/y = —0.9) for different values of
Disregarding the relative phase shift & 0) the solutions ~ §-the angle between the direction of propagation of the lasdrthe
of the elements of the density matrix in EG.1(24) turn out to beline joining the two atoms. The inset shows the populationtie
Pss(t) = exp[—2(7 + 712)t], paa(t) = 0, andpes = 0, which symmetric and antisymmetric states o= 0(¢ = 7/4).



007;\ T T T T T T - Where
0 067 r2=21/8 3
U ¢ =Q@2n/A)ripcosé : Ci(t) :e*Q'Yt[(cos @ cosh 219t — sinh 2’712t)2
0.05: :
; + sin? ¢ cos? 2051] /2. 31
7&* 0.04; ! - .
2003 Inspection of [(3ll) shows that the presence of the excitation

phase brings in the dipole-dipole interactidn, ) into the
dynamics. This is in contrast with the case where= 0 in
which the concurrence is independent of the interatomeés-int
action. Note that it is the initial preparation of the stdtatt
determines the dynamical behavior of the two-qubit system.
To better understand to what extent the excitation phase mod
ifies the concurrence and hence the entanglement between the
qubits, we graphically present the concurrence in[Hig. 3.

In Fig. [3 we show the evolution of the concurrence as a
function of the angle between the direction of propagation o
the laser and the line joining the two atong$ {or the two-
qubit system prepared initially in the symmetric stgteand
for interatomic distance;» = A\/8. As we have discussed ear-

tation process contain physical information about thetexici lier the concurrence correspondinggo= 0 exhibits a sharp
atom. For example, in the phase factor associated with an eslecrease and ultimately goes to zero#for oc. The situa-
cited atomexp(ik - r;) the termk - r; = woit - /¢ = wot; tion for nonzero excitation phase is d|ﬁe_zrent; the conence _
indicates that the atom located at positigris excited at dif- ~ sharply diminishes during the decay time of the symmetric
ferent times;. This has been discussed in the context of di-State[2y + 712 cos ] ' and shows a bit of revival and decays
rected spontaneous emission and collective Lamb shift-in reslowly before it goes to zero at— oo. This can be under-
cent yeard [29, 30]. Here we present how this phase factor cafood by looking at the inset of the Figl 3, where we plotted

0.02;
0.01
0.00:

FIG. 4: (Color online) Plots the imaginary part of coheremhee
tween the symmetric and antisymmetric stgsgswith initial con-
dition pss(0) = 1, for interatomic distance12 = A\/8 (y12/y =
0.9, Q12/v = —0.9) and for¢ = 0.

be used to improve the entanglement at later times. the time evolution of populations in the symmetric and anti-
In one photon subspacg.f,(0) = 1] and for nonzero spa- Symmetric states. As can be clearly seen from this inset that
tial excitation phase the important equations read [38] for ¢ # 0(¢ = 0), quantum interference leads to coherent
. o _ transfer of population from the initially populated state to
Pss = — 2(7 + Y12 c08 ) pss — isinp(y12 + i12) pas antisymmetric statéu) [37] and hence generation of coher-
+isinp(y12 — iQ12)psa, (27)  ence between these levels as illustrated in [Eig. 4. This co-
herence is responsible for the entanglement observed batwe
paa = — 2(Y = 712 €08 P)paa — i sin (Y12 — iQ12)pas the qubits.

+ isinp(y12 + 1212)Psa, (28)

. . L ) B. [Initial mixed state
Pas = — 2(7 — iQ12 COS ©) pas + i sin (12 + 1Q12) Pss

+isinp(vi2 — i212)paa- (29) We next consider the two qubits initially prepared in a

These equations fully describe the dynamical behavioref thMixed entangled state [24] given by the density matrix
population transfer between the symmetric and antisymmet- 1

ric states and the coherence developed between them undenp(0) = = (a|1){1]| + (1 — a)|4){(4]| + (b + ¢)|®)(®]) (32)
the given initial condition. We particularly note that the-c 3

herence critically depends on the spatial excitation pake : _ 1 ix .

It is not difficult to see from these equations that for a laser which |(.I).> R \/m(\/a?) + ¢ Vef3)) and the normaliza
propagating perpendicular to the interqubit axis 0) there  ton condition read¢l + b + ¢)/3 = 1. Herea,b,c andx
will be no coherence, which in turn implies the initial pogl are independent parameters which determine the inititg sta

tion in the symmetric state directly decays to the groungbsta of the two enta_ngled qubits. Note tha.t Fhe abov.e.state_ IS a
without ever being transferred to the antisymmetric stite. form of generalized Werner state. The initial conditionegiv

this decay process the maximum entanglement present at tR¥ (32) can be written in the basis 6f{13) as
initial time will be washed out in short time. Therefore, for

this particular initial condition, one has to play aroundhwi 1 g 2 2 8
the spatial excitation phase to avoid enhanced decay of the p(0) == 02 ¢ 0 (33)
entanglement. 3 000 1-a

Using the analytical solutions of the Eqs.}(2[7)1(29) the-con

currence can be expressed as o o
P wherez = Vbc e*X is some initial single photon coherence

C(t) = max0,Cy(t)), (30) in the system ang is the respective phase of the coherence.
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FIG. 5: (Color online)Plots of the time evolution of conamceC(t) FIG. 6: (Color online)Plots of the time evolution of conamce with

with initial conditionb = ¢ = |z| = 1 and fora = 0.6, 112 = \/8, initial conditionb = ¢ = |z| = 1 and forx = /2, r12 = A\/8
and for different values of the initial phage (y12/y = 0.9,Q12/7 = —0.9), for different values of the initial
populationsa.

Now applying the transformation given bl {20), the initial ) . )
density matrix elements fdr= ¢ = |z| = 1 become We immediately see from this result that the concurrence de-

pends on the parameterswvhich characterizes the initial pop-
Pee(0) = a/3, paa(0) = (1 — cosx)/3, pgg(0) = (1 —a)/3 ulations of the doubly excited state. when both the qubits
. are excited and on the phase paramgtevhich determines
pss(0) = (14 cosx)/3, pas(0) = = siny. the initial populations in the symmetric and antisymmetric
3 states as well as the coherence between them. If we con-
SiNCepes(0) = pea(0) = pgs(0) = pga(0) = 0, the form sider that the qubits are coupled independently to thejrees
of the initial density matrix remain the same, i.e., all teez  tive vacuum environment(, = 0) and are well separated
elements remain zero and the all the rest evolves in time. UdD Position (12 > A) so that the dipole-dipole interaction
der this scenario the expression given[by (23) will be negati (€12 — 0), C1(¢) reduces to
and hence cannot be an entanglement measure for the qubit 9
system. Thereforel (22) is the only candidate left to gfanti Ci(t) = Ze 2 [1 —Va(l —a+2a2 + ata)
the entanglement between the qubits. o 0 the system 3
of equations governing the dynamics of the two qubits can bghereq () = /T = exp(—27t). Note thatC, (t) is indepen-
solved analytically. Using these solutions, solved under t gent of the initial phase. This coincides with the earlier
initial condition [33), the expression that describes thiae-  egylts of Yu and Eberly [24].
glement between the qubits, (¢), turns out to be In the following we study the dependence of the concur-
9 rence and hence the entanglement between the qubits on vari-
Ci(t) = _6*2%{ [ (cos x cosh 212t — sinh 219t + am (t))2 ous system parameters. Figlite 5 shows the time evolution of
3 the concurrence for;; = A/8 anda = 0.6 and for different
+ sin? x cosh 20151 12 _ 3a(1—mn2(t)}, (34) values of the initial phase;. We observe from this figure that
the initial entanglement between the qubits vanishes and ex
where hibits revival. The amplitude of revival and the revival &m
(the time at which the entanglement revive in the system) are

~

m(t) = (72 + i) sinh 2+, ot d!rectly rela_ltgt_j to the initial coherence in the system. The
Via — 7 higher the initial coherence the higher the amplitude of re-

29712, oyt vival and the shorter the revival time is. Not surprisingig t
+ 5l — cosh 2y12t), (35)  magnitude of revival diminishes when the initial coherence

2
Yiz2 =7 . o . -
2 decreases. Now keeping the initial coherence at its maximum
value (¢ = 7w/2), we investigate the influence of the popu-
lation distribution between the excited and ground states o

_ O —ay 2 —2vt . P
m(t) = ge 7" + 3¢ [cosh 2715t — cos x sinh 2915t the concurrence. Figufé 6 shows the evolution of the concur-

3
(2 +92) o rence fory = 7/2 and for different values of. This figure
+a~——5——(e7""" — cosh2y12t) indicates that when the initial population in the exciteatest
Tz grows the transient entanglement falls sharply and evexpéis
_ alez sinh 271215)] (36) pears fora = 0.8 (pee(0) = 0.27) in the short time window.

Y12 =7 The entanglement then shows revival and a slowly damping
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FIG. 7: (Color online)Plots of the evolution of concurreneih ini-
tial conditionb = ¢ = |z| = 1 and forria = A/8 (yi2/y =
0.9, Q12/v = —0.9), x = /2 and for the direction of propagation
of the laser field perpendicula¢ & 7/2) and parallel £ = 0) to the
line joining the two atoms.
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FIG. 8: (Color online)Plots of the imaginary part of the orf®{on
coherencepas with initial conditionb = ¢ = |z| = 1 and forri2 =
A/8 (y12/v = 0.9, Q12 /v = —0.9), x = w/2 and for the direction
of propagation of the laser field perpendiculge 7 /2) and parallel
(& = 0) to the line joining the two atoms.

behavior afterwards for all values of initial populations.
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the laser propagation direction and the line joining the two
atoms. These plots clearly show that the excitation phase ef
fectively protects the initial entanglement from expecieg

a sudden death and even enhances the entanglement from its
initial value during the revival period. The amount of entan
glement then drops gradually and approaches zetre-ato.

It is worth noting that the spatial excitation phase creatbs
ditional coherence and hence improves the revival magaitud
over that observed for the cage= 0. This enhanced coher-
ence, as shown in Fid] 8, is a signature of stronger entangle-
ment between the qubits

V. CONCLUSION

We have investigated the effect of quantum interference in-
duced by position dependent excitation phase on the dynam-
ical behavior of entanglement between two interacting tgubi
coupled to a common vacuum reservoir. We have considered
both pure and mixed entangled states for our analysis. Our
results show that for the atoms initially prepared in a sym-
metric state, the excitation phase induces quantum imterfe
ence in the two-qubit system that leads to coherent popula-
tion transfer between the symmetric and antisymmetriestat
This thus creates a coherence which in effect slows down the
otherwise fast decay of two-qubit entanglement considgrab
Hence we find that the evolution of entanglement crucially
depends on the coherence between the symmetric and anti-
symmetric states. Furthermore, when the qubits are prépare
in a Werner type mixed entangled state the entanglement is
known to suffer sudden death. However, if one takes into ac-
count the excitation phase into the dynamics the entangieme
exhibits revival. This revival is attributed to strong cotiece
developed between the symmetric and antisymmetric states.
A viable candidate for realization of our findings would be
semiconductor quantum dots. Note that coupled quantum dots
with interdot distance less than the radiation wavelength h
already been investigated in context to quantum gates f#b] a
photoluminescence spectral33]. As a future perspective, o
can further study the effect of virtual processes on the dyna
ics of the system as these processes are known to influence the
evolution of the symmetric and antisymmetric states.

We next analyze the evolution of entanglement in the sys-

tem by introducing the spatial excitation phas@to the dy-
namics. By comparing the previous results for= 0 with
the numerical plots forp # 0, we discuss the effect of the
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