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Abstract: Entanglement evolution for a classically pumped three-level atom integagiihh an anisotropic structured reservoir is
studied. We demonstrate that entanglement decay is much slower in éneoiesvith the memory effects. This point is beneficial
for the implementation of quantum computation in the non-Markovian enwiemms. Unlike the free-space case, the unusual reservoir
stimulates stationary entanglement with amplitude depends strongly on ttieerplaase between the control laser coupling the two
upper levels and the pump laser pulse used to create an excited statetofiiie a coherent superposition of the two upper levels. An
optimal stationary degree of entanglement is achieved for negatit&eghase, where both detunings - from the upper band gap and
driving laser - are the same. Moreover, a significant stationary degfrentanglement is reached, for high detuned upper levels with
the pump laser pulse, on resonant frequency near the edge of theH@Béntanglement in stationary regime, the Rabi frequency of
the control laser field exceeds the rate of entanglement degradatiohameament for tuned or detuned frequency from the band gap,
depending on the relative phase value.
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1 Overview Therefore, dynamical properties of quantum
entanglement have received much attentibh15,16,17,

Entanglement 1,2,3,4,5,6], a characteristic feature of 181920]. It is well-known that the radiation properties
guantum mechanics, plays a key role in many quantunPf atoms can dramatically be manipulated by changing
information tasks ]. In order to implement those tasks, the environment where atoms emit photons. Itis therefore
one hopes that entanglement needed to be maintained félesirable to investigate the entanglement of the
sufficiently long time to fulfill the design. However, three-level systems under envwonmentgil effects. The
entanglement is easily degraded due to the unwanteflecay of a three-level atom system with one shared
interaction between the system and its environment€Xcitation is a fundamental problem of some importance.
where, decoherence of quantum entanglement is usuall{) MOSt cases, analytic progress can only be made under
inevitable B]. Therefore, creating a long-lived the Markovian hypothesis, which requires decay of
entanglement and avoiding disentanglement in a practicaorrelation between the system and the environmht [
way are what count in realistic quantum information 22 In addition, the Markovian approximation is used for
protocols. It would seem important to stabilize quantumthe study of dynamics of quantum systems that weakly
systems against this unwanted phenomenon. To achievgoupled to reservoirs without memory effect3]

this goal, it is efficient to devise schemes for the creationHowever, in realistic environments with memory effects,
of entangled states and to observe their dynamicafime evolutions of quantum systems often obey the
characteristics in the presence of environmental effectsnon-Markovian dynamics. In this important case,
For a long time, the essential target of many proposald0ssibility of periodic re-excitation of the atom by the
was the control and manipulation of the quantumSPontaneously radiated field is allowed, hence, the
information stored in the system while keeping the F€servoir can be treated in a non-Markovian fashion in the

detrimental environmental effects 1ov9,[L0,11,12,13]. sense that energy is radiated into the field by the atom and
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can be at least partially recovered by the atom ag@lin [ analysis of the obtained results. In sectibrthe same

In addition, in non-Markovian case, the information problem is placed in the context of a photonic band

transferred to the reservoirs is fed back to the atoms dustructure, while two special cases are considered, i.e, PBS
to the memory effect, which means the excited atomicmodel with anisotropic dispersion relation and stationary

state will arise again24]. For periodic dielectric media regime of evolution. The results are summarized in

predicted P5,26] that a suppression of spontaneous section6.

emission can be achieved. This means that, the

entanglement-induced memory effects can persist for

arbitrary long times and affect the relaxation to o Nodel Hamiltonian in the interaction
equilibrium, hence, strong non-exponential behavior can

arise. picture and equations of motion

Our aim, in this article, is to identify those ] . ) ) ]
circumstances that allow for generating long-lived The interaction of a multi-mode quantized field of
entanglement, while filtering out decoherence effects, andrequencyw with a single pumped three-level atom is
are therefore highly advantageous for optical described by the Hamiltonian
communications, data storage and processing, near or at

the quantum limit. Our scheme depends on the coherent PR

contcr]ol by an external drivingpﬁeld and photon H= Zh_‘” Qi +Zh_wkal/\am
localization by an action on spontaneous emission from a i=0 kA

three-level atom by locating the atom into a photonic

band structure (PBS). The atom and its unusual +ihQ (o‘lzei(alt+§q_) _ 021efi(w_t+<a_))

(structured) reservoir now evolve as an effective

two-qubit system. With the full development and

application of cooling and trapping techniques on atoms, +iﬁz O (é\b 0p2 — azoé]d>, Q)
controlling entanglement by applying laser field has kA

become the popular subjec7. Note, the purely

classical field is not able to generate any kind of quantum'Ve [€t|0), [1) and|2) denote, respectively, the ground,
correlation between two subsysteras]| and the two excited levels of the atom. The quantities

PBS, also referred to as photonic crystals (PCs),Q and(n_ define, respectively, the angqlqr frequency, the
provide an important tool to realize, a strong localization R@bi frequency and the phase of the driving laser.
at the classical level and trapping, of light in bulk 1he first two terms of Eql), whose sum denotes the
material P9, and the complete inhibition of spontaneous Hamiltonian of the unperturbated systerHp, stand,
emission BO] over a broad frequency range. Moreover, repectively, for the Hamiltonians of the bare atom and the
the driving of a multi-level atom with a sufficiently strong Photon reservoir (neglecting the zero-point energy) with a
resonant field alters the radiative dynamics in alarge amount of independent harmonic oscillators. The
fundamental way, even in ordinary vacuum. In view point last two terms, whose sum denots the Hamiltonian of the
of quantum information, the protected electric dipole perturbated system Hai, respectively represent the
within the PBS provides a basis for a qubit to encodeHamiltonian, Ha., of the interaction between the atom
information for quantum computations. It is demonstratedand the coherent monochromatic laser field driving the
that [21], storage of quantum information in a single transition |2) — |1), and that,Hag, of the interaction
three-level atom is facilitated by the localization of igh petween the atomic transitio2) — [0) and the

in the vicinity of the atom, suggesting an application of_ environment, withab and &, are the creation and

the model system as a memory device on the atomic,,ninijation operators of the reservoir, via the electoni
scale. For further detailed literature on the nature, o . A )
transition dipole moment dag with the

fabrication and applications of PBS see Re29,§0, 21] frequency-dependent coupling constant (assumed to be
and papers therin. For such reasons, three-level atoms are q y-dep ping

of particular interest in quantum optics and predictably real), gk = w20t0 & -d20/ v2akE0V -

their behavior in the context of structured reservoirs has L . . . . .
been addresse@1,37]. WorkmAg in the_AmteLacu_oAn picture, the interaction
The paper is organized as follows: Sect®rontains a  version Hiy = €Mot/MH;e Mot/M - of the system
description of the system Hamiltonian and the derived theHamiltonian () reads

equations of motion for the amplitudes involved in the

wavefunction of the system atom+continuum. In section ﬁint =ihQ (alzei(““*"l) — Uzle*i(HLtJF(FL))

3, we derived the reduced density operator used to

calculate entanglement measure we are going to use and

give a brief survey about this measure. In sectlothe

dynamical behavior of the system in free space, supported +iﬁz Jar (ab 0028 M — G08in e*il»lkt)’ @)
with a sample case, is thus investigated followed by KA
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where . = @ — ap; is the relative detuning of the
upper transition |2) — |1) from driving laser and
Uk = wx — apo is the detuning of the radiation mode
frequencywy from the atomic transition frequenayyo.
We proceed to solve the Sddinger equation of motion

for |g(t)), i.e.,

G(t)) = —i Hint [@(1)), 3)

where| (1)) is the state vector of the system any later time
t, and can be written as

[W(t)) =Ca(1)[1,{0}) + C2(1)[2,{0})

+ZBKA 010,{La }) (4)
KA

Note, when there is no driving field, our model system

one of these approaches that based on the eigenvalue
spectra of the system density matrices is entropy method
[37,38,39]. Entropy, known as von Neumann
entropy B7], is related to the density matrix, which
provides a complete statistical description of the system.
It is a commonly accepted fact that von Neumann
entropy B7] is the unique entanglement measure for
bipartite systems in a pure sta#0]. In order to calculate
the entropyS(t), we must obtain the eigenvalues of the
reduced density operator. Recalling Edt),(the full
density matrix p(t) = |@(t)){Y(t)|, needed for
calculating the reduced density matipa (t), after the
tracing of the reservoir variables, is expressed as

can be viewed as a two-level system consisting of levelsvhere

|2) and|0), with the transition frequencyoo.

The equations of motion for the probability amplitudes
Ci(t), Co(t) and By, (t) are obtained by applying the
Schibdinger equation3), assumindi = 1, as

Ci(t) = QCy(t)e i) (5)
Co(t) = —QCy (t)e (K@)
— GaBa()e ™, (6)
kA
B () = Ga Ca(t) . @)

With the initial conditions,By, (0) = 0 andC;y(t = 0)
C1(0), it is not difficult to obtain

Ca(t)

. t /
QG (t)e i) _ / Gt —t), (8)
0

whereF (t —t') is the memory kernel and given by

Flt—t) =) gge it 9)
k,A

The determination of the memory kernel is related to the
reservoir spectral densit@34].

3 The reduced density operator and
entanglement measure

A major thrust of current research is to find an efficient

p11p12 O
pat)y=1{ p21p22 0 |, (10)
0 0 poo
p11=Cit)]%  p12=Ci(t)Cs(t) = p3y,
P22 =Cat)]>,  poo=> [Bu(®)%  (11)
kA

In terms of the eigenvaluegy, (y = 1,2,3), entropy can
be defined as follows3g,41]

3
S(pa) =—>_ Xylnxy (12)
y=1

where xy, (y = 1,2,3) are the roots of the charactersic
equation of degree three

X3 = [P11+ P22+ Pool X + [Pr1P22+ Poo(Pr1 + P22) — |P12)?)]

X + (|p1212Po0 — P11022000) = 0 (13)

The reduced density matrix is, however, calculated in a
general form, hence, entropy of the system can be easily
copmuted. The results will depend crucially on the shape
of the memory kernel9). To gain clearer insight, a
comparison between various shapes of the memory kernel
(9) is, however, efficient. This is precisely what is done in
the next sections.

4 Entanglement in the Markovian regime

Markovian interactions, i.e., interactions with free spac
are characterized by delta-function-dependent memory
kernel R3]. Thus, for the electromagnetic vacuum which
is characterized by the dispersion relatio(k) = ck, the

and quantitative measure of entanglement for bipartitememory kernel Eq.9) takes the form

system. The concurrence8d, 34], negativity, B5 and
relative entropy 36] are some of these measures. Also,

Ft—t) =y0d(t—t), (14)
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where, yo0 = w302,/ (61C3gp), is half the spontaneous os a
emission ratel” for the transition|2) — |0) in the '
Markovian model. 0.4
If initially the atom is in the coherent superposition of ~_, 0.3
its two upper leveld2) and|1) where the radiation-field o o2
reservoir is initially in the vacuum state, the initial stat _
atom-reservoir system can be expressed as o1

[@(0)) =C1(0)[1,{0}) +C2(0)[2,{0}),  (15)

where,C;(0) = €%sin(8) andC,(0) = cog 8), with the
parametef measures the degree of excitation of the levels
|2) and|1). In this case, on using the initial conditioh)
with Egs. ) and @), the amplitude€£,(t) andCy(t) can

be easily expressed, respectively, as

Cz(t) _ Z|2:1 Co(0)(s+ip)—QC; (0)e ' epqt’ K = 1,2; [ 7& k.

S %
(16)
c
j - ) 0.5
C]_(t) _ ZIZ:l Qe"‘LC2<0>;S;((0)(Sk+|HL) e()(| +I[JL)'[7 k= 1‘2’ | ?é k. o
(17) N
with 1_ 0.3
"Ulo.z2
. . 2

¥ = — Yl 4 (_gyi+ <7V2°;'“L) 02, 1=12 01

(18)

For resonance driving lasery = 0, we can distinguish
three stages in the dynamics of the populations and entropy
according to the rootg . From equationX8), we have

_ ) 1 negative 2Q /o<1
~ ]2 complex (with a real part equal te y20/2) 2Q/y0>1
(19)

In particular, when 2/y,0 = 1, equation 18) has a
double rootx; = x» = —y»0/2, and Egs.16, 17) reduced,
respectively, to

e
0.5
Colt) = Bt [02(0) - (%CZ(O) n QCl(O)e*i‘/l)t} , 0
(20) 2,03
i "o o2
Cu(t) = e Bt [c1<0) + <.QC2(O)e'<‘l +222¢4(0) t} . o
(21) .
Integrating Eq. 7) with the substitution of Eq.20), by o 2 4y 8 10
using (1) and employing the integration, after some f
algebra, yields
0.6
2 0.5
prolt) = (1— ety — Yoo (1 +C050) (1; O ert, (22) Soa
= 0.3
whereg is the phase differencey = ¢, — @ between the oz
driving laser,@_, and the relative phasey, between the 0.1
stateg2) and|1). % 2 a vt 6 8 10

Entropy, S(t) and magnitude|C; (t)Ca(t)|?> of the
coherence, are depicted againgit for degree of  Fig. 1: CoherencéC;C,|2, and Entropy, fopp = 71/2 (red),p =0
excitation,0 = /4, double angles of the relative phage (blue) and different values of(2/y,9 = 1,0.8,4.0, wheref =
and different driving laser strength@/y»o in Fig.(1). /4.

© 2013 NSP
Natural Sciences Publishing Cor.



Quant. Inf. Revl, No. 2, 23-34 (2013) www.naturalspublishing.com/Journals.asp NS 2 27

From the figures, we see clearly the effect of the dampinghe anisotropic effective mass approximatiof3][ the
term e %20, where decay to normal vacuum occurs after photon dispersion relation in a PBG material is given by
few oscillations, but with different degrees according to
the change of the parametagsand Q /y»o. It is noticed a
rapid (wheng = 11/2) and slow (wherp = 0) decrease in
the entropyS before decay to zero (field in the vacuum, where, ax is the upper band edge frequengy,is the
the atom in the stat®)) due to the different de-phasing wavevector, andA ~ fux /Ko, with the dimensionless
of the off-diagonal coherences caused by environmenta$caling factorf, measures the curvature of the dispersion
influences 42], Fig.(la). When ¢ = 0, S maximum curve PR5]. For (t —t’) large enough to satisfy
shifted left noticeably with amplitude remain fixed, see a(t —t’) > 1, the memory kernel Eq9), reads 21]

Figs. @Lb). Note, the slow and rapid decreaseiis due to
the time difference of populations of the symmetric and
antisymmetric atomic stat&q2) + n|1) to the upper state
|2) which, accordingly, decays to ground sté@, thus,

an early or late occurrence of energy exchange betwee
the atom and reservoir, and so, slow or rapid full
entanglement can occur. The effect whe@ /359 < 1 is
more pronounced. There is a point at whiShdoesn’t
decay completely and regenerates before decays to zerké
when ¢ = m/2, Fig. (@d). At this point, coherence t
amplitude still have a value, because the symmetric stat
{|2) + n|1), doesn't populate completely to the upper
state|2). This is due to the weakness of the driving laser
generates an intermediate level (level shift) rather than t
upper statg2) at which full entanglement can occur. In
other words, weak driving causes the symmetric atomic BQEA &t o F(X)
statel|2) +n|1) to decay to the ground staf@) before + p /0 dxe Tx)
full population to the upper stat§?), as a result,S
increases and decays on a faster timescale and then
regenerates before damping to zero, see Fity).(
Moreover, entanglement revives for longer timescal
before decaying to zero in the case of weak driving laser.
On 2Q/y,o becomes more than unity, generally, the
previous behavior is noticed except for, increasing dgvin
laser strength induces oscillations in the coherence
amplitude which makesS to decay and regenerate
frequent times before damping to zero, see Fits,f).

wx ~ ax+A(K —ko)?, (23)

gt )+/4

F(t*t/):*ﬁ ma

(24)

\r/]vhere,B2 = wPp3y/(16f3w3y), and the relative detuning
of the upper and lower transitions from the band-edge is
O = W — 0.

nder this form of the memory kernel EQ4), applying

e Laplace transforms and their inverse on Exjsapnd
e(8), the amplitude€; »(t) can be evaluated in the form

eﬁithC]_(t) = gt Z a1 m e'wr%t

m=1,2

(25)

Cz(t) :ei5ct Z A m elw’%‘t

m=12
iT/4 g (&+p)t oo
+—Be' e - / dx e ® —FZ(X), (26)
T 0 |(X)
where

Wi3=—01%+4/C_— 02, @:wjz—az—im,

5 Entanglement in the non-Markovian _ (27)
regime with

Co= 14 /r2 4 (Q2— &t — 82),
5.1 Case (1): Entanglement dynamics through a
PBS with an anisotropic dispersion relation

0'1.22} Bi B2—4([,l|_+250)+8l’ , (28)
4

The decoherence of quantum system is always
unavoidable because of the interactions with its local

reservoir. To set up a reduced environmental effects, we — % 3(B— q)1/373(5+q)1/3+ ,712), B= P>+

now turn our attention to an action where the three-level

atom is located within a PBS. In a real 3D dielectric (29)
crystal with an allowed point-group symmetry, the band nd 1

edge wavevector varies dsis rotated throughout the p= —'712+3f727 q= —3[31 + 5('71'72+3'73)}>
Brillouin zone. Thus, a more realistic picture of the band (30)

edge behavior requires the incorporation of the
Brillouin-zone anisotropy. In this case, the dispersion

relation for the photons in the radiation reservoir is n=H+2&), N2=

modified, with a gap(s) in the photon density of states. In

2

%(UL+250)+4(-QZ_5CIJL_5CZ)a

(31)
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BZ
— o (H+280)°.
(32)

N3 = [B*—4(pL+25)](Q% — & — OF)

and

F1() = {[—X (&t )] €% Ax(0) — QC1(0)} VX (33) =
0.2
Fa(X) = {[—X+1 (& + p)|€*Ax(0) — QC1(0)}

0

2

(—X+i8+ i)V (34) .

1(X) = {[~X+i(Be+ pL)]) 2+ Q22+ B[ —x+i (& + p)]% 0.61

(35)
The coefficients ) m wherem= 1,2, corresponding to
Wm, which depends o2, &; andC;(0), are given by the
expressions

200

kin

(@2 + B+ &)C1(0) —iQEXAy(0)],
(36) % 2

am=

200
Wnkin

(0% + & + HL)A2(0) +iQe ' C1(0)],

(37)
wherek,I,n=21234m=12 andm+#k#1#n, and 0.6

am= C

Winkin = WOmk@i Wmn; Wy = (W — @), (38) N oa

Sincem, is real, andwm, is complex (with negative real E
and imaginary parts), the first terms in the right-hand side
of equations ??) and @6) are non-decaying oscillatory 0.2

terms, whereas the second term is also oscillatory but
decays exponentially to zero &as— «. The last terms 0
containing the integral decay to zerotas> « faster than 0
the second term, so their contribution to the interaction is

eventually trivial and can be ignored, in this case the d
amplitudesC; (t) andCy(t) read

2 4 6
t
v
4 6 8 10
2 4 6 8 10
t

B
B*t
B

2

Ca(t) = & 3™ gy o O (39)

m=1,2

Calt) ~ €% S apm €7, (40)

m=1,2

Figure @), illustrates the dynamical evolution dR)

population |C;|?> and entropyS, where the effects of 0
memory kernel function on the entanglement are 5
considered, for same initial relative phageas in last Bt
figures, but the driving laser strength is n@v/32 = 2,

where, we preserved the_ atom in an eqqgl superpostior}iig. 2: PopulationC,|2, and Entropy, whet /32 = 2.0 and@ =
6 = m/4, and the detuning of the transition frequency ;7/4 andy, /82 = 0.0 (red),u /B2 = 1.0 (green)u /B2 = 2.0
from the band-edge is assumed to have valuegyiolet), for&/B2 = 1.0 and different values ap = /2, 77/4,0
&/B? = 0,1 while various detunings from driving laser, and—71/2. For (i, j), &/B2 = 0 andgp = —11/2.

u. /B2, are considered.

© 2013 NSP
Natural Sciences Publishing Cor.



Quant. Inf. Revl, No. 2, 23-34 (2013) www.naturalspublishing.com/Journals.asp NS 2 29

e
0.6
N_ 0.4
o~
o
0.2
o0 2 4 6 8 10
%t
f
0.6
=
S 0.4
=
Ll
0.2
G0 2 4 6 8 10
Bt
g
0.6
N _ 0.4
Vi
o
0-2/\/\,
OO 2 a4 6 8 10
BZt
h
0.6}
= N
o 0.4}
=
Ll
0.2
(o]
(o] 2 4 6 8 10
BZt
i
0.6
N_(\‘ 0.4
(&) /\_/—\——————
0.2
OO 2 4 6 8 10
B2t
j
0.6*\/\/—‘
>
o 0.4
=
Ll
0.2
GO 2 4 6 8 10
BZt

Fig. 3: Fig. 2 continued.

We note that, forp = 11/2, a highly non-Markovian
decay of both|C,[?> and S is exhibited where the
difference for varyingu, /B is negligible, Fig. 2a,b),
while for other ¢ values, there is no decay to zero of
either |C,|? or S. This can be illustrated as follows: As it
is known from the coupling of a two-level atom to the
PBS reservoir, the dressing of the atom by its own
radiation causes splitting of the atomic levels. This
splitting is sufficiently strong to push one level of the
doublets outside the gap and the other inside. The dressed
state outside the gap looses all its population in the
long-time limit, while the one inside the gap is protected
from dissipation and thus is stabk4]. This can be clear
from Eq. @0) which shows that leveR) is split into two
dressed states. This dressed-state splitting is the cehbin
effect of vacuum-field Rabi splitting by the ga#q and
the Autler-Townes splitting46] by the external field. The
dressed states occur at frequencies [noting thatamas
real, whereas Reo?) < 0]

W0~ G+ Im(iwd)] = ax — Im(iwf) = o — wf  (41)

wp0— G+ IM(iw)] = wx — Im(iwF)

= w —Re(@%) = wx + |Re(@)| (42)
The dressed state at the frequenay+ |Re(w?)| lies
outside the gap and decays at a rate o(dzg’ﬁ) which
resulted in the highly non-Markovian decay of the atomic
population, and as a result, a rapid decay of entanglement.
In contrary, the dressed state at frequeiogy— wf lies
inside the gap and corresponds to the photon-atom bound
dressed state with no decay in time, which means very
different spontaneous emission dynamics -from free
space- that depends strongly on the detuning
O = o — & of level |2) from the upper band edge. In
other words, as the relative phagedecreases, thus, the
atom becomes more near to be in a superposition of its
two states. This is a novel behavior, due to the fact that
both transitions and not only one, are coupled to the same
structured continuum and we have the formation of a
"photon+atom” bound state 2p,43,25,44,32], which
exhibits population trapping in both excited states, in the
long-time limit [44]. In this case, specially for symmetric
and antisymmetric state§2) + (1), S grows up clearly
and reaches its steady-state value more quickly for
u./B? € [0,1]. This is due to the possibility of stimulated
transitions between either symmetric or antisymmetric
states and stat®). Note, an optimal entanglement with
the highest steady-state maximum can be reached on
negative relative phasg while u /B = &/B% = 1, see
Figs. e,f) and @g,h) , while for tunedw,q into the gap,
this feature can be seen whem/B? > 1, which means
that, pumping with classical laser of matching frequency
may suppresses efficiently the effect of the detuning from
the band ga@./B?, Fig. (2i,j). In the language of dressed
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states, the oscillations ifC|?, hence inS, reflect the First of all, for a strong driving laselQ = 332, as
interference between the dressed states of the atom. Th& /B2 increases from zero (that is, as ley) is pushed
new feature that the PBS brings is in the creation offarther away from the band edge into the continuum),
long-lived correlations between the modified reservoir |CS!|? initially increases and attains its maximum value at
and the atom that depend crucially on both PBS andabout &, ~ 0.582 before it begins to decrease very
driving laser parameters and can increase above its initialapidly, while S appears to be less sensitive in this stage,
value. We see from the figures, how the correlationspecially ford,/B2 < 0, where it decays very slowly from
evolves to this steady-state. This is due to theijts stationary value (of about® atd, = —232). At the
phenomenon of population trapping which, in point where|CS!|?> begins to decreases decays very
consequence, is due to the presence of a PBG materighpidly too, Fig. @c,d). This is because, there is a
and is absent in free space. This trapped population giveﬁ'actionalized|C§t|2 on the excited stat®) even when the
rise to the asymptotic correlation between the atom anchare excitation frequency of this level lies outside of the
the field P,19]. PBG, but not far from the band edg21] 30].

5.2 Case (2): Non-Markovian Entanglement in

the stationary regime a
. o i . . 0.01
In the long-time limit, only the first terms in equations
(39) and @0) remain dominant, sincey is real whereas 0.008
, is complex with a negative real part. The steady-state
amplitudesCj(t) of the upper level$2) and|1) are thus 5 0.006
given by - 0.004
Cst_ g 2O o i0dn 0.002
1 =a11= %[(Q + B + &)C1(0) —iQe®C,(0)] \X/
(43) % 15-1-05 0 05 1 15 2
2w | 5/
Cl=ap;= o (@2 + &+ UL )C2(0) + Qe 'Cy (0)] b
n
(44) ;
Putting in mind that the quantityd /i, in Egs. 0.1
(43) and @4) is real, asw is real andwyn, is real too, o.08l
leads us to expect that the development of both =
steady-state populatioCS'|?, and steady-state entropy, o 0.06}

S, will evolve maximally or minimally according the
change inp sign, while the shape of their behavior will be
determined and controlled by the driving laser strength 0.02}
Q. The detailed analysis is given in Figd.gnd5).

5 0.04}

—02 -1.5-1-05 0 05 1 15 2

Figures &) and 6) show, respectively, the variation of 5/32
the stationary state evolution with respect to the detuning

&/B? and driving laser strength parametey 82, where ¢
atomic degree of excitatiofl = 11/4 remains fixed for all 0.18
plots. -
0.16

Generally, we can notice that, fop = /2, the ~
detuningpy /B2 controls|CS!? and S* to behave similar o 0.14
to each other, see Figslg,b,4g,h, 5a,b andsg,h), where ~ 012
as|CS!|? exhibits increasingS™ shows increasing too, and '
vice versa forp = 0, Figs. éc,d,4i,j, 5¢c,d andsi,)). 0.1

Figures de,f, 4k,l, 5e,f and5k,l), wherep = —11/2, -2-15-1-05 0 05 1 15 2
show increase in bothCS'?> and S* when p /B2 5Ip?

increases. A fine look at these figures can shed light on
some important details and give us a deeper insight into
the efficient effects of these parameters.
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d i
. 0.19}
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© 0.55} N
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w 0.5}
0.17}
0.45}
0.165F ]
045 1 05 0 05 1 15 2 -2-15-1-05 0 05 1 15 2
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0.7
k
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2 0.6} 0.37}
o
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= 0.55} 0.36 \
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0.5} 2 035' 1
0.34}
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5/B% 0.33f
% 1073 g -2 -15-1-05 O 20.5 1 15 2
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I
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2t 0.55}
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o/B 0.45f
h
0.06} : -2 -15-1-05 0 05 1 15 2
5/
= 0.04}
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= Fig. 4: Population|C;|4, and Entropy in the steady state against
W o ool ] &/B%, when 8 = /4 and /B2 = 0.0 (red), u /B2 = 1.0
(green), u /B% = 1.5 (violet), for different values ofp =
/2,0, —11/2, whereQ /32 = 3.0 for (a-f) andQ /B2 = 5.0 for
%15 1 05 0 05 1 15 2 R
5/p2
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In other words, aswg is detuned further into the gap d
(i.e. asd:;/B% becomes more negative), a greater fraction 0.68
of the light is localized in the gap dressed state.
Conversely, asyg is moved out of the gap, total emission ~.0.67
intensity from the decaying dressed state is increa®gd [ a
47). =

Ll 0.66

A comparison with Fig. %i,j), where both|CS!|? and
St are function ofQ2 /B2, it is apparent that it is a limiting 0.65
case of Fig. 4c,d), where bothCSt2 and S begin to 3 35 4 é'/SBz > 55 6

increase to attain stationary state in the limit of stronger
driving laser. This is a general and common property that

e
can be noticed easily by comparing Figs4d{) and 0.38
(59:h)], [(4e.f) and Bk,1)], [(4i,)) and (5c,d)] and [@k,I) 036/
and 6e,f)]. This is not the whole thing, where the effect ’
when the driving laser is detuned farther from; is, = 0.34
however, interesting. For fixed driving strength, the point L
at whichS* begins to decrease from its maximum value, 0.32
of about 069 at aboud /B2 = 1.5, asy /B2 increases, is 0a
shifted left noticeably, see FigsAd,f), while an opposite '
situation can be noticed for fixed detuning from the upper 2 35 4 é'/ssz 5 55 0

band edg® /B2, where, this point, at abo@® = 3.582, is
shifted right remarkably, see Fig&k().

0.6

)
o
Entropy
o
a

x 10"
0.5
~ 4
o 3 35 4 45 5 5.5 6
= Q/p?
2
x10° 9
o/ 2.5
3 3.5 a 4.5 5 5.5 6
Q/p? 2
b N 15
(_)N
0.06 e
=0.04 0.5 I
= 0
E 3 3.5 4 4.5 5 55 6
0.02 Q/p?
[ —
L h
o3 35 4 45 5 5.5 6
: - : 0.025
Q/p?
c 0.02
=
0.19 S 0.015
=
0.18// o ©0.01
N
— 0.005
olo.17
0
016 3 35 4 4.52 5 55 6
Q/p
0.15
3 35 4 45 5 55 6
Q/p?
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i 6 Conclusion

In summary, we present a scheme for preserving
entanglement in the steady state between parts of a
bipartite system of\-type three-level atom coupled to a
vacuum reservoir. To achieve this goal, the upper levels of
the atom were coupled through a classical control laser
while the reservoir was engineered through locating the
atom into PBS, that allows for the formation of
non-Markovian effects. The analysis showed that,
engineering the reservoir, initial laser pulse strengtid a
detuning from upper band edge frequency of the PBS,
play a crucial role in this process. We demonstrated that,
opposite to interaction in free space (the non-Markovian
effect is neglected), where entanglement sudden death
(ESD) is dominant, the existence of bound state of atom
and its reservoir and the non-Markovian effects supresses
decoherence noticeably, where, entanglement
preservation can be simply achieved. Moreover, the
process interplay near an off-resonance interaction with
upper band edge frequency is more advantageous than
that operating near on-resonance interaction. In the
longtime limit, the stationary entanglement evolves

0% 35 4 45 5 55 6 towards maxima or minima according to the change in the
Q/[32 sign of the relative phase regardless of the value of the
K relative detuninig between the upper levels and the pump
laser pulse, while its shape will be controlled by the
0.35 // driving laser strength.
«~ 0.3
sy References
Q 0.25
[1] Schiddinger E,Naturwissenschafter3, 807, 823, 844
0.2 1 (1935).
[2] Einstein A, Podolsky B, and Rosen Rhys. Rev47, 777
3 35 4 45_5 55 6 (1935). _ _ _
Q/BZ [3] Horodecki R, Horodecki P, Horodecki M and Horodecki
K, Rev. Mod. Phys81, 865 (2009).
' [4] M. Abdel-Aty and M. J. Everitt, Eur. Phys. J. Br4, 81
0.7 (2010) .
[5]A.-S. F. Obada, M. R. B. Wahiddin and M. Abdel-Aty,
0.65 Optics Commun.281, 6019 (2008).
2 [6] M. Abdel-Aty, Optics Commun.275, 129 (2007).
o 06 [7] Nielsen M A and Chuang | LQuantum Computation
c and Quantum Informatign(Cambridge University Press,
w Cambridge, UK,) (2000).
0.55 [8] Breuer H P and Petruccione Hhe Theory of Open
Quantum SystemgOxford University Press, Oxford,)
(2002).
3 35 4 3'/5[32 > 55 ¢ [9] Ekert A K and Phoenix S J 0J. Mod. Opt. 38, 19 (1991).
[10] Hartmann L, Dir W and Briegel H-JNew J. Phys.9, 230
(2007).
Fig. 5: Population|C,|2, and Entropy in the steady state against [11]Lopez C E, Romero G and Retamal J C,
Q/B?, where® = m/4 and . /B% = 0.0 (red), u /B2 = 1.0 arxiv:1007.1951vl[quant-ph], (2010).
(green), u /B% = 1.5 (violet), for different values ofp = [12] Suzuki J, Miniatura C, and Nemotol K,
1/2,0,—11/2, whered: /B2 = 0.0 for (a-f) andd./B2 = 2.0 for arxiv:1002.4716v2quant-ph], (2010).
(g-). [13] Agudelo E, Rodriguez B A, Fonseca-Romero K M,

arXiv:1002.4242v1jguant-ph], (2010).

© 2013 NSP
Natural Sciences Publishing Cor.


www.naturalspublishing.com/Journals.asp

34 NS e

M. S. Ateto: Non-Markovian Dynamics of Entanglement of three-level..

[14] Sun Z, Wang X G and Sun C Phys. Rev.A75, 062312
(2007) ; Yu T and Eberly J HOpt. Commun fg.203 676
(2010) ; Cao X F and Zheng HRhys. Rev.A77, 022320
(2008).

[15] Xu Z Y and Feng M,Phys. Lett. A373 1906 (2009) ;
Wang X G, Miranowicz A, Lin Y X, Sun C P and Nori F,
Phys. RevA81, 022106 (2010) ; Siomau M and Fritzsche
S,Phys. RevA82, 062327 (2010).

[16] Szallas A and Troiani lRhys. Rev.B82, 224409 (2010) .

[17] Maziero J, Werlang T, Fanchini F F, Celeri L C, and
Serra R M,Phys. Rev.A81, 022116 (2010); Erbe B and
Schliemann JPhys. Rev.B81, 235324 (2010) ; Wang H
T,LiCF, Zoou Y, Ge R C, and Guo G ®hysica A390,
3183 (2011).

[18] Li J G, Zou J and Shao BRhys. LettA, 375 2300 (2011)

; Liao C G, Yang Z B, Chen Z H, and Luo C IGommun.
Theor. Phys.54, 667 (2010); Fu C J, Zhu Q Sand Wu S
Y, Commun. Theor. Phy$3, 1072 (2010) ; Shi Z G, Chen
X'W, Wen W, Xiang S H and Song K HGommun. Theor.
Phys. 56, 317 (2011), .

[19] Tong Q-J, An J-H, Luo H-G and Oh C ihys. Re\A, 81,
052330 (2010).

[20] Tong Q-J, An J-H, Luo H-G and Oh C Quantu. Inf.
Comput. 11, 0874 (2011).

[21] Woldeyohannes M and John S, Opt. B: Quantum
Semiclass. Opt5, R43 (2003).

[22] Haake F, Statistical Treatment of Open Systems by
Generalized Master Equations(Springer Tracts of
Modern Physics,) (Berlin: Springe8p, (1973).

[23] Meystre P and Sargent MElements of Quantum Optics,
(New York: Springer); Scully M O and Zubairy S, (1997),
Quantum Optics, (Cambridge: Cambridge University
Press), (1991).

[24] Zhou J , Wu C, Zhu M and Guo HrXiv:0904.1658v3,
[quant-ph], (2009).

[25] John S and Quang Phys. RevA50, 1764 (1994).

[26] Kofman A G, Kurizki G and Sherman B, Mod. Opt. 41,
353 (1994).

[27] Zhang J and Xu Dpt. Commun 282, 3652 (2009); Zhang
Y, Man Z and Xia Y,J. Phys. B42, 095503 (2009); Friedler
I, Kurizki G and Petrosyan DEurophys. Lett.68, 625
(2004).

[28] Rossatto D Z, Werlang T and Villas-Boas C J,
arXiv:1102.0073v1jguant-ph], (2011).

[29] John S,Phys. Rev. Lett53, 2169 (1984); John Fhys.
Rev. Lett.58, 2486 (1987).

[30] Yablonovitch E,Phys. Rev. Lett58, 2059 (1987); Bykov
V P, Sov. J. Quantum Electrod, 861 (1975).

[31] Zhu S'Y, Chen H and Huang HRhys. Rev. Lett79, 205
(1997); Quang T, Woldeyohannes M, John S, Agarwal G
S, Phys. Rev. Let79, 5238 (1997); Bay S, Lambropoulos
P, Opt. Com. 146, 130 (1998).

[32] Paspalakis E, Kylstra N J and Knight PRhys. RevA60,
R33 (1999).

[33] Wootters W K,Phys. Rev. Lett80, 2245 (1998).

[34] Xiang H, Jin-Qiao S, Jian S and Shi-Qun @Gommun.
Theor. Phys.57, 29 (2012).

[35] Vidal G and Werne R FPhys. Rev.A65, 032314 (2002).

[36] Bennett C H, DiVincenzo D P, Smolin J A, and Wootters
W K, Phys. Rev.Ab4, 3824 (1996); Vedral V and Plenio
M B, Phys. RevA57, 1619 (1998).

[37] von Neumann JGotingger Nachr.273 (1927).

[38] Phoenix S J D, Knight P LAnn. Phys.(N. Y.), 186, 381
(1988); Phoenix S J D, Knight P Bhys. Rev.A44, 6023
(1991);Phys. Rev. Lett6, 2033 (1991).

[39] Ateto M S, Int. J. Theo. Phys49, 276 (2010).

[40] Popescu SPhys. Rev. Lett72, 797 (1994).

[41] Vedral V, Plenio M B, Rippin M A and Knight P LPhys.
Rev. Lett.78, 2275 (1997).

[42] Zurek W H,Phys. RewD, 24, 1516 (1981); Walls D F and
Milburn G J,Phys. Rev.A31, 2403 (1985); Phonix S J D,
Phys. RevA41, 5132 (1990).

[43] John S and Wang Phys. Rev. Lettg4, 2418 (1990); John
S and Wang JRhys. Rev. Lett43, 12772 (1991).

[44] Nikolopoulos G M and  Lambropoulos P,
arXiv:0002051v1jquant-ph], (2000).

[45] Raizen M G, Thomson R J, Brecha R J, Kimbel H J and
Carmichael H JPhys. Rev. Lett§3, 240 (1989).

[46] Autler H and Townes C HPhys. Rev.100, 703 (1955).

[47] Vats N and John S2hys. RevA58, 4168 (1998).

© 2013 NSP
Natural Sciences Publishing Cor.



	Overview
	Model Hamiltonian in the interaction picture and equations of motion
	The reduced density operator and entanglement measure
	Entanglement in the Markovian regime
	Entanglement in the non-Markovian regime
	Conclusion

