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Abstract: We introduce new features of the connection between entanglementethtydanteraction and geometric phase acquired
by a composite quantum system. Geometric phase, that reflects Belbatgleen input and output photons in atom-cavity interaction,
for a bipartite system under the inuence of a dielectric of Lorentzian perityittis examined. We show that, with adjustment of
Bell angle, typical features of atom-cavity entanglement can be obtaipednsidering a three- level appropriately positioned with
respect to macroscopic bodies. We find that, due to the strong nomMankmemory effects, phase Rabi oscillations, a principal
signature of strong symmetrically or antisymmetrically photons evolutinstimulated with atom farther from a medium with low
oscillation frequency. On death of Rabi oscillations, which means syrno@ettangled photons, a strong long-time-scale atom-cavity
entanglement can be produced, specially, below the band gap regéve thle radiative decay dominates. This feature conicts the case
of pure vacuum where atom-cavity entanglement decays exponerifiadlfeature that, our system is acting as a beam splitter (BS), is
also, in detail, discussed. The results are of strong applications in cotistrof the universal quantum logic gates.

Keywords: Geometric phase, Entanglement, Three-level atom, Bell angle, Va@ieldndielectric media, spontaneous decay rate,
lineshift.

1 Introduction where absorption can safely be disregarded. In
experiments, however, using optical instruments

It has long been realized that the decay rate of an exciteddielectrics-matters), such as beam splitters or cayities
atom is not an immutable property, but that it can berequires careful examination with regard to their action on

modified by the cavity mode structurd,p]. Generally ~ the light under study. Thus, depending on the specic
called the Purcell effect], the phenomenon is configuration of inhomogeneities, the atomic spontaneous

qualitatively explained by the fact that the local decay rate may both increase or decrease compare_d with
environment modies the strength and distribution of thethat of the same atom placed in free space according to
vacuum electromagnetic modes with which the atom carfn® modications in the photonic density of states due to
interact, resulting indirectly in the alteration of atomic the presence of dielectric-bodi8k[This is the result of
spontaneous emission properties. The possibility tolOn-Markovian memory effects arising from the
control atomic spontaneous emission was showrfrequency variation of the photonic density of states near
theoretically for various cavity structures,,5,6,7], the d|el'ectr|c a, 6].. In this letter we have two essgnual;
optical fibers §], photonic crystals g], semiconductor ~@ms: first, we Wl_sh to shed light on the relgnonshlp
quantum dotsJ0]. From statistical mechanics it is clear Petween geometric phase and entanglement in term of
that dissipation is unavoidably connected with theSuch ~a modified distribution —of the vacuum
appearance of a random force which gives rise to arflectromagnetic modes. Second, answer the important
additional noise source of the electromagnetic field.question: can the unusual vacuum help on the generation
Hence, any quantum theory that is based on theof entanglement be_tween the system parts for sufficiently
assumption of a real permittivity can only be valid for 10ng time. Generation of entanglemedfl] in quantum
narrow-bandwidth fields far from medium resonancesSyStems has been a subject of intense theoretical and
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experimental study motivated by both the fundamentalframework of exact quantum electrodynamics (QED) in
issue and potential applications in quantum-informationdispersing and absorbing media, has so far never been
processing taskslP]. In order to implement those tasks, considered in references. A much richer range of
one hopes that entanglement needed to be maintained f@henomena is to be expected when allowing for the
sufficiently long time to fulfill the design. Usually presence of dispersing and absorbing media, where a
attempts are made to minimize the environmental effectscomplex interplay of the electric properties of the atom
[13,14,15,16,17]. Quite counterintuitively, in certain and the bodies influences the functional dependence of
situations one can take advantage of the spontaneoubke atom-eld interaction. Our approach, which has the
emission for entanglement generatiob8[ Moreover, advantage of being simple and applicable to different
entanglement is connected to the geometric phase (GPyongurations of three-level systems, renders general
acquired by cyclic or non-cyclic adiabatic evolutions. It expressions for the three-atom wave vector, as shown in
found that, because of entanglement, the geometric phasgecs. I1l-IV. A denition to both Berry phase and
is very different from that of the non-entangled cakg] [ entanglement measure we are going to use is given in
In the last ten years, a major thrust of many proposalsSecs. V and VI, respectively. In Sec. VII, applications to
have been devoted for the exploration of the connectiorthe general results are examined for an atom placed in
between GPs and entangleme®,P0,21,22,23,24,25, free space as well as in front of a dielectric half-space
26,27], due to its strong applications in the quantum including our numerical calculation and discussion are
information processing and quantum computati@g],] also reported. A summary and conclusions are given in
specially in the construction of the universal quantum Sec. VIII.

logic gates 29. It was the first time to introduce the
concept of GP by PancharatnarB0[ in his study of
interference of light in distinct states of polarizatiots |
guantal counterpart was discovered by Berdy][ who
proved the existence of GP in cyclic adiabatic evolutions. . . ) )
This was generalized to the case of nonadiab8@ dnd For an atom at a given positian that interacts Wlth_ the
noncyclic B3] evolutions. Since the GP for a pure state is electromagnetic eld in the presence of a dispersing and
a nonintegrable quantity and depends only on theabsorb!ng 'dlelectrlc medium, in the electrl'c dipole
geometry of the path traced in the projective Hilbert @PProximation, the overal_l system can be described by the
space, it acts as a memory of a quantum systemMulti-polar coupling Hamiltoniarg, 39,

Geometric phase3f] is one of the few approaches by

2 General Formalism

which one may realize fault tolerant2§] quantum ﬁ:/d3r/ dwﬁwa(r,w)-f(r,w)
computation in addition to the fact that it is resilient to : J0
decoherence3p].

However, bipartite system is of great importance in +5 S —da-E(ra) 1)
guantum computation, such as the transfer of quantum Z

information, the construction of entanglement as well as . .

the realizations of logic operations. GPs have beerHere, the bosonic fieldsf(r,w) and f'(r,w) are
studied for entangled bipartite systems. These includeanonically conjugate variables of the system which
qubits precessing in magnetic field®3[ and general consists of the electromagnetic field and body (including
evolutionp5]  both  without interaction  (fixed the dissipative system responsible for absorption) and
entanglement) and various specic Hamiltonians forsatisfy the well-known commutation relations

bipartite  systems  with  interactions (changing R R

entanglement) 36,37]. It has been shown2B,25 in [fn(r, ), T (1, )] = &md(w—)3(r 1) (2)
bipartite systems that even if there are no interactions

during the evolution, fixed entanglement affects the

geometric phase. These facts together give rise t0 a [fn(r,w),fa(r, )] = [fh(r,w),fl("". /)] =0. (3)
guestion about the way by which entanglement can affect R

the GP and its motion in bipartite systems under thewhere, theSyw = |k)aa(K'| are the atomic flip operators
inuence of neighboring dielectrics. Many authaz8, p4, for the atom with|k)a being the energy eigenstate of the
25 have focus on the entanglement dependence of thatom, and da = YywduwSwe is the electric
geometric phase for subsystem and the coupling effect owlipole-moment operator of the atom
the geometric phase for subsystem under adiabati¢dyy, =a (k|dalK)a).

evolution. In Ref.8g], the authors proposed an efficient Further, the operator of the medium-assisted electric field
scheme for implementation of two-qubit nonconventional gperator E(r) in terms of the variablesf(r,w) and
geometric quantum gates, based on a dissipatinT(rjw) as follows:

large-detuning interaction of two three-level atoms with a

cavity mode is initially in the vacuum state. To the best of . o .

our knowledge, the treatment of such problem within the E(r) :/o dw E(r,w)+h.c, 4)
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, where we assumed that the frequencies of the atomic
E(r,w) =i /soin%der/ /8 (", w) G(r,r", w) . {(r', w) transitions |2) — |1) a[le |2) — |3) are the same;
5 w1 = w3 = ap and f'(zw) | {O}) represents the

whereG(r,r’, w) is the classical Green tensor satisfying Single-quantum excited state ~of the combined

the equation field-medium system. It is not difficult to prove that the
Schibdinger equation fofy(t)) leads to the following
w2 system of (integro-)differential equations for the

[?e(r, w)—0Ox0Ox } G(r,r',w)=-6(r—r') (6)  probability amplitude€; (t),Cy(t) andCs(z w,t) as
and satisgfies the boundary condition at infinity, i. e., Cl(t) _ i%e“’L eiALtCZ(t) (11)
G(r,r',w) =0 if |r—r"|— c. (7
with  spatially  varying  complex  permittivity

g(r,w) = Reg(r,w) +ilme(r, ) by which the dielectric  Cy(t) = i%e " e 4tCy(t) — %j’dzf(;” dw%} Ime(z, w)
body is expressed.

G(2a,2 W) Ca(z, @,t) e (@~ D)t (12)
3 Dynamic of A Pumped Three-LevelA-Type
Atom
G _ e @
Consider aA-type three-level atom located at a distance s(zwt) = Vheom 2 me(z, )

zn from a surface of one-dimensional infinitely long
single-wall dielectric layer. We assume that the atomic G 7 ) Colt) d(@-w)t 13
transition|2) — [3) is strongly coupled to the eld modes (2,2, @) Co(t) (13)
via the dipoled,s. Moreover, an external (classical) pump with
eld, with initial phaseq , frequencycw  and intensity AL =w —wy (14)
described by the Rabi frequendy, , is applied to the - . . —
atomic transitiorj1) — |2). The study of the influence of Substituting the formal solution of EqLg) with the initial
external fields is key issue because using driving elds on&onditionCs(z w,0) =0
can reach high level of control of the systems state. The q )

. . . . . . w
one-dimensional version of the Hamiltonian (1) in the Ca(z w,t) = 32 =z /Ims(z, W)

rotating-wave approximation reads heort
q_ ® £t 2 A t . ,
H= /dZ‘/0 dow how f (r, (A)) f(r, (A)) +ﬁab522 G*(ZA,Z, OJ) / dt’ Cz(t/) é(w7%>t (15)
Jo
A = RO [a  irs et and that of Eq.11), with the initial conditionCy(t = 0) =
- |:d23823E(+)(ZA)—|—H.C.] T [SZle Pl +H'C} C1(0), into Eq. (L2), and employing the integral relation
8
wz " *
?/dzs (z,w) G(za,Z,w0)G" (za, 2, W) = IM G(Za, Za, )
4 Equation of Motion _ (16)
we arrive at
For the atom at timé= O is prepared in a superposition of o A t
its two classically pumped levels) — |2), Cot) = iLTe"ﬁL e 'MCy(t) +/ dt’ K(t,t') Co(t)
0
| $(0)) =C1(0) | 1) +C2(0) | 2) (9) (7)

with the kernel function at the positian

where the rest of the system, that consists of the 5
electromagnetic field and the medium, is in vacuum, n_ o dag® 2

X K(t,t) = dw wlm
)| {0}), the state vector of the overall system at later time heore? Jo
t > 0 can be expanded as

| @(t)) =Ca(t) | 1) | {0}) +Ca(t) €¥ | 2) | {O}) G(za, 28, w) € (@Y (18)

It is worth noting that all the matter parameters that are

o it ot relevant for the atomic evolution are contained, via the
+/d2/0 dwCi(z w,t) e |3) f1(zw) [{0}) (10)  Green tensor, in the kernel function EG8).
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5 Geometric Phase calculating the reduced density matrpa(t), after the
tracing of the reservoir variables, is expressed as
For a normalized pure state given a with density matrix

p(t) = |@t)){y()|, the nonadiabatic geometric of pu(t) pra(t) O
guantum evolution of a system between stateg)) and Pa(t) p21(t) p22(t) O (24)

|@(t')) is dened by 31] 0 0 poolt)

where

t
, =arg<lII(t’)|tlf(t)>+i/o (WEHNV OV D)),
(19)  Pu®) =[G prat) =Co(1)C5 (1) = P52 (1), P22(t) = [Co(1) 2

where,V (t) is the time-dependent unitary operator. If that (25)
parallel transporty(t') VT (t)V(t)|(t')) = 0, the geometric  and 5
phase is just the total phase P00 |d3a| / dewew?
~ heorc?
& = argy(t) b)), (20) ,

t !
G(za, 2a, W) ‘ /0 dt'Cy(t') el o) (26)

Accordingly, for a pure projectors witbys(0)|(t)) # 0

th iated tric ph is define?l
@ associated geometric phase is definedls{ In deriving poo(t), Eq. 26), we have used the integral

—ar 0)|y(t)), 21 relation (L6). It is apparent that, the nal expression of
* qvOlv®) @1 poo(t) depends on the form of the Green tensor

One may measuré in interferometry as a relative phase IMG(za,za,w). In  terms of the eigenvalues,
shift in the interference pattern characterized by Chiy, (y=1,2,3), entropy can be dened as follow&[49]

BE? = (w(0)|y(1)), where B = [(Y(0)|Y(1))| is the

visibility [ 40]. Here, an exact expression of the associated
geometric phase can be obtained as S(pa) yZ XyIn Xy @7)
@, = arg(C; (0)Cy (t) +C3(0)Cy(t)e o) = —arcta % , where xy, (y = 1,2,3) are the roots of the charactersic
equation of degree three
| (22)
with X3 = [P11+ P22+ Pool X2 + [P11022+ Poo( P11+ P22) — | P12/ X?
X(t) +iY(t) = Re(C] (0)Cy(t) +C3(0)Co(t)e 0"
+(Ip12/*Poo — P11P22P00) = O (28)

iIm(C* (0\Cx (t *(0)Co (1) 190t 23 The reduced density matrix is, however, calculated in a
HIMC(0)C1(t) +C2(0)Ca(t)e ) (23) general form, hence, entropy of the system can be easily
copmuted. The results will depend crucially on the shape

of the kernel 18). To gain clearer insight, a comparison

6 The Reduced Density Operator and between various shapes of the kern&)(is, however,
Entanglement Measure efficient. This is precisely what is done in the next
sections.

A major thrust of current research is to nd an efficient and

guantitative measure of entanglement for bipartite system

The concurrenced[l,42], negativity, @3] and relative 7 Applications

entropy B4] are some of these measures. Also, one of

these approaches that based on the eigenvalue spectray)fl Three-level atom in free space near a
the system density matrices is entropy methd8, 46, ) . .

47]. Entropy, known as von Neumann entropds], is perfectly reecting mirror
related to the density matrix, which provides a complete
statistical description of the system. It is a commonly
accepted fact that von Neumann entropdp][is the
unique entanglement measure for bipartite systems in
pure state48]. From the viewpoint of the Phoenix-Knight . o
[46] entropy formalism, we have investigated the k centered about the atomic transition frequeagys a0
quantum entropy and entanglement of the present system. ! US: the Green tens@(zx, za, w), is replaced by the
In order to calculate the entrofSft), we must obtain the Vacuum Green tensoB(za, za, wo) [4,5], where

Besides the free space being interesting in its own right, it
will be useful to compare and interpret the outcomes in the
gollowing sections. In free space, the excitation spectrum
turns into a quasi-discrete set of lines of mid-frequencies

eigenvalues of the reduced density operator. Recalling Eq. v o
(10), the full density matrixo(t) = |(t)){(t)|, needed for IMG" (Za, 2a, wo) = 67rc| (29)
@© 2013 NSP
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thus, the kernel Eq1@) becomes

dos2 wo [ et
Ktt':f‘ 7/(:] 2 g—i(w—w)(t-t) (30 0.6
In this case the Weisskopf-Wigner approximati&d][is 04
applied to obtain fo€,(t), Eq. (L7),
0.2
. o .
Colt) =isre e G~ Ct)  (3D)
% 2 8 10
with the free-space spontaneous emission rate for the ngt
transition|2) — |3) b
dos|* w8
ree=| 32
O 7 3nhgyrc3 (32) 1
It is not difficult to obtain the amplitudeS,(t) andCy(t) s 0
from equations 11) and @1), using the initial conditions
Ci(t =0) =C1(0) andCy(t = 0) = C2(0), as a1
ot GHAUC O+ Fe e () o R
Cz(t) - ZI eX| (Xiijz) Y 172! I 7é J _40 2 4 6 ) 10
(33) re
e AIC (1) = 3, et [Xi+"032J01(0>+i%é‘%cz(o)7 =120 4] Fig. 1: (a) State|2) Population,|C2|? [blue, & = /2] and
04=x)) (34) [magentag® = —m1/2] and entropy, S [red} = r1/2] and [green,
ith 9 = —m1/2], (b) the Berry phase t [blue, = /2] and [magenta,
wi 9 = —11/2], againstzt for atom in free space witkp| /I3, =1.
M2+, 1 o
xaz= -0 S\ -iaz-02 (39)

If the classical pump laser field is resonance with the

atomic transition frequencyy ; AL = 0, we have

2 1
X120 = —07 + > (r$?)2— Q2 (36)

With same initial condition in Cj(t) and for
9 = —m/2,1m/2, the population|Cy|?, entropy, S, and
Berry phase@, againstizot, are shown in Fig.X) for an
atom in free space. We can see clearly the effect of the
damping term, exp(ls2/2), where decay to normal

As we seek for omparison, we will consider the caseyacuum occurs after few oscillationss], but with

when Q_ = 2 In this case the double root are

x12 = —I;*?/2 which yield for the amplitude€;(t) and
Ci(t) the expressions

32

Cit)=e =g (0)+(—1)”1FOT32I <q<0)+(—1)i+1ie<*1>“1h@ck(0)>],

k=12 j#k (37)
Performing time integral in Eq2@) with help of Eq. 87),
recalling the vacuum Green tensor, ER9)( a somewhat
lengthy calculations of frequency integral, using theiahit

conditionCy(0) = % = C1(0)€?, yields

(I&?)%t2(1+cosd)

pooft) = (1 - 1) - ; e 5% (38)

different degrees according to the change?inEntropy,

S, starts with rapid increase - regardless dfvalue -
while it decays to zero slowly or rapidly depending &n
sign. Ford = m/2 all terms in Eq. 23) contribute tody

and the resulting phase exhibits Rabi oscillations with an
amplitude increases with time, while fé& = —m1/2, &
reduces to®; = arctaricot(apt/2)] that explains the so
tooth evolution of @ with sharp peaks jump to the
opposite sign on periods dkst = nm/2; n=0,1,2....
Note, Rabi oscillations are due to the different de-phasing
of the off-diagonal coherences caused by environmental
inuences$2). It is worth to note that, because of the very
different evolutions of botls and @;, we cannot build any
insight about the connection between them. In addition, in
free space, as known, we cannot stabilize quantum
systems against environmental decoherence and, hence,
entanglement revives for short times.
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7.2 Three-level atomin placed near a planar -
die! ectric half-space in the weak-coupling St = |d§3| ‘2"0 ReGR(za, za, wn)
regime €oC

i, : . . dosl? /= ? Im GR(za,Za, )
Due to the additional noise accompanying absorption, the - /o P B e w— (46)

2
photonic density of states may be modied, as a result, the n “o (w.+ &) o
integral kernel, Eq. ¥8), needs to be treated Where the second term can be ignored as it is weakly
mathematically in a complete dierent way. Taking the sensitive to the atomic transition frequency and small
time integral of both sides of EqLY), it is not difficult to ~ compared to the rst one. Substitutingg) into (39) and

obtain taking the time derivative of both sides with the setting of
o . I32/2 = s, for simplicity, we obtain
1oL is / ! i (4!
Co(t) =Co(0) + ——e 7L [ dt' e 7" Cy(t . . .
2(t) =G0+ 0 1) Co(t) = iQLT(t)e—“9L e AUCy(t) + (—w*2+idan) Co(t)
t . . @0
+/ dt’ o7 (t,t') Co(t') (39)  Following the same procedure as in the previous section,
0

the amplitude€; (t) andCy(t) can be obtained as

with .

- . (32 2L 9
ALY = |das|? dwgzlm e 14Cy (1) = 5 et =@ HM%),_E,(.?)H A LCZ(O),

’ heott Jo c2 s
(48)
efi(w*“-bﬂt*t/) -1 (Yi+iAL)Co(0) 41 QL v 0)

Glza 20, 0) = (40)  Cy(t) =y MEASRBIEE A0 i =12, i #]
(49)

For an atom located in free-space near a dielectric, th -

Green tensor for the system can be divided into two part;:%nd' due to the unite trace,

[3], i. e., the vacuum Green tensor given by BR§)( poo(t) = 1—[Cy(t) > — [Ca(t) 2 (50)

GV (za,2a, w), and the Green tensoGR(za,za, w), that

describes the effect of reflection at the surface of
. . 2 i n T

discontinuouty of the body, thus Yio=— (w® |62w0)+|A| 4 \/[(wgz_ i5an) A2

(51)

where

G(za, 28, @) = GR(za, 20, W) + G¥ (za, 28, 0)  (41)

In the weak-coupling regime, Markov approximation can s
be safely applied because of ignoring the memory effects.7'3 Model permittivity of Drude-Lorentz type

This assumption implies that We consider two innite half-space dielectric mediush [

such that

dlw—w)t-t') _q 1 )
s T L (- w) i (42) _[e(w) if z<0
i(wo— w) w—w EN@=41"" i ;20 (52)
thus , 3 ] To give an impression of what can be observed in real
H () =—T/2+idw (43)  situation, let choose a planar dielectric surface of
where the modied, by the presence of the body, decay ratR€'Mittivity modeled by the widely-used-in-practice
32 and the level shifdwy , are respectively, Lorentz type as33]
2
2|do3|* wh R N 53
32 32 R &
= S MGz @) (44) (@) =1+ T iy (53)

where wr and y are the medium oscillation frequencies
|doal? © W’ 1mGR(za,za, w) and linewidths, respectively, ang, correspond to the
= heort~ Jo d @W (45) coupling constants. Far > 0, but small compared with
the wave lengthkz <« 1, using the results obtained by
Obviousely, in contrast to free space, the vacuumScheel et al.§4] of the reflection part of the Green tensor
uctuations felt by an atom are inhomogeneously andyields for the decay rate
anisotropically changed by the presence of the bodies.
Following the approach of Dung et al4][ and after 332 d2 3
Recalling the Kramers-Kronig relatior3][for the Green I_32 ~=9 (1+ _22 £ %
tensor, we may approximately rewridex as 8 d woZ | [e(wp)+1]
(54)
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Similarly, the line shift reads a

3
Sop=0(1+%) (<) i1
- 32 d? J\ @z | |e(ap)+1[?
(55)
It has been showrbf] that despite being the phase gained
by a joint state, its value is fundamentally dependent on
the harmonic oscillator nature of the vibrational mode.
Because of the intra-subsystem coupling, the evolution of
the system can be very different from the free space case.
Moreover, considering the Drude-Lorentz model
stimulates important observations such that the exhibitio
of a band gab between the transverse frequaencyand

longitudinal  frequency wg = ./w%erg and
incorporation of surface-guided-wave§.|

Such an effct can give rise to strong collective effects,
which are necessarily required to generate substantial
entanglementd9]. Inside the band gap most of the energy
emitted by the atom is absorbed by the medium in the
course of time, namely, non-radiative decay dominates. It
worth to note that, when the band gap is smoothed, this
means that the fraction of light that escapes to free space
can increase, specially with increasing valug/tdor, this
is simply clear from Fig. 15a), and thus radiative decay
dominates4]. Note, inside the band gafxu changes its
sign asl3, decreases from its maximum as possible, so,
its contribution to interaction becomes weak and can be
ignored. These facts together give rise to approximate the
complex amplitude€mn(t),m= 1,2, Egs. 48, 49) to be,
on settingA; = 0, the same form as Eqs37%) of free
space with the replacement of the free space decay rate ;
32 by w®2. We expect a similar behavior as in free space ¥ear 0,015 0 2y
but with longer time scale due to the effct of the body 002 0

- 2 . .
expressed in the dependence /02 on the dielectric Fig. 2: Mesh plot ofiC,[2 (a), entropyS (b), and Berry phasey

parameters, as seen from comparison of Fig2 and3. () 45 functions of the bandwidty wr andr 2 near a planar
When we extend the discussion to include a wider ranggjiciectric half-space, witd, = @32, a = 1.120r, 6y = 0.5ar,

of the frequencyy/wr, namely, below, above and in the ,_ 0.05A7 for 9 = 11/2.
band gap, it will be interesting to include the level shift in

our treatment. We used the same set of parameters to

picture the numerical results as mesh plots in Figs5)(

where the linewidth changes ggwr = 0.001,0.01 and  exhibits opposite sharp peaks of maximum unity
0.1, wh|I¢ a cross section from t.he mesh plots are given indisappear by increasing/wr. Here, the resulting total
Fig. 7. Figures show that a similar behavior of bd@3|°  phase t written as a function of its maximum and
and &, while an opposite development 8is noticed. In - minimum of the amplitudes, influences the initial system
the the absorption band region whee € [wr,1.12wr],  state|y(0)) = |a)x|{0})1 to evolve antisymmetrically as

regardles of the time scale, boj@i;|?> and S amplitudes 1 o
damped to zero and the atom and eld are in separabl Qal{0hr = 5([@al{0hr V3Qall)

state while neighboring the band gap, the atom and thez|at ({01 — iV3[1)r), where |a)a = (1) + [2))
fields are strongly correlated. The phage reaches its and |c)a = %(|3> +12)). This can be interpreted as
negative maximum . Below the band gap, as time passegg|iows: If the initial state is taken to b)x|{0})f, we
|C2|? decreases slowly, while, on increasipgwr, [C2l*  can write,

shows rapid increase. An opposite behavior is noticed for

entropyS below the band gap but for not high broadened

linewidth, see Fig.®). Below and above the band gap,
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a answer is as follows: any value of the Bell angle t that
reects the degree of entanglement between input and
output photons except fo®; = 0 or 1, means partial
overlap between the initial and final wave functions of the
system, i. e., noncyclic evolution.

ylw, 0015
0.02 0

10 32
I'0 t

Fig. 3: The same as Fi@ but ford = —m/2 &

sl (0))¢ = cos{ [ (t) ) a0}

Fig. 4: Mesh plot of|Cy|2 (a), entropyS (b), and Berry phasey
o t (c), againsto/wr andl %%t near a planar dielectric half-space,
—i Sln(/o dt'q’t(t')> |C)at|1) 1 (56)  with Q. = @, wp = 0.50r, 2= 0.05) for y = 10 3wr.

If we consider, @ (t') = @ , then fort @ = 11/3, previous

results can be easily reached, which demonstrates that the Hence, destructive interference is more pronounced.
wave function behind the system acts &35% : 65%  As a consequence, Entro@ypartially vanishes, see Figs.
beam splitter (BS) with Bell angle controls degree of (4, 5 and 7). A full cyclic evolution with long-lived
superpostion of photon stateg0})s and |1);. We,  entanglement can be noticed below the band gap in Fig.
however, have could generate a degree of entanglemerfL0). It is worth mentioning that below the band gap and
between input and output photons, a very importantat the eld resonancéuwn =~ wr) frequencies, a photon
guestion needs to be answered, that is, why the atom anemitted at such a frequency is typically captured by the
the eld remain in separable state above the band gap? Trsairface for some time, i.e., a photon absorption dominates
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[4], and hence, no interference effects could modify the a
phase angle of the emitted photons as longyasr
preserved small, see Figsd4b( and 7b). In the
low-frequency regionawy < wr), where surface-guided
waves are typically excited, radiative decay dominates,
i.e., the probability of a photon being absorbed is also
small, and hence, interference effects become more
effective. This clarifies why by increasing the damping
parametery/wr, the angle between the initial and final
photon states reduced remarkably to be no longer
approachesrt, see Fig.7c, and explains why atom-eld
entanglement below band gap is more pronounced, see

Fig. (7b). ®

Fig. 6: The same as Figt but fory = 101wy

Figures8-11 illustrate the dependence ¢t; 2 @,
andSon line shiftday as well as the decay rafe®? with
various values of the bandwidth paramegeihe figures
¢ reveal that with the decrease of/wr, rapid Rabi
oscillations are created, specially far below the band gap;
wp < wr, Where, oscillations strongly overlap during all
time stages, due to the rapid energy transfer between the
atom and the medium to the extent that the populations of

the levels|1) and |2) overlap except for small course of
time. In this case, the initial stat@)x|{0}); evolves
eventually between symmetricall and antisymmetricall
30 states aga)x|{0})t — 3|a)a(|{0})r £iV3[1)), thus, a
35% : 65% BS is clearly noticed. An important
observation is that, for short time scale in the

32
l"0 t

20 low-frequency regior{ay < wr), as possible ag/wr is
_ _ - preserved small, the population, exhibits water waves
Fig. 5: The same as Fidk but fory = 10 “cr . evolution, that seems clearly as an envelopeppfRabi
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Fig. 7: Cross section depicted fd€y|? (a), entropy,S (b),
and Berry phas@ (c), againstay/wr when/*%t = 10.0 and
z = 0.05A7, where, red, green and black lines are fore=
10 3wr,y = 102cr andy = 10 1wy, respectively.

Fig. 8: The same as Fig.but when taking into account the effect
of both/"32 andday

oscillations. It is worth noting that, fo®, a similar

behavior has been noticed for/etype three level atom

interacts with single mode in the presence of

one-dimensional photonic band gapOl In such a ith subsequent medium quasiparticle excitation

region, separable atom-field states are clearly produceqnonradiative decay), i.e., energy transfer from the atom

On increasingy/wr and as time passesh gradually g the medium. Thus, we expect to achieve our goal more

vanishes till disappears completely except for slightly simply. In Figs. (2-15), IC22, S, and @ have been

small region, which resluted in a long-lived atom-field pictured againsta/cr andza /At for different values of

entanglement extended over all below band gap regiony /¢y One can easily realize that undergoes fast Rabi

compare Figs.§) and (0), also, Figs. {1b) and (1c). In  ogcillations as long as the atom jumps to stée.

this case, a full cyclic wave evolution is produced, wherejoreover, one can easily notice tH&b|2 represents a 3D

the initial state [a)«|{0})r evolves symmetrically as envelop of @ in the upper half plane while similar

|@)at|{0})f — 3|@)a ({0} +|1)) , thus, a 50% : 50% BS behavior tod is notice for entropyS. Above band gap,

is clearly noticed. Rabi oscillations disappear where a kind of steady
The effect of the distances of the atom from the entanglement appears extended over all above band gap

plate surface supports our previous analysis. Note, theegion. In the corresponding regioh has fixed values

term (= 2;3) in Egs. 64) and 65), which is proportional  regardless of the distant of the atom from the medium.

to & (aw), Is closely related to the virtual photon emission Those figures shape is preserved evel/ifor increses
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i

1] ([

32
It

Fig. 9: The same as Fig but for y = 102wy Fig. 10: The same as Fi@ but fory = 10 1cor

except for extending of the steady entanglement regiorthnoton input to be transmitted to the output, for an equal

below and above band gap, see Fids, (4). Hwoever, it path lengths, |a)x|{0})t — [@)a(|{O})f =+ |1)f), our

is clear that, depending on wheth@r vanishes or not, we  system can be a suitable device so that a photon input will

can distinguish easily where the atom-cavity system ispe counted with certainty at the detector by controlling

entangled or separable with support of Figs3a(c, 14b,C  the adjustable parameters. However, for unequal paths,

and1%b,c). |a)at|{0}) ¢ — 3[@)a(|{0})s £iV/3[1)f), we can insert a
Moreover, such interaction setting up is potentially phase shift devices into either path and thus change the

interesting for its ability to process information in a nbve interference conditions5[]. In this case, an additional

way and might nd application in models of quantum logic polarising beam splitter (PBS) is effective, where, for an

gates. In fact, in quantum computation, operations areemitted photons, PBS redirects vertically polarized

performed by means of single-qubit and multiple-qubit photons (say in stat®/) ) without affecting horizontally

quantum logic gates5f]. One could use the present polarized photons ( say in stafi)) such that a C-NOT

model, acting as BS, to generate a C-NOT gate, i.e.gate can be obtained as

universal quantum logic gate based on three-level atom.

In a single photon Mach-Zhender (M-Z) interferometer

[57], which provides two possible paths for a single alH)1+B V)2 — alH)y +BV)z (57)
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Fig. 11: The same as Figr but when taking into account the
effect of bothr 32 anddwy

8 Summary and Conclusions Fig. 12: Mesh plot ofiC,|? (a), entropyS(b), and Berry phase
(c), againstwy/wr andza /At near a planar dielectric half-space

) . whenl3% = 2 andwy = 0.5wr for y = 103wr
Based on the analysis above, our study may be considered

as a multi-functional. Under the influence of neighboring
dielectric, a system of an interacting three-level atom and
vacuum electromagnetic field, evolve as an effectivethe driving classical@, as well as its phasey , are

entangled two-qubit system, acts as beam splitter (BS) agonsidered as our effective tools. We show that, adjusting
well as a tool used for testing photon-photon the Bell angle settings between the input and output
entanglement and looking for an optimized connectionphoton to symmetrically or antisymmetrically, we can
between atom—field entanglement and Berry phase to bgid a principal signature of strong atom-cavity
used as a typical entanglement probe. correlation. To achieve this goal, two essential scenarios

_ ) ) can be applied:
To be quite general, we first presented a solution for

wave function, without specifying the dielectric
properties used in the neighborhood of the atom-field

interaction. —For fixed position of the atom from the medium,

utilizing a medium of suitable oscillation frequency
During study, the medium oscillation frequenayy |, wr, a correct resonant atomic transition frequency can
atomic transition frequencywy , distance of the atom be produced, hence, a cyclic wave evolution can be
from the dielectric surfaceza/At and Rabi strength of generated, i.e, in-phase entangled photon evolution,
@© 2013 NSP
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Fig. 13: The same as Fid.2 but for y = 10 2wy Fig. 14: The same as Fid.2 but fory = 10 1cor
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