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Quantum correlations and violation of Bell inequality induced by External Field in a two photon
radiative cascade
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We study the polarization dependent second order comelati a pair of photons emitted in a four level
radiative cascade driven by an external field. It is found the quantum correlations of the emitted photons,
degraded by the energy splitting of the intermediate lewelke radiative cascade can be efficiently revived by
a far detuned external field. The physics of this revival i&did to an induced stark shift and the formation
of dressed states in the system by the non-resonant exfesltal Further, we investigated the competition
between the effect of the coherent external field and inestietephasing of the intermediate levels. We found
that the degradation of quantum correlations due to thenieramt dephasing can be content for small dephasing
with the external field. We also studied the non-localityta torrelations by evaluating the Bell's inequality
in the linear polarization basis for the radiative cascaide find that the Bell parameter decreases rapidly
with increase in the intermediate level energy splittingnmoherent dephasing rate to the extent that there is
no violation. However, the presence of an external fielddeadcontrol over the degrading mechanisms and
preservation of nonlocal correlation among the photongs iFhturn can induce, violation of Bell's inequality
in the radiative cascade for arbitrary intermediate lepéttsng and small incoherent dephasing.

PACS numbers: 42.50.Ct, 42.50.Ar, 42.50.Hz, 03.65.Ud,

I. INTRODUCTION ping and preparation to implement this. However it has been
found that in quantum dots (QDs), such photon pair genera-

Quantum correlation of polarized photons emitted in a raion can be triggered read!l .7]' The_ biexciton decay in a
diative cascade has been quite extensively studied simce thD_ generates a photon pair wh|ch can ideally be entangled in
early days of quantum mechanics([1-3]. Earlier studiesi@ th their t|me-frequen_cylﬂ8] or polarlzatlorj d\_eg_rees_ of fr@_’*?“
regard were mainly focused on fundamental tests of quantu H21]. In_pragtlce tholug_h, the path indistinguishabili
mechanics like the violation of Bell’s inequality and egiste a_rd to a(_:hleve in a radiative Casc"’?de- Ev_en for QDs due to
of local hidden variable theori€s [2—6]. In recent timesuidjio anisotropic elec_tron-hgle e_:xchange interaction the degery
such polarization correlation studies have gained impega of the mtermedmtee«utomc} state Is I|fte<_j 221 23] thereby
in context to quantum information science particularly be_destroylng nonlocal properties of the emitted photons.

cause of the entangled nature of the photon pairs. Note that
many quantum information (QI) protocols based on quantum
optics like quantum cryptograpHy [7], teleportatibr [8, &ffi-
cient optical quantum computing |10] and long-distancagua
tum communication using quantum repeaters [11] requires
entangled photon pair per pulse. In general a large yield
such entangled photon pairs can be generated by nonlinear
tical processes in bulk media [12] like the parametric dowr
conversion[[113]. However they are broadband, probatilist
and subject to Poissonian emission statistics leading tt-mu
pair emission[14]. In contrast a deterministic source ¢&en
gled photons would be able to suppress any multipair produ
tion and generate light pulses containing single photon ps
with a high yield. This hence would render many of the abo\
mentioned QI protocols much more efficient.

A suitable candidate for deterministic source of entangle

photons turns out to be the radiative cascade emission fror

single dipole, modeled as a four level system emitting a paif!G- 1: (Color online) Schematic diagram of a general fovele

of photon in each excitation cycle [15.16]. Note that the ori "adiative cascade.

gin of entangled photon pair in a four level radiative cagcad

is attributed to the plausibility of two indistinguishaltlecay The four level radiative cascade in general can be repre-

pathways. In case of atomic dipoles one requires carefod tra Sented schematically by the Fig. (1). We can see from the
figure that due to the intermediate level splitting, the geca
pathways are distinguishable and four distinct linearliapo
ized transition contribute to the emission spectrum. Egitan

*Electronic addres$: dsumanta31@yahoo!com ment of the polarized photons is then washed out given the
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fact that one can easily get which th information via eperg RB/\ Rp
consideration of the emitted photons|[24]. This has here le

to numerous investigations, particularly in QDs to find ways

of reducing the intermediate state energy splitting witthie N V2 H v
radiative linewidth of the intermediate levels. [20} 21-128].
Note that, in a recent work a.c. Stark effect was used in QDs
to reduced the intermediate level splitting within linethid

of the level<[20]. However it is worth mentioning here that
even if the intermediate level splitting is cancelled in QDs
there are other processes that can have degradable effect ¢
guantum correlations and polarization entanglement. kor e
ample dephasing interactions with the solid-state enwiremt
through collisions with phonons and electrostatic inteoas — 9
with fluctuating charges around the dipoles [30] may also de-

grade the the polarization entanglement. Moreover, any-inc

herent mechanisms inducing a population exchange between

the excitonic levels such as transitions through the dartest FIG. 2: (Color online) Energy level diagram of the five-lezakcade

or Spln-fprocesses may deteriorate the visibility Ofe@Rt  gystem. Here s is the energy-level separation of the intermediate
glementEG]. states andy’s are the spontaneous emission rates; andyz; are

We in this paper, theoretically investigate the effect of athe incoherent dephasing rates of the intermediate staresxternal
strong external coherent drive on the intermediate leviél sp non-resonant drive} couples one of the intermediate levels;) to
ting in a four level radiative cascade and thereby on the se@n auxiliary levelu) with a detunings.
ond order quantum correlations of the emitted photons. We
also evaluate the generalized form of Bell's inequality egm
the Clauser-Horne-Shimony-Holt (CHSH) inequality/[2,18] i relaxes, generating the maximally entangled two photde sta
presence of the external coherent field and study how it can
induce the generation of entan_glemgnt among the_ porrelated T) = B (|HLH) + [Vi13)] 1)
photons. We restrict our analysis mainly to the rectilinggr V2
V) polarization basis. We further consider other incoheren
processes like the transfer of population among the intermdowever, in practical situations like a QD cascade or an
diate states and investigate the effect of interplay of cete ~ atomic cascade usually the splitting is nonzero and thus the

field with this process on the quantum correlations and CHSHNtermediate levels are non-degenerate. Moreover papalat
inequality. relaxation among the intermediate states can also occur for

example from spin flipping processes. Thus in reality any po-
larization correlation or entanglement of the emitted phot
pairs in such radiative cascade becomes crucially depénden

Il. MODEL AND DYNAMICAL EVOLUTION on the degree of degeneracy and dynamics of these interme-
diate states. In this work we propose the use of external field
A. Model of a radiative cascade to manipulate the dynamics of these intermediate states and

thereby achieve control on the generation of polarizatmn c
relations of the emitted photons. For this purpose, we use an
Auxiliary state|u) in our model and couple it to one of the
Sntermediate level sapX ) with a strong non-resonant coher-
ent drive. The basic idea is to exploit the concept of a.akSta
shift of the intermediate levéK,) to nullify the level splitting
Arg and recover the indistinguishability of the decay paths.
Since the Stark shift depends on the Rabi frequency of the
transition| X») — |u) and the detuning (see Fig[P) of the
drive it can in principle be made equal £oz ¢ even for arbi-
trary large value ofA pg. In the next section we develop the

of the intermediate states is given By-s. Note that the basis theoretical framework necessary to study the dynamicseof th
state_s{|2X>7 |.X1>’ | X2), |g.>} of our model can correspond 0 four level cascade in presence of the auxiliary level.
the eigenbasis of a any dipole(like a QD or atom) under going

a cascade decay. It is well known that radiative decay from

the excited state in this basis generates collinearly jzadr . o

photons with two orthogonal linear polarizatioHs(horizon- B. Dyamics of cascade emission

tal) andV (vertical). Ideally if there is no splitting\ s = 0,

the intermediate states are degenerate and the decay paths b To understand the dynamics of our system we consider a
comes indistinguishable. In this case the four level systendensity matrix formalism ( given the open nature of the four

We consider a four level system undergoing a cascade emi
sion as our primary model of study. In addition we also hav
an auxiliary level fu)) which is dipole allowed tdX;) and
| X2). The importance of this auxlliary level in governing the
dynamics of the four level cascade will be discussed latee. T
decay paths as shown schematically in Fid. (2) involves tw
radiative transitions, one from an upper lej&X ) to the inter-
mediate statesX;) or | X5) and the other from this interme-
diate states to the ground stéde. The energy-level splitting
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level cascade ) and write down the corresponding master equthe intermediate level splitting and incoherent dephasimg
tion for the density operatgras, the dynamics of photon emission, we next study the two-time
5 second-order correlations.
P

at

Here# is the Hamiltonian of the system comprising of the
free energy terni, and the interaction terri s,

i
= =5 [Hopl + Lp. ()
lll. QUANTUM CORRELATION OF PHOTON PAIRS

The two time second order correlation is an experimentally
Ho = Zhwklk><k| measurable quantity b_eing related to the two_time intensity
X correlations of the emitted photons. Further it also redlect
the influence of the atomic properties on the statistics ef th
emitted photons. The two time second order correlation is

defined byl[[16],

Hr = —h (Qei‘;t |X2) (u| + Q% e u) (Xa]). (3)

Here() = cwa . f/ﬁ is the Rabi frequency of the transition
andd: the detuning given by = wx,, — v, Wherevy, is the

frequency of the incident coherent drive. The relaxaticm pr () = (Eorp0) " BT (F 1), ) E7 (M1 +7)

cesses like radiative decay and other incoherent mechanism D €(02,00) E*(Ft + T)é61,61) CET(7 1)),
present in the system that lead to decoherence is incogabrat 8)
in the dynamics by the Lindblad operatfp of Eq. (2) and is
given by, where (I/I) stands for the two time polarization an-
gle dependent intensity-intensity correlatioRg, 4,)(7,t +
Lp = Lp+Lap (4) )10, ,61) (T, 1)). Note that in the above definition,
O P P i ET(7,t)(E~(r,t)) is the positive (negative) frequency part
Lip = — Z o (cholp—20"po’ +pofol), (5)  ofthe quantized electric field operator at a paiih the far-
=1 field zone. The electric field operator for our model of the
Lip = _% (gg_ggp —20%po + paj“_gf) radiative cascade is given by,
V21 _ _ 1 -
- (7070 =207p07 4 polo?). (®) By = B (r0) - (%) ;([A x (% dyox) | [X1)(2X ],
Here the operators, = o' are the atomic lowering and + [ﬁ X (0 x JX22X)j| | X2)(2X];
raising operators defined as ai = 2X)(Xq], o2 = .
2X)(Xo|, 0% = |Xi)(g|, of = |Xo){g|, 0% = + [n X (7 X dgx;, )] |g) (Xt

| Xo)(ul, 08 = |X1)(Xs| ando” = |X2)(X|. The decaysin
the system (see Fig. 2) are given as follows= (1 + 72)
and~s (v4) are the radiative decay rate of the excited stat

[2:X) and the statgX1) (| X)) respectively. The radiative de- radiation at the detector along any arbitrary directioregiby

cay rate on the transitiopXs) — |u) is given byvys = 7,. ; Y .
: ; - 0,¢) and are related to the linear polarization unit vectors

Further, is the incoherent dephasing rate of the state{ B . .
712(921) P 9 éy (where H stands for horizontal and V for vertical) by

|X1)(|X2)) which corresponds to the rate of population relax- 4

+ [ x (i x dyxa)| ) (Xale). (©)

eFurther,€(9_¢) is the polarization unit vector of the measured

ation between them. It is worth mentioning here that thedinco*" ]

herent dephasing considered by us is different from the pure (1) i s N

dephasing in qubits. We here consider decoherence arising (0,0 cosf  e*"sing €H

from population relaxation of the intermediate state ad wel ) - o R (10)
as decay of the coherence among the levels whereas in pure égg?@ —¢'?sing  cosd v

dephasing environment only the coherence decays. As such

the Lindbald operator to model these decoherence phenoméhe polarization unit vectors satisfies the orthogonakta+

nas (incoherent dephasing) take the fofm[16][check for  tion (égg)@ : égﬁ));‘))) = §;;. The above matrix relation can be
example E(A — 7), (A — 12), (A — 13)] of appendix A].  understood as an unitary transformation between a basis de-

In accordance with the above framework the time evolutiorfined by the linear polarization unit vectors and a basis deffin
of our system reduces to a set of differential equationsef thpy ¢(1) andé¢(?). In experimental setup the anglés) would

form correspond to the orientation of the optic axis of a halfftpra
dp wave plate to the direction of propagation of the emitted ra-
pri Mp, (7)  diation. We will next write down the key expression for the

(I1I) and discuss the implication. For this purpose let us first
whereM a25 x 25 sparse square matrix. An elaborate form make some simplified assumptions. Let us consider that both
of Eq. (@) containing the detail of the time dependence ofthe levels| X;) and|X5) in Fig. 2 have the same incoherent
the density matrix elements is provided in the appendix A. Tadephasing rates i.eg2 = 21 = 4. Further we assume that
understand the effect of external field induced maniputedfo  the radiative decay rates of the intermediate levels a® als
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equal(y; = 2 = 3 = 74 = 7). Such assumptions are well these assumptions, Eqh.[11) reduces to
justified as they do not influence the dynamics of the system

significantly. Moreover as we restrict our analysis to thedir I — (ﬂ)s LD2D2 2XV(2X |,V e 11 +
polarization basis, we can s¢t = ¢, = 0. Hence under the i) 2rd ! 2{[2%) 2X10) {
above assumptions the two-time polarization angle depgnde c0s 201 cos 205 + sin 207 sin 205e77/4
intensity-intensity correlation is found to be: % [cos{(Aps + Q)7} + cos{(Aps — Q)7}]}.

wo\8 1 . (14)
(1) = () 37D} (2X)(2X ) {e
Thus we see that in presence of a resonant external fields beat

+ cos 20y cos 260y ¢~ I result in the system with a frequency equal to the Rabi fre-
+ 2s8in26; sin 205Re [W (2,6, 7)]}, (11) quency2. Now for Aps = Q we find,
where, (IT) o e "T[1 + cos 26, cos 26s)]

+ sin26; sin 202 377/4{1 4 cos (2Q7)}. (15)

3r
W(Q,6,7) = —\ 3 TUArs+3/2 i
(62,6, 7) eXP[ { g TilBrsto/ )}T] 8 It can be clearly seen that the second order correlation

Iy —id/2 . oscillates with twice the Rabi frequency. Next to analyica
+ f sin (QT)] (12) study the behavior of this correlation let us consider some
approximations. We see from the above expression that when
_ _ _ Apg=0Q>>~,(20r) is very large and hendeos(2927))
andI’ = w/3), T1 = W), ¢ = FS Vs _
O + % + 7u/3), Ty (O + 72 + ), ¢ can be neglected. Here...), stands for time average.Thus

2 _ _ 4 2 i ifi
(\){él)er C(()I;rle/litioﬁla/ir?) EthE:fllTprlggdbz)éLn gfe:ir:zdsetgogimunder this approximation the timed average second order cor

helpful insight, about the effect of interplay between therelauoq becomes independent of intermediate level splitt

; ) . o or Rabi frequency and depends only on the decay rates and
external field, the intermediate level splittinirs and the olarization angle of the detectors. The reason of conisiger
other incoherent processes on the polarization correlatio” 9 '

. ) . . . “the time average of the second order correlation and this
of photon pairs. For detailed mathematical analysis Ie;idma roximation will become apparent in the next section
to the generalized form of the two time intensity-intensity PP PP '
correlation, the reader is referred to appendix B of thisgpap
One can clearly see from Eqns_{11.] 12) that the secon
order correlation is profoundly influenced by the incohéren
dephasing rate,; as well as the excitonic level splittin z s,
the Rabi frequency? and detuning). We next study the wo\8 1 5 o
second order correlation of E.{11) for different limitstoé (1) = ( ) ﬁD1D2<|2X><2X|t>€ {1+
system parameters to understand their effect on the dysamic €08 20, cos 20 + sin 20, sin 20, ¢/
of photon pair correlation and generation.

X [cos{(Aps + Q1)7} + cos{(Ars — Q_)T}]},

Case | : To understand the sole effect of the splitting (16)
Ars we first consider(yy; = Q@ = § = 0). In the ab-
sence of any external field and for >> ~, the intensity ~WhereQ. = 1/2v/6% 4 4Q% + §/2 and we have considered

-intensity correlation of Eq[{11) reduces to the seconaord 2,0 >> ~. Thus here again we see that in presence of a
correlations measured in réf.[19) 26] and given@' [16], resonant external field, beats result in the system with-a fre

quencyf); + Q_ = /6% + 402, Note that in this case when
Ars = Q_ the intensity-intensity correlation becomes

ot

gase [l : In the case of a far detune@d > () strong
external field withy; = 0 and neglectingy,, the second order
correlation becomes

wo\® 1 o
(I = (22) 55 DID(2X) X e {1+
cos 267 cos 205 + sin 26, sin 265 cos(ApsT)}. (IT) oc e 77[1 + cos 20, cos 20
(13) + sin 26; sin 265 e 377/4[1 4 cos{(V/02 + 492)7}],
(17)
Further, note that for smal\pg the above expression for

intensity-intensity correlation is equivalent to that posed It is interesting to compare the time dependent cosine modu-
by Freedman and Clausét [3] and later measured by Aspetdtion term of Eq. [(1b) and (17). We see that when we have

and co-workerg [5]. a detuned external field, for ankrg the argument of the
modulation will be(2Arg + 0)7. This is obviously greater
Case Il : We next study the effect of a strong resonantthan the modulation of2A rg7) that we get from Eq.[(15)

(6 = 0) external field onArg and thereby on the second for the same\ rs. Thus in this case our earlier approximation
order correlation. For this purpose we gt= 0 and neglect regarding dropping the highly oscillating cosine will work
v, under the assumption that >> ~,. Further we also much better. Thus we anticipate that our scheme for a strong
consider that) >> all the decay rates in the system. With external field with large detuning will give optimal resuiits



suppressing the effect of intermediate level splitting be t A. Effect of the external field on the quantum correlation
two photon correlations. among photons in presence of intermediate level splitting

Case IV : Finally we will incorporate the incoherent de-  In this sub-section we numerically studwithout any ap-
phasing of the intermediate state$, ») in our analysis and proximation on Eq. [II) the behavior of the degree of corre-
study its effect on the quantum correlation of photons p&irs  lation C,, averaged over time as a function of basis angle, for
this case we consider all the dynamical parameters with onlypon zero intermediate-level splitting s and different ex-
two reasonable assumptiorf2, § >> all the decay rates in ternal fields strength. We neglect any incoherent dephasing
the system and that >> ~,. The second order correlation mechanism (put,; = 0) for present, to keep our discussion
then becomes, simple. Effect of such incoherent dephasing in presendssof t

intermediate level splitting and external field will be cmhs
wo\8 1 5 o ered in the next section.
(1) = (?) 2,2 P1D2(12X) (2 X [e)e™ {1 + In Fig. (@) we show the behavior of time averagégas a
0820, 08 205 e~ 21 + gin 26, sin 20, e[1~31al7/4 function_of the basis angle. We _find that for no intermediate-
level splitting Ars = 0), there is perfect quantum correla-
x [cos{(Ars + Q4)7} + cos{(Aps — Q-)T}H}, tion and thereby entanglement among the photons in the po-
(18) larization basis ( for a detail discussion in this regardfeee
example ref([16, 19] ). This is reflected in the figure by the
éﬂct that the degree of correlati@rj, does not change (solid
straight line of Fig[[Ba) when the observation is made in dif-
ferent polarization basedl(y' — DD — V H). However we
find that as the intermediate level splitting increases trang

Thus we see that in presence of the incoherent dephasing
the polarization angle dependent terms in the correlatais g
an additional decay which will crucially regulate the qbali

of correlation among the photons. The approximation we con . . SR
tum correlation among the photons in the polarization biasis

sidered in the earlier cases also hold in this case but they do L . . .
not effect the dephasing rate of its influence. In the next Secdegraded. This is depicted by the oscillatory behaviofpf

tion we define a quantitative measure of polarization cafrel in Fig.(3a) as the observation of photons are made in diftere

tion among the photons and discuss the effect of the externl. IaI%zat[[(;]n tbtz;\]ss. Flntally we f"?dt_(SO“d oscnlflr;[oryhcatrm
field, excitonic splitting and incoherent dephasing on poéa 9. Ia% | "’Il t? q:Jan u.mtcorredg Itonl amlonﬁlltt. N ptgodﬁmts are
tion correlation and entanglement generation among the phc?.omp etelylostioriarge intermediate level Spitting. a

¢ similar behavior was reported earlier in the study of such po
ons. 2 g

larization correlation in Refl_[16]. Now that we have analgiz

the dependence of degree of correlation and thereby the quan
tumness of two photon correlation on the intermediate level
splitting we focus on the key aspect of this paper.

IV. DEGREE OF POLARIZATION CORRELATION We now consider the effect of an external coherent field

on the degree of correlatiofi, whenArs # 0. In Fig.

In this section we study a quantity: the time averaged de{30) and[(8c) we show that,, is dramatically altered in pres-
gree of correlatiorC,, in a basis defined by the polarization €nce of the field. For example we see from Figl (3b) that
of the emitted photons. Note th@t, has been studied exten- for Ars = 2 = 5y the degree of correlation of the pho-

SiVer in context to po|arizati0n entang'eméﬂnﬂy@’m tons in the diagonal basis is enhanced by alrﬁﬁ% This
is defined in the literature as, can be further enhanced to the extent of achieving almost per

fect quantum correlations among the photons with highet fiel
(1L — (LI stre_ngth (aroun@ ~ 2.5 x A.FS = 12.25v) and strong de-
C, =t rre (19) tuning ¢ =5 x Apg = 25v in this case). Thus we find that
(Tudy) + (Ll our scheme becomes more effective with suitable off-resbna
external field and larger field strengths. Moreover this also
where ., i/ stands for mutually orthogonal polarization ba- suggest that our approximation of dropping the cosine term i
sis like {H,V} or {D, D'}. The degree of correlation varies the analytical discussion of the quantum correlation isenor
between+1 and —1, where+1 represent perfect correlation appropriate for the case (I11). Note that parameters usediin
(—1 for anti-correlation) and 0 represent no polarization cor-simulation are well within reach of experiments in pradtica
relation. We next investigate the effect of intermediatesle ~ realizable systems [28,131]. In Figl (3c) we show the effect
splitting Arg, the external field?2, detunings and the inco-  of external field on the degree of correlation for a represent
herent dephasing ratg on the degree of correlation. For this tive value of the intermediate level splittin§rs = 10~. Our
purpose we consider a time average of Eq] (19) suchhat simulations predict even better result for this case withda
is solely dependent on the polarization angles for somégpart detuning (almost0 x A ) and field strength3(5 x Axs).
ular values ofA rg, 2, 6 andy,. This thus helpstounderstand  The results of our simulations can be understood under
the effect of interplay among several dynamical parametiers dressed state basis. The external field between [Eyednd
the system on the quantum correlation of the polarized pholevel v will split the excitonic level into two eigenstates )
tons. and|—) as shown in Fig.[{2). When the field satisfies the con-



1.2p T T T T T the degree of the correlation not perfectly recover back to 1
S'1.0 (@ The energy difference between two eigenstateéis + 402,
< : Therefore, larger detuningcan make this disturbing effect by
= 0.8 eigenstate—) be weak enough until it can be approximately
° neglected and the degree of correlation in the diagonasbasi
E 0.6 is then enhanced to almost 1.
o Our numerical finding hence suggests that external con-
g 0.4 - trol fields can efficiently revive degraded quantum corietat
e 0.2t - ;tj;;::s among the photons for quite large values of intermediat lev
o — - Ay=10 splitting also. We would like to emphasize here that our the-
0.0 L R PN P A oretical model and methods thus predicts a practicallygpau
0.0 0.5 1.0 1.5 2.0 2.5 ble control knob (€2, §) to regulate the intrinsic parameter of
HH-HV DD-DD’ VV-VH the system A rg) which is otherwise difficult to achieve in
91 (nn/4) such radiative cas_cade_ sy_ste@ ,_—28]. Of course, our
1.2 . . . . . results have certain Ilmltatlon on the ch0|ce.&bhr!d5.. Itis
(b) important to note that this parameters can in _prmmple be ar
© 1.0 ] bitrary, although off-resonant external field with modehat
_E large power but large detuning is not realistic in practiee b
s 0.8 1 cause it may not be in the absorption width.
[})
‘g 0.6 .
S 0.4 ] B. Effect of the external field on the quantum correlation
3 —— QK =0; G/y=0 among photons in presence of Incoherent processes
‘5)0.2- — = - Qly=5; =0
(1) —_— = Qy=7.07; d/y=5
o 0.0b , N T o= =25 As discussed earlier, now we numerically investigate the
0.0 0.5 1.0 1.5 2.0 2.5 competition between the coherent (external driving fielt) a
HH-HV DD-DD’ VV-VH incoherent process (dephasing of the intermediate levels
9] (nn/4) 0)_ and their effect on the_ degree of polarization correlatic_)n
Fig. [4a & b shows the time averaged degree of correlation
1.2 I(c) ' ' ' ' ' Cy for Apg = 0 andApg = 5v respective, in presence of
© 1.0 ] incoherent dephasing; = v and different external fieldQ.
s Note that the adverse effect of such incoherent dephasing on
= 0.8 d the quantum correlation is clearly visible in both Figk.&a
® b). In absence of the external field, in addition to the faat th
‘g 0.6 ] C,, oscillates as the polarization basis is changed (suggest-
5 0.4 ] ing classic_al _corr_elation) t_he maximum value_ of it is redlice
o P— (< 1). This implies _that in presence of the_lncoherent pro-
% 0.2F — - Qy=10; dy=0 ] cess perfgct correlat!on among the photons.|s not posgible f
2 T mlas =0 example in the rectilinear basis also (see[Fig.4 a) even when
00b— N L PR O Aps = 0. This is in striking contrast to the case discussed
0.0 0.5 1.0 1.5 2.0 25 earlier (forArg = 0) when we have not considered the inco-
HH-HV DD-DD’ VV-VH

0, (nm/4)

herent dephasing.
Moreover we see in Fig.{4a) that whepn # 0, Arg = 0,
in presence of a resonant external field the behaviaf pf

changes significantly. The otherwise oscillat@ry is now
suppressed and in particular we find ti{ig; beomes inde-
pendent of polarization basis fér = ~,. We find that the
difference in the degree of correlation of the photon padrs b
tween the rectilinear and diagonal basis is reduced by @lmos
100%. However if we consider fields stronger than the in-
coherent dephasing rate the quantum correlation is spoiled
again (as shown by the oscillatory dashed-dot curve ihEjg.4
dition thatQ = /A% ¢ + Apsd, the eigenstate+) has the  Our simulation suggest that for optimal parameters even in
same energy as the other excitonic leXel. There is no en- presence of degrading incoherent processes the cohetdnt fie
ergy splitting betweenX;) and|+), so the polarization cor- can revive the quantum correlations among the photons which
relation in the diagonal basis can be revived as shown in Fighereby makes the degree of correlation independent of the
(3). However, another eigenstdte) also affects the emis- polarization basis. In Fig.{4b) we consider the compatitio
sion of photon from the biexciton level. This effect makesbetween the coherent field and incoherent dephasing process

FIG. 3: (Color online) Degrees of correlation averaged divee as
a function of basis angle for (a) different intermediateelesplit-
ting without external field and with different drive field fdb)
Ars/y = 5 and (c)Ars/y = 10. The drive field is given by

Q/y = \/(BFs T Arsd) /7.




0.6p ' ' - - - known asCHSH inequality and was first measured by Aspect

So.5k - - 1 and co-workers in a beautifully designed experiment [5]. In
g : . - ~ ~ recent times though CHSH inequality has been exploited ex-
= 0.4f P N -] tensively in studying entanglement among photans [15, 31—
) —— & o < ’ [33] and there application to different quantum information
E 0.3F ’\ 7 . . protocols [7]. The standard procedure to verify the CHSH
S . * \ version of Bells inequalityl [2] for photon polarization s,
g 0.2 \ ,/ ¢ is as follows. Two independent polarization detectorsqrenf
o * / S y— a coincidence measurement on the two photons emitted by the
80'1 ] . . —on=1 ] source for four combinations of linear-polarizer angleg- D
a 0.0 .(a.) . -/ P tectorl say measures at some anglgsandas, and detector

0.0 0.5 1.0 1.5 2.0 2.5 2 at 5; and3;. The Bell parametef then calculated in the

HH-HV DD-DD’ VV-VH CHSH form is given by,
0.6 0, (nm/4) S = E(ai, 1) — E(aa, B2) + E(as, 1) + E(az, f2) < 2,

3 ' ' ' ' ' (20)
o 0.5F § where
] TS
T 0.4f ‘/’, ’\' P E(as, B5) = py(ai, B5) — p— (o, ) (21)
()] — B
“é 0.3F * N ;» ~ ] is the correlation coefficient of the measurements;. Here
o \ p S p+ (s, 5;) denotes the fraction of events where the polariza-
g 0.2 N ¢ he tion measurements by detectioat anglen; and by detector 2
Q ~ N EEyr— atg; are positively correlated (both photons pass through their
30'1 ] S Q=5 d=0 respective polarizers, or both are rejected) an¢;, 3;) de-

0.0 (b) . NPT B oA notes the fraction of events where the photons are anticorre
0.0 0.5 1.0 1.5 2.0 2.5 lated (one passes the polarizer, and the other is rejedtéial.
HH-HV DD-DD’ VV-VH photons are perfectly correlated, thétic;, ;) = +1; for

Bl(nn/4) perfectly anticorrelated photons, we hal¢w;, 3;) = —1.

Note that the maximum magnitude of the Bell paraméter
that quantum mechanics allows|i§| = 21/2 and the states
that satisfy this are known as the Bell states (For example Eq
[). For the photons generated from the radiative cascade we
follow an approach outlined i [B1L, 34] to define the Bell pa-
rameter of [(2D) in the rectilinear-diagonal polarizaticasis

as,

FIG. 4: (Color online) Degree of correlation averaged oiraetas a
function of basis angle for different values of the exteffietl. Here
figure (a) correspond td s/ = 0 and figure (b) is foA s /v =

5. The incoherent dephasing ratgof the intermediate level is taken
to bevq /vy = 1.

S=v2[Cyx+Cp] <2 (22)

further, but now in presence of a large excitonic-leveltspli
ting. We see similar behavior of th€, as in Fig{[#a) with
one main difference. In this case we see that the externdl fie

can revive the quantum correlation when it is resonant an o radiatively emitted photon pairs are correlated foi
Q = Aprg. This is different from the analysis of the earlier y P np . v
the laws of quantum mechanics we will expect that the above

section wherey; = 0, and the optimal condition was found . - 1 . .
to be with a non-resonant field. Thus we see from our simin€auality will be violated. However as the correlations ar

ulations that in addition to intermediate level splittirfignie sensitive to _the mtermedlate level splitting a_nd any irggeh
nt mechanisms present in the system we intuitively expect

have a incoherent process (dephasing in this case) the qu ‘E . . "
tum correlation among the photons can be preserved to so% e CHSH '”eq“?"!ty to be .also sensitive to .SUCh system pa-
ameters. Thus, it is worth investigating the inequalitfEgt

extent by the external field even though the degree of carrel ) as a function of the intermediate level splitting and th

tion achieved in this case is not perfect. incoherent dephasing rate. Further, we have seen that exter

nal field induced A.C. stark shift can diminish the interme-

diate level splitting in the radiative cascade, therebyviry

the lost quantum correlation among the photons. This hence

raises the question as to how does the Bell parantetse-

have in presence of a strong external driving field. We next
In a classic paper in969 Clauser, Horne, Shimony and study Eq. [2R) in context to these effects and discuss their

Holt [2] re-formulated and generalized Bell's inequality i implications.

terms of practically feasible correlation measurementsragn In Fig. 5 we plot the Bell parametér as a function of the

any two quantum mechanical systems. This later came to biatermediate level splitting\ 5. We first consider the case

IwhereCH andCp corresponds to the degree of polarization
efined by[(IP) in the rectilinear and diagonal basis. Thus if

V. BELL'S INEQUALITY FOR CORRELATED
POLARIZED PHOTONS
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FIG. 5: (Color online) The Bell parameter as a function of the FIG. 6: (Color online) The Bell parameter as a function of e
intermediate-level splitting 75 in presence and absence of the ex- coherent dephasing ratg for different values of the external field.
ternal fieldQ. No incoherent dephasing has been considered herd-ere the intermediate level are considered to be energyatepsby
All parameters are normalized with respect to radiativeagieatey. an amouniArs/y = 5.

with no external field, which is depicted by the broken line in Versely effected we have no violation of Bell's inequalivea
Fig. 5. We find that for the two photon radiative cascade with0" 72 = 0. However by turning on the far detuned external
Aps = 0, the violation is maximum. We remind the reader field we see from Fig. 6 that we are succ_essful in regaining
that, this corresponds to the condition when the emitted phdhe situation forArs = 0 and thus have violation of Bell's
tons are indistinguishable in time-frequency and gensrate  N€quality for smally;. Thus our analysis shows that, even
entangled state in the linear polarization bdsig v} (EqL). though the external field is very eﬁectlvg in reducmg or-get
However we find that a ¢ increasessS decreases and there ting rid of the adversg effect of |nterm_ed|ate level spiigtion _

is no more violations for\ s > 7 (S < 2). These behav- the quantum correlation of photons, it does not _substzimtlal
ior of the Bell parameter suggest that -5 # 0, but less alter or_|nh|b|t the effect of_ decoherence created in théesys
than the line-widthy of the intermediate levels the photons PY the incoherent dephasing.

are still quantum mechanically correlated/[29]. Furthetthe

splitting increases beyontly the Bell parameter becomes a

constant at a value of arourfdl= 1.5. Thus we see that for VI. CONCLUSION
Apg > v the correlations of photons emitted in the radiative
cascade remain no more guantum. In conclusion, we in this paper studied the polarization de-

However when the external field is turned on it effects thependent intensity-intensity correlation of a pair of phwto
correlation among the photons dramatically and that is reemitted in a four level radiative cascade driven by an exter-
flected on the Bell parameter. The solid and dashed-dot curuveal field. We found that, by applying a far detuned external
in Fig. 5 shows the Bell parameter as a function of the in-field, the intensity-intensity correlation which is subgtally
termediate level splitting\ s in presence of a resonant and degraded in the presence of the level splitting between the
non-resonant field respectively. We see from the behavior ahtermediate levels, can be efficiently revived. The mecha-
the solid curve that eventhough in presence of a resonant erism that leads to this revival was found to be an induced
ternal fieldS decreases initially with increase ihgpg butit  stark shift and the formation of dressed states in the system
never decrease beld@v Rather it becomes a constant (aroundby the non-resonant external field. We further investigéted
2.5) as the intermediate level splitting increases and tha-exteinterplay of the intermediate level splitting and the ergdr
nal field strength is varied to keep it tuned to the level 8ptit  field in presence of a incoherent dephasing of the intermedi-
(2 = Arg). Moreover, for a non-resonant external field (the ate levels. The incoherent dephasing create a decoherence i
dashed-dot curve) the effect ghis even more pronounced. the system and thereby substantially effect the degreeref co
This is expected, as from our earlier results, we know thatelation of the photons. In the presence of an external field,
the degree of correlations among the photons are even betteowever we found that the effect can be partially controlled
when we have detuned external field. In this case we find thé&inally, we also investigate the non-locality of the coat&ins
with increase iNA g given that() is kept equal to the level by studying the violation of Bell's inequality in the linepo-
splitting, S change minutely from the value at maximum vio- larization basis for the radiative cascade. For an intefated
lation. In Fig. 6 we plot the Bell parametsras a function of  level, energy splitting more than the radiative linewidtida
the incoherent dephasing ratg We find thatwhem\ pg = 0 in presence of incoherent dephasing rate we found that the
the Bell paramete§ > 2 only for v4 much smaller than the photons are classically correlated and there is no vialadio
linewidth v of the intermediate levels. Further as for non- Bell's inequality. In presence of an external field and n@inc
zeroArg the quantum correlation among the photons are adherent processes, effect of the intermediate level smiittan



be suppressed, thereby generating nonlocal correlationgm
the photons. This hence leads to violation of Bell's inegyal
in the radiative cascade for even arbitrary intermediatelle
splitting. In presence of incoherent dephasing however, th
external field modulation is effective in preserving the non
locality of the correlation only if the incoherent process ot

S0 strong.
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Appendix A - Density Matrix Elements

To calculate the two-time intensity-intensity correlatio
function the dynamical evolution of the matrix elements

PX1X, (t+7—)' PX2Xo (t+7)* and PX1Xo (t+7) are re-

quired. This can be found by solving the equation of motion The resulting two-time correlation function in Ed.] (8) can

9

pug = iépug + Z'Q*szg; (A-lO)
paxex = — (71 +72) paxax; (A-11)
pxix, = — (73 +721) Pxu x4 (A-12)

+Y1p2x2x + V120X X5

Px>x> = = (V4 +Yu + M12) PX2 X, + V2P2x2X (A-13)
Tr210x, %, T puxy — 8V Pxzu;

puu = YuPX3Xs — Z.qu.X2 + iQ*pXQ'u; (A'14)
pji = Pij (A-15)
pax2x + pxix1 + PxoXs + Puu + pgg = 1. (A-16)

Appendix B - Correlation function

for the density matrix elements given by the set of equationswritten as

: 1 (1) = (22)° £ D3D3 (12X) (2X|,) {1 (1) + f2(7)
— . A-1 ¢ i 12 t 1 2
p2x X 2 (1 +92 95+ 921) p2xxa (A1) +g1 (1) + g2 (1) + (cos 201 + cos202) (f1 (1) — g1 (7))
+ (COS 291 — COS 292) (gg (T) - f2 (T)) (B-l)
. _ 1 +c0s201 cos 205 (f1 (T) + g1 (7) — fa (T) — g2 (7))
P2X X _—ZQQ*K(;Z;: Y2 + 4+ Yu + V12) P2x X, (A-2) + sin 26, sin 205 [e—i(¢1+¢2)w* (1) + ei(@1+e2)y, (T)} } )
Here
A 1 T - T
P2xg = 75 (71 +72) paxg; (A-3) fi (1) = €™ [cosh ()
_ 73*’74+’727;*’712*’Yu sinh (%)} : (B'Z)
. 1 . )
P2Xu = -3 (71 + 72 +120) paxu — iQpaxx,;  (A-4) b
27y12€”07 | nT
fa (1) = ——=———sinh (—) ; (B-3)
n 2
. 1
pxrg = =5 (13 +721) Pxag5 (A-5)
g1 (1) = eboT [cosh (%)
1 _|_’Y3*’Y4+’72771*’712*’Yu sinh (%)} : (B'4)
leu = _5 (73 + Y21 + 126) PXiu — iQPX1X2§ (A'G)
2y91eb0T nT
. T) = ———— sinh (—) ; B-5
PX1 X, = —% (73 + 74 + Yu + 721 +712) X1 X (A-7) 92 (7) n 2 (B-5)
=i px s
w (7_) _ eaOTfiAFST [COS (%) (B 6)
. 1 . + +Yu—2i0 - LT B
PXa9 = _5 (’74 + Y+ ’712) PXag + Zqug; (A'S) + V12MV s (IT):| ’
where, ag = —1 (273 + 2721 + Y4 + 712 + Yu + 2i0),
szu = _% ('74 + Yu + Y12 + 225) PXou (A_g)

—iQ (Px,Xs — Pun); bo=—2% (v3+ 7+ 721 + 112 + V),
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Y3 + Vo1

Gl = 732 TR (B_lo)
u:\/16(22—(74+712+7u—2i5)2,and bg —n*/4
n= \/4721712 — (Y3 — 72 + 721 — 12 — )
B} ) ) ) Gy = 2 (B-11)
A|SO,D1 = XmQX’ = ‘dX22X‘ andD2 = ’ngl = ’ng2‘- bO -1 /4
We can calculate the average correlation function as
(II),, = [;° (IT)dr and the result is
i (A 0 2
. W:Z( rs+6)+ (y3+921)/ . (B-12)

(I1),, = (2)" 7= DI D3 (le) (el,) {F1 + F2 + G1 + G2 (ao — iArg)? + p2/16
+ (cos 2071 + cos 26s) (F1 — Gh)
+ (cos 201 — cos203) (Go — F)

(B-7) _
For the casey; = = 9, = , and~, s
+ cos20; cos 205 (Fy + G1 — Fo — Ga) s T = T 2L 1 oz

the two-time polarization-angle-dependent intensitgiisity

+5in.201 sin 26, [e (P HODW 4 (OO} correlation function is found to be
where 5
(IT) = (%2)" 5 DID3 (|2X) (2X|,) {e777
P = W; (B-8) + c0s 20 cos 209~ (1 F2m2)7 (B-13)
bg —n?/4 + sin 20; sin 265Re [e!@1+92)w (7)] }.
Y12
F = . B'g
2 b% — 772/4’ ( )
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