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Entangled two-photon source using biexciton emission of an asymmetric quantum dot in a cavity
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A semiconductor based scheme has been proposed for generating entangled photon pairs from the radiative
decay of an electrically pumped biexciton in a quantum dot. Symmetric dots produce polarization entangle-
ment, but experimentally realized asymmetric dots produce photons entangled in both polarization and fre-
qguency. In this work, we investigate the possibility of erasing the “which-path” information contained in the
frequencies of the photons produced by asymmetric quantum dots to recover polarization-entangled photons.
We consider a biexciton with nondegenerate intermediate excitonic states in a leaky optical cavity with pairs of
degenerate cavity modes close to the nondegenerate exciton transition frequencies. An open quantum system
approach is used to compute the polarization entanglement of the two-photon state after it escapes from the
cavity, measured by the visibility of two-photon interference fringes. We explicitly relate the two-photon
visibility to the degree of the Bell-inequality violation, deriving a threshold at which Bell-inequality violations
will be observed. Our results show that an ideal cavity will produce maximally polarization-entangled photon
pairs, and even a nonideal cavity will produce partially entangled photon pairs capable of violating a Bell-
inequality.
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[. INTRODUCTION two paths distinguishable, since the asymmetry of the dot
breaks the degeneracy of an intermediate exciton level en-
Recent proposals for quantum communicatiorand  abling the two paths to be distinguished by frequency. The
quantum information protocdlrovide a significant incen- effect of asymmetry on the spectrum of excitons in dots was
tive to develop practical single-photon sources and entangle@Pserved experimentally in dots formed by monolayer fluc-
two-photon sources. The first requirement for such sources f&lations in a GaAs two-dimensional quantum Welhd has
that the emission time of the photons be periodic with gbeen addressed theoreticallit has also been observed ex-

precisely defined clock frequency. Exciton recombination inP€rimentally in CdSe or ZnSe dofsand in self-assembled

electrically or optically excited quantum dots is a candidateSaAS Or INGaAs dotS. In Fig. 1(a), we indicate the possible

system for such sources. In this paper, we will discuss aff€c@y paths from a single biexciton level through two non-

entangled two-photon source based on recent experiments (ﬂﬁagenerate exciton levels to the ground_stgte of the (_jot. _The
self-assembled interface quantum dbts proposal for pro- first decay pa.th correqunds_ to Fhe emission of a biexciton
ducing entangled photon pairs on demand based on biexcitdi1oton with linear polarization in the: direction at fre-

emission from a quantum dot was recently presented by BerflUencyw, followed by the emission of the exciton photon,
sonet al® with the same polarization, at frequeney. In the second

A pair of excitons confined in a quantum dot form a decay path, the biexciton emitsyapolari;eo! photon at fre-
bound state known as a biexciton. The decay of the biexcitoUency s followed by the exciton emission, also with
proceeds by consecutive single-electron-hole recombinatiopelarization, at frequencyp, . _ _
processes. This is estabished experimentally by the temporal The state of the emitted photon pairs may then be written
correlation of the biexciton emission and the exciton emis&S
sion; time-resolved photoluminescence measurements show
the exciton photon to be emittexdter the biexciton photon. 1) = (1%, 013X, 02) + |y, w3y, 04))/12, 1)

A similar time-resolved study of the polarization of the emit- o o

ted photons shows that there are two decay paths, and it h441ere the notation indicates the mogilarization and fre-
been shown that they are coherent with one andtkiénile ~ guency occupied by each photon of the pair,
the biexciton photon and the exciton photon emitted in eactiphoton 1;photon 2 with the order reflecting the order of
decay path have the same linear polarization, the polarizatiofmission. It has been established experimentally that the
in different decay paths are orthogonal. If these decay path4€ights of the kets are equdlin contrast, we wish to pro-
were indistinguishable, then this would be a good candidatguce a state of the form

for an entangled two-photon source. Unfortunately small

asymmetries in the physical geometry of the dots makes the [h2) =X, 0p X, 0g) +|Y,0p;Y,wg)/ V2, 2

0163-1829/2003/6/8)/08531715)/$20.00 67 085317-1 ©2003 The American Physical Society



T. M. STACE, G. J. MILBURN, AND C. H. W. BARNES PHYSICAL REVIEW B7, 085317 (2003

W w
B A
XX A
X w FIG. 1. (@) Energy-level dia-
Wy T Yy vy gram and available transitions for
, the quantum dot and cavity sys-
Y Xx “s :
AI Y, tem. (b) Spectrum of exciton tran-
y 2€ sitions (dotted ling and cavity
“Bl «x, w, y, w modes(solid line) indicating the
HV v : v ’ relevant frequencies for the inter-
G 7 action Hamiltonian.
wy/2
(a) (b)

and we call such a state polarization entangled, since th&nglement to be demonstrated in an interferometer. A similar
entanglement is only in the polarization degree of freedomidea using waveguides for spontaneous parametric down-
This is in contrast to the state given by E@) which is  conversion has been proposed by Banaszel > We note
entangled in both polarization and frequency. The importanthat the original proposal for the two-photon sodriceludes
difference between statgs,) and| ) is that the second ket the external cavity, but its presence is only to increase the
in |,) may be rotated into the first ket using linear optical outcoupling efficiency, and only a brief mention is made of
elements such as half-wave platésWP) and polarizing tS effect upon the spectral emission properties of the emitted
beam splitters(PBS, and vice versa, whereas this is not Photons. _ _ _ .
possible for the two kets written in state/;). Thus, for The following part of this paper begins by defining a
instance, Bell-inequality measurements and two-photon inHamiltonian for a four-level system interacting with optical

terference experiments may be performed with realtive eas%avIty modes. A master equation is developed in Sec. Ill to

. . . eal with photons leaking from the cavity and into some
usmgl%} but _not|<,/;2>, and this translatgs t_o a_technologlcal measurement apparatus, as well as to account for decoher-
setting in, for instance, quantum key distribution.

: L ence events such as photon loss. In Sec. IV, we discuss some

The problem of producing frequency-and-polarization en-,nerational definitions to quantify the entanglement of the
tangled states akin thj;) has been considered for photon photons produced, such as two-photon visibility and Bell-
pairs produced by spontaneous parametric down-conversiqRequality violations, with the aid of which we judge the
in a nonlinear crystal® In this case, photons are also en- efficacy of the cavity in restoring the polarization entangle-
tangled both in polarization and frequency, though the frement. We then provide some results in Secs. V and VI show-
quency entanglement is more complicated. The frequencigag that an ideal cavity does establish maximally entangled
for the two emitted photons are constrained by energy conphoton pairs, and numerical results showing how sensitive
servation, so that their sum must be equal to the frequency dhe resulting state is to imperfections in the system param-
the absorbed pump photon. Since this single constraint doesers. We then provide some heuristic analytic results in the
not determine the frequencies of the two emitted photon®iscussion, which explain the numerical results, as well as
uniquely, each photon of the pair may be emitted over a wid¢omment on implications for experiments, and finally con-
range of frequencies determined by the spectrum of th€lude the paper.
pump pulse and the phase-matching requirentemich is
an expression of momentum conservatiorhus, the photon II. SYSTEM HAMILTONIAN
pair is entangled in its frequency degree of freedom. Figure Xa) shows the energy levels and available dipole

A resolution to this problem, presented and experimeniransitions for the biexciton-cavity system. The biexciton
tally implemented in Ref. 12 is to pass the signal and idlerstates given by XX), |Xx) and |Xy) are the intermediate
beams back through the crystal, but with the polarizationgxcitonic states in the andy polarization decay paths re-
rotated throughm/2, with the result that the two ways in spectively, andG) is the dot ground state. The cavity is
which the photons can be emitted with correlated polarizaassumed to support pairs of degenerateand y-polarized
tion are not distinguished by frequency. This scheme in Refinodes at frequencies, and wg. In our model, we do not
12 does not directly translate to the case of biexcitonic emisinclude coupling between, for instance, the cavity mode
sion, but we, nevertheless wish to remove the spectral depeha.X) and the transitior)G)«|Xx) which is valid when
dence from the entanglement in sti#g), so the objective aSSuming that the detuning between them is much larger than
of this paper is to present and analyze a proposal to acconfl® cavity-exciton coupling strength, which is the case for
plish this for the biexciton entangled photon source. this system. The system Hamiltoniéfy,s under the rotating

In this paper, we demonstrate that the frequency may pg/ave and dipole approximatiotfs®is then
disentangled from the polarization by placing the dot in an Heye= o X XY XX| 4 @ XX} XX| + w4 Xy){Xy|
external cavity with suitably chosen cavity-exciton coupling
strengths and cavity mode frequencies. We will show that the

+ wA( I"'\]X,wA—i_ ﬁy,wA) + wB( ﬁX,LUBJ’_ ﬁy,wB)
external cavity can erase the “which-path” information con- i

i
tained in the frequency components of statg). The exter- 5 (A Xx)(XX] ay ., T A2l G)(Xx[ay,,_

nal cavity is used to control both the spectral and spatial + s

mode structures of the emitted photons to enable the en- +03 Xy} (XX|ay ,, +0s G)(Xylay,,—H.c), (3)
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FIG. 2. The basi® for the evolution of the system along with transitions generated by the Hamiltéhand cavity leakage. Coupling
strengths between states are indicated. The top line of states spans the subspace of two efi@tagsnion number plus photon numper
the middle line spans the subspace of one excitation, and the single state on the last line spans the subspace of zero excitations.
wherea; and ﬁj=ajTaj are the photon annihilation operator Wiseman® gives an expression for the master equation
and the photon number operator for mgdeespectively, and for the conditional density matrixp., for a single measure-
for convenience we takie=1. We transform to an interaction ment channel using imperfect detectors, while Gardiner and

picture defined b)Ho:(wo/Z)N, where Zoller!’ give a similar expression for many _channels with
perfect detection on each channel. Generalizing these results
K= 2 X X)X X| + | XX XX| + [ Xy )Xy to an n-channel conditional master equation with arbitrary
efficiency detectors on each channel results in the condi-
Rl LVl O VY (4 tional master equation

is the number of excitations in the system. The interaction

n
e _ aiHot ~iHot _ e oy _
Hamiltonian,H=e'"o'Hy £~ ""0o'—H,, is given by dpc:_l[H’pC]dHIZl (mTr{ijc}pﬁ(l— ) Jipe
H=— £[Xx)(Xx| = (&+A)|Xy)(Xy|
. o o N _ 1 1 d Jipc o ldN
+(§+ 6A)(nx,wA+ny,wA)_(§+ 68)(nx,w8+ny,w8) E(C] CJpc+pCCJ C]) t+ Tr{mpc} Pc if
i . , ©®
+ E(q1|XX><XX| ax,wA+q2|G><XX|ax,wB+ q3|xy>
whereH is the interaction Hamiltonian for the systen,is
><<XX|a;’wA+ q4|G)(Xy|aI’wA—H.c.), (5  the system operator through which the system couples to

_ o . channelj, ijczcjpccjT is the jump operator for channgl
where Z=w,— w; is the biexciton shiftA=wz—w;=w; 5, is the detection efficiency of jump processes on chajjnel
—wy is the doublet splitting due to dot asymmetfy=wa  anddN; is the jump increment. For the case whege=1 for
— oy is the detuning between cavity modeand transition  all j, this equation reproduces the result in Gardiner and
frequency w;, and dg=w,—wg is the detuning between Zzoller'’[Sec. 11.3.8.1 and forn=1 it reproduces the result
transition frequency», and cavity modeB. These frequen-  of Wiseman® [Sec. 4.1.2
cies are shown schematically in FigblL For the biexciton decay, there are several baths with

We now define a “balanced cavity” to be one for which which the exciton-cavity system is coupled. First, the cavity
the two cavity modes fall directly in between each of themodes decay at a ratein order to couple the photons gen-
doublets gp=3g=A/2) and the exciton-cavity coupling erated in the emission process to the outside world. This
constants are matchedj(=qs; and q,=q,). An “unbal-  decay mode is coupled to the four cavity modes, where the
anced cavity” is one for whictd, g# A/2, and “unbalanced system coupling operators am = \/;awiA,sz J;ayywA,

coupling” means that|; # gz or g,# q,4). We will show later _ _ :
that a balanced cavity accomplishes the required which-patﬁ3 \/;ax"”s' andc, \/?ay"”B' To quantify the effect of the

erasure. cavity in erasing the frequency information, in what will fol-
The dynamics of states under the action of the time evolow, these channels are assumed to be perfectly detected,
lution operator,e” ", generated by the Hamiltoniad is m=- - =m=1 o
closed in the 12-dimensional space spanned by the Basis Second, there may be a spontane_ous emission into photon
which is shown in Fig. 2. modes apart from those of the cavity. This decay channel
Finally, we assume that the initial state of the system icouples via similar system operators, but with different de-
biexcitonic, | #(0)) = | X X)|00) 00). cay rates, so thats= T Xx)(XX|, ce= VT Xy}(XX|, c;
=JT{|G)(Xx|, and cg=\T'{G)(Xy|. These channels are
lll. DERIVATION OF MASTER EQUATION considered to be inaccessible to an observer, so we set the
' detection efficiency to zerag,= - - - = 5g=0. For later sec-

The theory of open gquantum systems has been well studions, we will refer to these channels as “leakage channels.”
ied (see e.g., Refs. 16 and)l’And we adopt this formalism Finally, we will add a phenomenological dephasing acting
to analyze the exciton-cavity system interacting with the ex-on the two exciton statdXx) and|Xy). This is to simulate
ternal continuum modes and measurement devices outsidbe effect of some unspecified batb.g., phononsthat is
the cavity. able to distinguish the intermediate excitonic state during the
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decay process. The system operators to which this bath PBS PBS
couples are assumed to bmy=T4Xx)(Xx|, and ¢, ) ] O ARSI
=T 4/Xy)(Xy|. Again, these channels are inaccessible to ’ HWP y Detactort
observer, so the detection efficiency is zemg= 71,=0. X
Since ;=0 for channels five through ten, from Ref. 16 > 71 Dstector 2
we haveE[dN;(t)]= n; Tr{Jjp.(t)}dt=0 for j=5,...,10, PBS
and since dN;j(t) is non-negative, dN;(t)=0 for j FIG. 3. Schematic of a polarization sensitive interferometer. A
=5, ...,10. In accordance with the assumptions regardlnggBS splits the beam intg- and y-polarized paths and a relative

channel efficiencies made above, the conditional mastgfhases is added to one path. The paths are recombined, and the
equation between photon detections.e., dN;=0, ]  polarizations are rotated by/4 using HWP, then detected with
=1,...,4),becomes polarization-sensitive single-photon detectors.

10 In the system we are concerned with, there is some

4
pe=—i[H,pcl+ 2 T{Tpctpct 2 Jipe subtlety, however, since although the system plus continuum
=1 I=5 evolves to a two-photon state, this is only determined once a
0 4 measurement has been performed, observing both photons.
— > Z(clcipetpecic)). (7)  Before the measurement, the system evolves in a much larger
=2 a Hilbert space, so it is not entirely trivial to adapt measures
. . L . : such as entropy to the case of interest here, not least, because
_The second term in this equation Is ”O.f?"”ea“’t” reflect- under certainpcyi/rcumstances, the photon pair is described by
ing the fact that the evolution is conditional on the system

t emiti hoton. F tational a mixed state. Instead, we use an operational measure—the
hot emitting a photon. For computational purposes, we Con\'/isibility. This arises naturally by considering the result of
vert Eq.(7) into an equivalent linear equation for an unnor-

. . 1 . - two-photon coincidence counting at the output of a
malized density matri% by definingp.(t) =f(t)p(t), where  no|arization-sensitive interferometer, depicted in Fig. 3,
f(t) is a scalar function to be determined. Substituting thisthrough which the photon pair is directed.

into Eq. (7) gives It is straightforward to show that a pure, entangled state of
4 10 the form|xx)+|yy) passing through such an interferometer
A e ~ 5 e~ ~ with a ¢ phase shift(per photon on one arm will exhibit
fo+fp=—if[Hp]+f le Jptp+ fgs Jip interference fringes in the two-photon coincidence counts be-

tween the detectors, with the coincidence count rate propor-

04 tional to 1—cog2¢). The factor of 2 in the argument of the
—f > E(C,TCJ'TJJFT)CFC,')- (8)  cosine is a direct manifestation of the two-particle nature of
=1 the state, and this has been observed experimerfally.
Collecting terms that are proportional t@nd requiring that Conversely, neither a completely mixed state such as
others vanish gives the linear, unnormalized semi-conditionakx){xx| +|yy){yy| nor a pure, nonentangled state such as
(i.e., conditioned on only a subsgt=1, . . . 4, of thechan-  |xx) will display interference fringes ag is varied. It is
nels master equation intuitively clear from these two examples that the visibility
of the interference fringes is an operational measure of both
10 10 the purity and entanglement of the input two-photon state,

p=—i[H,p]+ Z Jip— Z E(CJ?LCJ-Z»JrT)c;Lcj), (9 and is dependent on the off-diagonal elements of the density
i=5 i=1 matrix, which are zero for nonentangled or completely mixed

along with the constraint equation for states. _ o
Interferometric methods for estimating entanglement have
_ 4 been discussed by Ekert and Horodéeékihey argue that
fp=122, T Jp)p. (10) d?—1 separate types of interferometric experiment are re-
i=1

quired to estimate the entanglement of a pair of partiaes,

. . . o ftars4 ~1y—1 being the dimension of the Hilbert space for each particle.
Thls_; can be integrated to g'\,’b: (f;thJ:ll'r{‘Zp})’“ " For the case of interest to us=2, we expect that three
Taking the trace of qu9)7£13]IVeS_ T{p}=—27_1T{Jjp},  parameters will be sufficient to place bounds on the entangle-
and so we see thdt=Tr{p} ~, which is just the normaliza- ment of the photon pair. In fact, we assume that anticorre-

tion condition forp,, i.e., p.=p/Tr{p} as required. lated states such aky) are never produced, which is
roughly consistent with experimental observations showing
IV. QUANTIFYING TWO-PHOTON ENTANGLEMENT that interexciton transitions are rareand so the number of

experiments required is reduced to one. That is, we only need
We now develop a measure of the performance of théo measure a single visibility fringe in order to quantify the
cavity in erasing which-path information. A polarization- two-photon entanglement.
entangled photon pair is an archetypal example of a two-
qubit system. Such bipartite systems have been studied A. Interferometry
extensively; and in particular, the entanglement of such pure  Quantitatively, we relate the output continuum field anni-
bipartite systems is well quantified by the von Neumann enhilation operators of the half-wave platey , ,b, ., to the

yo
tropy of one subsystem. interferometer input field operators, ,, ,b according to

Yo

085317-4



ENTANGLED TWO-PHOTON SOURCE USING BIEXCITON. .. PHYSICAL REVIEW B7, 085317 (2003

T t

b>/<,w _ i eld) 1 bx,w (11) yE<:ay,wBavaBavaAanwA:>
b -1 e '?||b,,
Y. \/5 v = Tr{a;,wBay,wB/Z{ay,wApCa;,wA}} € [071]7
We adopt the notation that a prime on an operator indicates
that it is transformed consistently with Ed.1), for example, ZE<:a;wBaX,wBa;’wAawiA:)
Ay, = (b,) by, - o . . w
The expectation of a two-photon coincidence measure- =Tr{ay , 8% vs B 8x wyPcdy, 0, €C, (14)

ment by detectors 1 and 2 will, in general, be given by the
normally ordered(denoted by ---:) two-time correlation which all depend on, andtg though this notation has been
function (:f/ wB(tB)ﬁj’ wA(tA):>C, where i,j e {x,y}.1®17"20  dropped for brevity. We can define the visibilityfrom this

The subscript denotes the fact that the expectation is con-€XPression to be the amplitude of the interference fringes
ditioned on the system having emitted zero photons in th&ivided by the meartaveraged over) and it is
interval [ 0,min{t, tg}], and the ordering of the operators in
the correlation function will depend on the ordering gand Wits ta)= ﬂ 15
tg. (A:B)_x+y- (15
We may relate the cavity field output operators for the
continuum modéd to the cavity input operators and the in- Conceptually) is the visibility of fringes generated by post-
ternal cavity operator according tdg,(l,t)—bi,(I,t) selecting photon pairs that arrive within the two-time win-
= Jka(t). We will also assume that the cavity input is the dow (ta,ta+dt)(tg,tg+dt) as ¢ varies. We note that we
vacuum so{bl(I,t)b;,(1,t'))=0.7 Thus, normally ordered May compute the visibility directly fror by making the
expectations of continuum modes may be replaced bglefinition X=Tr{a}, a...7{ax.,pa%,,}}, With similar
normal- and time-ordered expectations of internal cavitydefinitions fory andz, so that an equivalent expression for
modes, multiplied by a suitable power ¢k. More detailed the visibility is
discussion of this point is given in Gardiner and Zofiér.
For example, the conditional expectation of detecting con- 2[%|

Z
secutive photons at detector 1 will be given by W(ta tg)= ——. (16)
(:PY oy (te) Py, (ta):)c, and iftg>ta, then Xty
(A% g (te) iy, (1)) =TH T o, (te) T(ts  ta) C. Probability density
We may also compute the joint probability densiyfor
X{ Ty, (ta)pe(ta)}} detecting a photon pair within the two-time window (t,

, , +dt)(tg,tg+dt), as given in Ref. 17Sec. 11.3.1d)],
= k2Tr{(ay,, ) ay,, T(te ta) B8

X{ay o, pc(ta) (@, ) (12 Pty te) =

> <:ﬁ{,wB<tB>ﬁ,-',wA<tA>:>c)

where7(tg,t,) is the time evolution operator, which evolves

the system from timé, to timetg, and for open systems it X
is nonunitary:” Very similar expressions may be derived for

the case whergz<tp.

tA
1—J dr > f,—?tr,o>p<0>)
0

i

2 (A, (), (1)) Tr{B(ta)}

N

B. Visibility
Since the transformed operators in E42) depend on = k2> T . (te) Tt taA T}, (tA)P(tA) }}
¢ according to Eqg.(11), we see that the quantity N e e
(:ﬁ;va(tB)ﬁ)’(’wA(t):) must also depend ogh. Many of the = K2(%4Y), (17)

cross terms vanish, leaving the result
where we have again assumegtg, although similar ex-
GRL (te)f) . (ta):)=kA(x+y+edPz+e 2975y, pressions may easily be derived for>tg. The first factor
B A (13) in the first equality is just the conditional probability density
for either the detector to register at timgsandtg given no
emission beforehand, and the second factor is the probability
of emitting zero photons in the intervgd,t,]. The second
equality follows from Eqg.(10) and its following equations.

where

x=(al . ac,.al, ac,.:) - - -
T wg X wgTX, 0 TX 0p The third equality follows from Eq(12) and recalling the
fact thatp.(t)=p(t)/Tr{p(t)}. Finally, Eq.(17) shows that
—rrfat t pc(t)=p p
_Tr{ax"”Bax""BIZ{aX'“’ApCaX"“A}}e[0’1] ' the probability density does not depend @r-detecting a
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photon pair after the interferometer occurs with the same
probability density as detecting a photon pair before the in-
terferometer, as expected.

We also define the quantity

DCM

V, Detector

P:j f P(ta,tp)dtadts. (18) FIG. 4. Schematic setup for performing a CHSH Bell-inequality
0o measurement. Photons of frequenoy and wg are split with a

dichroic mirror and then they travel along pathsand B, respec-

In the presence of .sp(_)nta.lneous emission into n_oncavity ph‘i’l'vely, and are measured by rotated polarization-sensitive detectors.
ton modes,P<1, indicating that not all biexciton decay

events will be detected by the photodetectors following the F. Relation to Bell-inequality violations
interferometer. We, therefore, interprBtas the reduction

factor of the two-photon detection rate, as compared with the t Instead oflga_\ssmg the photon paur thrglughfan w;:er{etromt-
biexciton pumping rate. eter, we could imagine using an ensemble of such states to

measure Bell-inequality violations. In particular, we consider
violations of a Clauser-Horne-Shimony-HolCHSH) in-
D. Mean visibility equality, where each photon is measured in one of two non-

We now define the mean visibility, which is a figure of Orthogonal bases specified by the angigsand 6, for the
merit for the degree of entanglement between the photofhoton at frequencys, and 6z and g for the photon at
pair, frequencywg ,! as depicted in Fig. 4.

In terms of mode operators, the CHSH inequality requires
the knowledge of correlation functions of the form

_ 1 (o (=
V=—fth,t P(ty,tg)dtadt
Plo Jo (ta ta) PAta tg)dladts (:(dtd,—d"d_)(clc,—clc ):)

242 [ [ _ SO0 T d, v d (e, tor o)y
:_f f |Z(ta,tg)|dtadtg, (19 I
P JoJo where photon mode annihilation operatarand d are de-
fined as

where we have divided bl so as to only count those decay )
events that are detected through the interferometer. If the C=sin(0a)ay,,,+Cog Oa)ay,,,
visibility is unity (i.e., perfect erasure of which-path infor- _
mation, then)=1, since the probability density is normal- € =C0g0p)ay,,, ~SIN(On)x o,
ized byP. On the other hand, iV is less than unity, so will )
be V, therefore, performing a two-photon interference ex- d.=sin(fg)ay, ., + COX fp) Ay,
periment with all photon pairs produced will result in fringes )
of visibility V<1. d-=C0S 0g)y, 0~ SIN( ) 3,

We see from Eqs(16), (17), and(19) that the quantities \ve have not explicitly included time in these expressions,

we are interested in may all be determined directly fidm  pyt we note that operatoss , act at timet, anda; ,,_ at
which makes calculations we perform in following sectlonstB. It is straightforward to show that

simpler.

+

cle,+clc_=al

t
y,wAay,wA+ aX,wAaX,wA1

E. Phase accumulation : : ; :
Whilst the visibility is a very important measure of the C+C+_07C7:COSZGA)(ayv‘”Aay"”A_'—aXv‘”AaX’wA)
success of the scheme, since the initial state of the system,

|Xx)|00)|00), is not an energy eigenstate, during the emis-

sion process, phase will accumulate at different rates on thgith similar results fod., . As mentioned earlier, many cross
xx andyy decay paths. The phase difference accumulategerms in the numerator and denominator of E2f) cancel
between each decay path depends on the emission times@f  the  physical situation we consider, e.g.,

the two photons and is given byp=arg{z(ts,tg)} " oa.,al

~ X, W , W ,
=arg{z(ta,tg)}, corresponding to emission of a state of the ATenTY 0B
form |xx)+e'¢(ta-18)|yy). Since, for a given apparatus, z+7z*

. t T
+ S||”|(20A)(ay,wAax,wA+ aX,wAanwA)'

(:a ay ,..)=0, SO we can write it as
)

depends only on the emission timgsandtg, this may be ~ E(0a,0s) =c0g26,)co826p) + Xy Sin(26,)sin(26g)
calibrated or computed, and hence accounted for, before an

interference experimerior whatever else is intended for the =Cc0g26,)Cc0826R)

output photon pajris done. If this phase is ignored, then the . )

mean visibility will be lower tharV, since the description of TV oL @)SIN(26,)SIN(265), (21)
the phase-averaged state will be mixed. wherex, y, andz are defined in Eq(14).
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We now define the quantity

B=E(6a,08) —E(0,05) +E(64,08)+E(04,65),
(22)

which, for classically correlated states satisfies2.?! This

inequality is violated by certain entangled states such as Bell
states, which are emitted from the biexciton system. We note

that B depends o, andtg, since) and¢ do, but we leave
out the explicit notation. From Eq&21) and(22), we derive
a linear relationship betwees andV given by
B=cog26,)[cog26g)—cog26g)]
+cog26,)[cog26g)+cog26;)]
+Vcod ¢){sin(26,)[siN(20g) —siN(26g)]

+sin(20))[SiN(20g) +sin(26}) 1} (23)

We consider a special choice of angles that maximall

violate the CHSH inequality,fo=0,0g=9,0,=29, and
6g=37, and using Eq(21) in the expression foB, we find
that

B=cog29)[3—2 cog49)+cog89)]

+8c0g29)3sin(29)?Vcod o). (24)
For V=1, this givesB=3co0429)—co96%), which has a
maximum atd=m/8 of 2y2>2, violating the CHSH in-
equality. At 9=/8, Eq.(24) reduces to

B=\2[1+Vcog ¢)],

which is plotted in Fig. Ylower curve. We also show the
maximum value ofB3 for each value ofV (upper curvg
allowing 9 to vary. The upper curve crossBs-2 at) coq ¢)
~0.316, whilst the lower curve crosses)atos()=+2-1
~0.414.

From these results, we see thatnd B are very closely
related quantities. SincB may be computed frony for ar-
bitrary angles, we will base our computations Yn from

(29

Y
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2.
2.4¢

2.2}

1.8¢

FIG. 5. The quantity3 versus). The lower curve isB for
U=m=/8. The upper curve is the maximum valuef®for the corre-
sponding value o¥, allowing ¥ to change withy.

which a reasonable estimate for the maximum vdumay

be evaluated using E5). Finally, we define the quanti@
as

l © ]
B= Ef f B(ta,tg)P(ta,tg)dtadls, (26)
0Jo
where we have again divided B in order to count only
those photon pairs that are detected in the experiment.

G. Phase-averaged Bell-inequality violation

Comparinggwith Eq. (24) or Eg. (25), we see that we
need to compute the quantity

1 w (oo
_f f PVCOSQD)thdtB .
PJo Jo

We generalize this to account for the possibility of adding a
fixed relative phaseb to one decay patke.g., by adding a
phase plate on thg-polarized photon path, as in the interfer-
ometer stage of Fig.)3so that co&p)—cog ¢+ ¢). We maxi-
mize the above integral ovey to arrive at thephase-
averaged visibility

1 © ©
Q=5\/(f f PYcog ¢)dtadtg
0Jo

The phase-averaged visibili gives the visibility of the

2
+

(27)

o <) 2
0Jo

V. ANALYTICAL RESULT FOR BALANCED CAVITY

fringes in a two-photon interference experiment, where N0 \we now show that for a balanced cavitiye., Sy= g
attempt is made to resolve the phase accumulation. In regard A ;2. d,=0s, andg,=q,), in the absence of spontaneous
to a CHSH-inequality violation experiment without suffi- emission and dephasingy=I"s=0, the model predicts that
ciently fast time-resolved detection, violations may still bethe visibility is unity for all (t5,tg). Since we assumEgy
seen if9>0.316, since the functional relationship between=I"_=0, we may write the unnormalized density matrix as
Q and B is the same as that betwe¢hand Vcode), as  p(t)=|#(t))(¥(t)| and then Eq(9) may be written as a
shown in Fig. 5. Schralinger equation
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d - . state vector under exchange of the polarizat|dx)« | Xy)
gilv(0)=—TH|y(v) (28 and|01)«|10). This transformation, denoted hereafter y
~ is just a permutation on the basis elements, leaving the two
for the state vector(t)), with a non-Hermitian effective elementgXX)|00)|00) and|G)|00)|00) invariant. A matrix

Hamiltonian given by representation of shows that it is both orthogonal and sym-
. . . . . metric.
H=H—ixl2(Ay o, Ay o, P opthy o). (29 Consider evolution irs,. Swappingx andy polarizations

#__ * ~ 3 #

We write the solution to Eq(28) as|J(t))=e  "4[J(0)). ~ MaPSHo—=Hz=—"; and |¢(,t)>2_’|'f/’(f[)>§' As a result
The smooth evolution is of course punctuated by quantunthe time evolution operatore('72)*=e~'"2'='"2" when
jumps, corresponding to photon detections following the in-acting on states i5,. We note in passing that for an unbal-
terferometer. anced cavity or coupling{’;# —H3% , which is why it is

Reformulating the equations of motion in terms of quan-critical that the cavity be balanced for this argument to be
tum trajectorie¥’ has several advantages, and most obvivalid.
ously it reduces the number of unknown quantities, since we A similar result applies to evolution if;, except that the
can now solve for the state vector rather than the densitgffective Hamiltoniar{,; does not transform under polariza-
matrix. It is straightforward to show that the effective Hamil- tion swapping quite as simply. Instead, it may be shown that
tonian H only couples states within the same excitation-H;—Hy—H%—H%=—(H} —Hg), whereH is a Hermitian
number subspace. Coupling between the zero-, one-, andatrix acting on elements af; and satisfie§#,,H4]=0.
?Nol-e)xcitation stjbgpaceéitllhen(_)tedSo,Slc,j tf]md Sz_tret_spec- Thus, HTZ_H;JFHdJFHﬁ and (efiHlt)#:efiHﬁt
ively) occurs only during the jumps, and the excitation num- ., «. . 4 - B _
ber Bi/rreversibly gecreasges b)J/ onpe at each jump as photon:seml_te I(HdTHd)t' T.h.e factorUd_(t)ze Tt s uni-
leave the cavity. Thus, for the smooth evolution betweerf@"y: SinceHg is Hermitian. In particulat) (t) acts on states
jumps, we may consider the evolution restricted to state§f the forma; , e™'"A[(0)) € Sy in a simple way: it mul-
within eachsS; independently, and for eachi we consider tiples the state by a time-dependent unitary scald,
the effective Hamiltoniar; restricted to that subspace and  Having established the effect éfon the time evolution
acting on the state vectp(t)); . operator acting or$; andS, we see that, for example,

Using the quantum trajectories formalism, we find N ‘ . B
[(taste)) =[ay w8 ey, &7 "2 (0))]*

X=(u(ta.tp)|hu(ta.tp)), (30a , ,

- - =ay,.e "1y, e "2[(0)),
V=(y(ta,t)|hy(ta,ts)), (30b) X o

5 B — ei aTay,wBeiﬁl Ta-y,wAeIHZ tA| l,//(O)),
Z=(ihy(ta 1) Ux(ta,tp)), (300

— QlfT —iHyT —iHotal7 *
where, assumingy<tg=t,+ 7, we have defined €7 (2y.0p8 8y.0,® (0",

[Yi(ta te)) =ai o, 7078 4, | ¥(ta)) =€yt ta))”- (32

The second line follows sincdy(0))*=|XX)|00)|00)*

=2,y 17,87 24P(0)). (3D ~ ,
B A =|XX)|00)|00)=|4(0)) and ay,w*=a,,» and the third

A very similar expression exists fag>tg, and the follow- line follows by considering the arguments in the preceding
ing reasoning applies equally to both cases. The state vecttwo paragraphs.
|i(ta,ts)) €Sy, since the initial condition |(0)) On the other hand, sinde,(ta,tg)) € S it is evident that

=[XX)[00)|00) € S, and the effect of the two annihilation [y (ta,tg))*=|y(ta,ts)) as|G)|00)|00) is invariant under
operators in Eq(31) is to reduce the excitation number by 2. #  Together with Eq.(32), this implies m (ta.ts))
The one-dimensional subspaSg is spanned by the sys- o~ . ' —o 1T LB
~ ) =e'"yy(ta,tg))*, and we conclude thag,=e'""yy . It
tem ground statgG)|00)|00), so a state|(t))e S, is e PR ~
~ o : follows that X= v ¢= ¢y h,=Y, and also [Z|=|yy |
mapped smoothly to a scalak(t) by the trivial mapping Li0rm2 ik y y
F(0)=((G|(00(00)|#(1)). We may, therefore, writ&.y =|e™'"%y; | =%. Using these two results and E36) we see
W )_« : 4 DR 2 immediately that for a balanced cavity=1, proving that the
and Z in terms of the scalar quantitieg,(t,,tg) and visibility is unity for all times.
dy(ta,te): X=u5 by =14y ¢, and Z= ¢ 4, where we
have dropped the time-dependent notation for clarity. VI. NUMERICAL RESULTS
In what follows, we establish that for a balanced cavity, '
¥, and pr are related by a unitary factor. This means that__ In this section, we present the results of computations for
they have the same amplitude, from which it follows that theV’ for unbalanced systems, and results @mwhich charac-
visibility is unity for a balanced cavity. We do this by con- terize the extent to which Bell-inequality violations may be
sidering the transformation of the effective Hamiltonian andobserved. For the problem parameters, we take experimen-
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0 2 4 6 8 10 0 2 4 6 8 10 0 2 4 6 8 100 2 4 6 8 10
t - T
A | SEEEE G I .

FIG. 6. (Color) In each row, from left to rightk=0.5,1,2,4 and 4=1"s=0 in all figures.(a) Time-dependent probability distribution,
P(ta.tg), for a balanced systerth) Visibility, W(ta,tg), for an unbalanced system, wherg, ;=1 andq,=1.1. (c) (Color) Relative phase,
¢(ta,tg), for a balanced system. Superimposed on each panel is a contour (ot of

tally relevant values typical for GaAs self-assembled dotdnternal state to leak away more rapidly. However, this phe-
A=50 ueV? £&=0.5 meV,q=50 ueV,>>?*and«x>100ueV, nomenon may also be seen in the much simpler case of a
though values ofk much lower than this may be possible single two-level atom interacting with coupling ragevith a
with novel hemsipherical caviti€d. Throughout this section, single optical mode of a leaky cavity. In that case it is
we rescale all energies so thagt=1, A=1, {£=10. Time is  straightforward to show that there is in eigenvalue of the
also rescaled accordingly, so one time unit corresponds to 83ffective Hamiltonian for the open system given by
ps. Figure 6a) shows plots of the probability distribution of g2« %/2+O(x~2), which corresponds to a long-time con-
emission times for a balanced cavity with no leakage chanstant for largex. When k~q, there is a kind of impedance
nels. Numerically computed visibility is unity to within nu- matching, and the temporal extent Bfis smallest.
merical accuracy ant=1 to within 104, when integrating As established previously, the visibility is unity for a bal-
out to ty,=tg=200. Notice Rabi oscillations in emission anced system. For an unbalanced system, the visibility drops
time for strong coupling §<g;=1) and exponential decay below unity, as shown in Fig. () where q,=1.1 (with
for weak coupling &>q). For strong coupling, there is a d1,23=1), for different values ok. The probability density
significant probability of emitting photons in either order, but 7 for this case looks very similar to Fig(® so is not shown
in weak coupling, the ordet>t, is strongly favored indi- here. We note that the visibility depends only gnwhen
cated by the sharp edge alohg=tg. ta>tg, i.e., it is frozen at the value it reachestgt Notice

We also note that in the weak coupling reginfehas a  that the probabilityP of emitting a photon pair is small at the
tendency to broaden with increasimg which is somewhat same time thad’ has large excursions from unity, which
counterintuitive, since larget corresponds to a more leaky meansy is not affected as much as one might expect, given
cavity, and one would expect the photon component of thehe large fluctuations inV. The difference between strong
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(©) (d)

FIG. 7. Dependence dB) Vand(b) Q on q, for various k. Dependence ofc) Vand(d) Q on é, and 6z . Y and Q are not sensitive
to the sign ofs, or &g so other quadrants look similar and are not displayed. The gray plade @316 demarks the threshold, above which
Bell-inequality violations may be observed.

and weak couplings is striking, again with oscillations beingwhenq,= 1, since then the couplings are again balanced, and
replaced by_decay. _ o this also is evident in Fig. (@). The variation withq, is
The relative phase is shown in Fig. €) for a balanced jgentical to that displayed here, whilst the variationofith

system._AI_so superim_ppsed on each panel is a contour plot , and g, is qualitatively very similar, so it is not shown
the emission probability densit. In the strong-coupling
regime, during Rab.' oscnlgtlon peaks, th_e ph:_;\se accumulates As discussed earlieg is a significant quantity that deter-
relatively SIOWIY' with _rap|d phase rotations in between. I mines whether the photon pair can produce Bell-inequality
the Weak-coupllng regime, the phase a_ccumulates a_t a falrl‘yiolations in the absence of time-resolved detection, so that
constant rate, which is roughly proportional 40 The diag-

. L ? . the phase is ignored. In particular, as shown in Fig. 5, when-
onal stripes indicate that in weakly coupled cavities, the P g P g

h lation d d | the ti int b ever 9>0.316, then the photon pair can produce Bell-
phase accumulation depends only on the ime interva eIhequality violations, even in the case thats ignored. Fig-
tween photon emissiotmg—t,, in contrast to the much more

. . . ure 7Mb) showsQ for the same values @f, and« as in Fig.
comphcate(_j dependence of the pha;g in the StrOI’]g'COUpl"W(a), where the gray plane demarks the thresh@le;0.316,
regime, which shows phase singularities. _ to see Bell-inequality violation, as it will in all following

Figure 7a) shows the variation of versusqy for various  piots of Q. Whilst Q is everywhere less than unity, there are
k. Forq,=0, one decay path is turned off so we expectparameter values where Bell-inequality violation may still be
completely nonentangled photon pairs, and this is evident ibserved without using time-resolved detection.

Fig. 7(@ as V=0 whenq,=0. We also expect thap=1 If the cavity geometry is such tha,# A/2 or 5g# A/2,
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narrowest when this condition is met, and hence there is less
time for leakage to take place. For very low temperatures,
arourd 1 K or lower, pure dephasing rates have been ob-
served to be around LeV?’ corresponding td"y=0.02,
which is negligible. For higher temperatures, the pure
dephasing has been observed to increase at roughly 0.5-1.6
wueV/K.2"? From Fig. 7d), the pure dephasing becomes im-
portant neal’y=<1, corresponding to a temperature between
30 and 100 K for the experimentally relevant range given
above.

VIl. DISCUSSION

In the preceding section, we found that the numerical re-
sults for a balanced system concur with the analytical result
derived in Sec. V, where we established that the visibility is

unity in this case. We also noted thitis degraded by any
FIG. 8. O versusA for «. Varying A changes the rate of phase effect which may cause the cavity or couplings to be unbal-

accumulation between the photon detection events. Gray plane as ced. Imperfecf[lons in the cavity gepmetry will result in an
Fig. 7. unbalanced cavity s@,g#A/2, and it was shown above

that this reduce®. Similarly, unbalanced coupling constants
0 results in decreased visibility.

Both of these effects may be understood heuristically us-
ing a much simpler model which captures the gross features
seen in Figs. @) and 7c). First, we note that a two-photon
state given bya,|xx)+ ay|yy) will produce two-photon in-
terference fringes with visibility

then the cavity is unbalanced. This has the effect of reducinélIS

Y below unity, as shown in Fig.(@). Results are only dis-
played for 6, g>A/2, but the other quadrants are similar.
Figure 71d) showsQ for the same parameter values, again
with the plane denoting the threshold for Bell-inequality vio-
lation.

The phase accumulates in between the photon detection
events roughly at a rate proportionalAothe splitting due to =
dot asymmetry, and this directly affecf since for smaller |6V><|2+|ay|2
A, we expect the phase to be more nearly constant over
the photon emission lifetime. This may be seen in Fig. 8
where for smallA, Q approaches unity, although Bell-

inequality violation may still be seen for a wide rangesof the corresponding transitions thereto, diglto treat the re-

andA. . maining three-level system, composed|¥#X), |Xx), and

lhis paper are spontancaus emission into noncauity modegdy) 35 @ Pair Of independent wo-level SySIeHELS),
pap P y '9)1,/€)1}, and{|g),,|e),}, each of which interact with

which occurs at a ratEs, and dephasing which happens at 4one of a pair of degenerate cavity modes distinguished by

rattilr:g .s ontaneous emission does not affect the visibility o olarization. With these two assumptions, the energy-level
P Y O%tructure becomes that shown in Fig(a0

tl?]osne p?r:)torn tpa'frz tthatti a;r'V?n at thfn detrt]acttorz, blrjt Ilt ?0_?5 The physical motivation for these seemingly arbitrary as-
¢ ; gfe € aﬁ? ede;: cf[. S ie some pBo'o Sha € lost @.ﬁmptions is first that once the biexciton decay proceeds
reduction in photon detection rate, given Byl1s shown in along thex- or y-polarized paths of Fig. (&), the resulting

. . . . 71
Fig. 9.(61.)' The roll-off in P is roughl_y proportlonal tTS_ : two-photon amplitudes, , are determined, even though the
Surprisingly, the spontaneous emission enhar@esvhich dynamics of the emission are not complete. Thus, the two-

may be seen in Fig.(B), although, we note that the source is ,\n1on amplitudes are largely determined by the initial
then no Ionger dgterm|n|st|c: Experimentally, the fraction Ofsingle-photon decay process, justifyifiy Second, while the
photons emitted into the cavity mode, known asghfactor, — qm of probabilities to take the- or y-polarization decay

has been observed as high as O(B&f. 23 and there is @ a1 is unity, apart from this constraint the rate equations for
suggestion thag=0.9 may be attainabf€.InterpretingP as  the 1o decay processes are otherwise uncoupled, so that the
the g factor, from Fig. 9a), we surmise that foP~0.9, the  gystem is similar to a pair of uncoupled TLS’s, one for each
expe_nmentally relevant range of the_ spo_ntangous emissiofecay path, justifyingii). Ultimately, this highly simplified

rate isI's<0.1=5 weV, which is a regime in which sponta- el will be verified by its qualitative agreement with the

neous emission is negligible. _ more realistic model discussed throughout this paper, and its
Figures 9 and @) show the effect of the phenomenologi- y4)ye is in the intuition it lends about the origin of the effects

cal dephasing ternt’y for different values of«. VandQ  seen in the numerical calculations.
decay roughly afgl. In all panels of Fig. 9, there is a peak A TLS interacting with a cavity mode is well understood
alongk~q, which is due to the fact th&® is temporally the in terms of the Jaynes-Cummings modtFor TLS’s ini-

2| axay| (33)

econd, we make twad hoc simplifications of the level
'structure of the quantum dot shown in Figall These sim-
plifications are(i) to ignore the crystal ground stat€) and
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(b)

FIG. 9. (a) P and(b) Q versus spontaneous emissioy, for different values of«. (c) Vand(d) Q versus dephasing ratg, for various
«. Gray plane as in Fig. 7.

tially in the statele); (i=1,2 is the TLS labelwith energy  degenerate cavity modefsee Fig. 10g)], each with the
spacingsy;, oscillator frequencyw;, and detunings;= v, same cavity-coupling strengfh, ,=(}, the visibility is then
— w;, with TLS-cavity coupling rat&); [see Fig. 1()], the  given by
time-averaged photon population is given by,

=07?/(2R?), whereR;= \/6°+ Q?, and we conclude that the

average amplitude of photon occupation satisfies _ 2RiR,

 R2+RZ’

(35

Q
12 (34  where we have takejar, ,| from Eq.(34). This expression is

|ax,y| = \/——
2Ry, plotted in Fig. 1@b) as a function ofs (using (1=0.61,D
=1) along with V (using 0;,34+~1, «=0.4, A=1, 5,

We now compare the predictions of this simple model=4/2,£=10, I'qs=0). Clearly, the forms of the two traces
with the more complete one for an unbalanced cavityare in gualitative agreement demonstrating the heuristic va-
wherein the cavity mode is not tuned to the mean of thdidity of the simple model. The valu@=0.61 is selected to
transition frequenciesp# (v,+ v,)/2. If the TLS’s are de- fit Eq. (35) to the numerically computet, but it is of the
tuned by an amounb, ,= 6+ D/2, respectively, from the same order ag;=1.
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FIG. 10. (a) Energy levels for independent two-level systein). Equation(35) (solid) versusé and alsoV (dotted versusdg. (¢
Equation(36) (solid line) versusé and also) (dotted ling versusdg . Parameters as usual except0.4.

We also compare the predictions of the simple model for Spontaneous emission decreases the detection probability,
p p p >p _ € _
unbalanced coupling to the realistic model, and so we tak&hich could be corrected with post selection, since only
0,#Q,, but assume the detunings between the two-leveevents in which two-photons are registered count towards the
systems and their respective harmonic oscillators are equdneasurement, and as mentioned previously, experimental
5,=— 8,= 4. Itis straightforward to show that work has shown that this is negligible for experimentally
relevant system@ Dephasing of intermediate states de-
creases the visibility exponentially in time. Temperatures of a
(36) few Kelvin provide sufficiently low dephasing rates such that
it is negligible, but the excitonic dephasing becomes impor-
tant at temperatures of several tens of KeR/if® In prin-
which is plotted in Fig. 1®&) (usingQ;=0.42, 5=1.69 both ciple,. these effects may be distingwshed using sufﬁue_ntly
fitted parametejsalong with) [other parameter values as in fa_st tlme-rt_esolved spectroscopy, since spontaneous emission
Fig. 10b)] will result in fewer photons reaching the detector, whereas
The simple, heuristic model of two uncoupled two-level dephasing would r_esult n a_tlme-dependent visibility that
systems predicts a visibility that is qualitatively in agree- degrades exponentially with time.

L . _ So far, we have not addressed the issue of how to experi-
ment with ) calculated using the complete model d'scusse%entally construct a cavity with the required spectrum,

in earlier sections. Thus, we can undeEtand the most Sig”if's'hown in Fig. 1a), and a detailed proposal for its implemen-
cant effect of variation ofy; and ; on V is to change the tation is beyond the scope of this paper. The enhanced exci-
relative amplitudes to take each of the two decay paths illuston emission into the cavity mode is known as the Purcell
trated in Fig. 1a). Since the photon pair is only maximally effect and requires small cavity volumes, so that the exciton-
entangled when the amplitudes of the) and|yy) compo-  cavity mode coupling strength is large and the density of
nents are equal in magnitudg.e., for the state |kx)  available photon modes is sm&l?® Thus, small cavities
+e ?|yy))/\2], parameter variations that result in unequalare necessary, and the high Purcell factors have been
decay path amplitudes result in submaximally entangled phodemonstrated experimentally in single-wavelength sized
ton pairs. Such parameter variations correspond directly teavities?®-3°
the situation of an unbalanced system. In contrast to the need for small cavities is the relatively
The analysis above gives us some further insight into themall biexciton shift, 2, which is around 1 meV. In order for
decay process. The maximum amplitude of the photon excia single Fabry-Pétoresonator to accommodate modes
tation is2?/R? and so the leakage rate of photons from thespaced by 1 me\i.e., the free spectral range, FSRhe
cavity will be suppressed by this factor. That is, we expectcavity length would need to be of the order of 1 or
that the rate of decay of excitation from the cavity will be more. For monolithic dot-in-cavity systems, this is too long
roughly «Q?%/(Q2+ 5%). Therefore, as the detuning in-  for several reasons, primarily because the Purcell factor for
creases, the photon emission rate slows roughly &2 for ~ such a long(planay cavity would be small, so leakage to
6>(). This will mean that for detunings significantly larger other modes would be large, and also because growth of such
than the coupling strength, leakage effects will becomea large heterostructure would be prohibitively difficult. As a
significant—the lifetime of the excitation in the cavity will result, the cavity to which we have been referring throughout
become comparable to the decay rate for dephasing or spothis paper would need to be based on a more complicated

(R1Q1)2+ (RyQ,)?’

taneous emission. geometry than merely a pair of planar distributed Bragg re-
It is also worth noting that whed~2¢ (i.e., the exciton- flectors(DBR) forming a linear resonator.

cavity detuning is near the biexciton shifthe model devel- We stress that a more complex geometry is not just a

oped in Sec. Il breaks down, since significant cross couplingequirement of this proposal, but that it would be necessary

between exciton states and cavity modes will set in. for a system even with symmetric quantum dots. If the cavity
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did not have separate modes near the exciton and biexcitquolarization-entangled photon pairs from an asymmetric
doublet frequencies, then only one transition could couplejuantum dot, which otherwise produces photon pairs en-
strongly to the cavity, and the other transition would be suftangled in both polarization and frequency. We demonstrated
ficiently off resonance £>q) such that the Purcell effect for this by computing the visibility of two-photon interference
this frequency would be suppressed, i.e., either the biexcitorfringes produced using photons generated from such a
exciton or exciton-ground transitions may be well coupled tocayity-quantum dot structure, and related this to their poten-
the cavity, but not both. o _tial to demonstrate Bell-inequality violations.

It may be possible to engineer a small cavity with a pair  \ve have quantified the effect of various errors in the cav-
of closely spaced modes using photonic crystals. If duringy, mode structure, showing that the visibility is not degraded
the growth of each DBR stack, one layer was permitted Gy, 1y mistuned cavities or unbalanced dipole coupling
grow to larger tha/4, then the cavity would look more like strengths, and for experimentally accessible regimes is above

two coupled cavities, Wh.'Ch may 'hav.e thg desired Splltthe threshold at which Bell-inequality violations may be de-
modes. Certainly, geometric effects in micropillars have been

shown to produce a pair of modes spaced-by meV> tected. . .
though this was due to lifting polarization degeneracy with Of major S|gq|f|cance to this s_chgme s the phase accumu-
elliptical cross-section cavities, which is undesirable for omJated between S'”Q'?'PT‘OK’” emission events. By defining the
scheme. phase-averaged visibility, we were able to compute the effect
Experiments using hemispherical cavities, consisting of £f ignoring this phase on Bell-inequality and two-photon vis-
planar Bragg reflector at the focal plane of a hemisphericalPility measurements. Such phase ignorance arises when the
reflector, of length 50—100@m are currently underway for available time resolution of the photon detection apparatus is
quantum information processing purpo%&n this configu-  longer than the asymmetry splitting,
ration, the cavity mode waist diameter is of comparable size We showed that ignoring the phase reduces the effective
to the optical wavelength and coincident with a quantum dogentanglement, but there are still experimentally accessible
so that the exciton-cavity mode coupling strength is reasonregions of parameter space that exhibit Bell-inequality viola-
ably large. This arrangement may provide the two requiretion, even when the phase is ignored, and the two-photon
ments of the present paper: both strong coupling between ttstates are thus potentially useful sources of entanglement.
dot excitations and the cavity modap to several tens of
ueV) and small FSR so that each doublet is on resonance
with a nearby mode. It is quite plausible that by tuning the ACKNOWLEDGMENTS
cavity length to vary the FSR and applying an external dc
electric field to induce a Stark shift in the doublet frequen-
cies, one may bring both doublets close to cavity mode
simultaneously, as depicted in Figb}, thereby realising the
requirements of this proposal.
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