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Branch-entangled polariton pairs in planar microcavities and photonic wires

C. Ciuti
Laboratoire Pierre Aigrain, Ecole Normale Supérieure, 24, rue Lhomond, 75005 Paris, France
(Received 17 December 2003; published 9 June 2004

A scheme is proposed for the generation of branch-entangled pairs of microcavity polaritons through spon-
taneous interbranch parametric scattering. Branch entanglement is achievable when there are two twin pro-
cesses, where the role of signal and idler can be exchanged between two different polariton branches. Branch
entanglement of polariton pairs can lead to the emission of frequency-entangled photon pairs out of the
microcavity. In planar microcavities, the necessary phase-matching conditions are fulfilled for pumping of the
upper polariton branch at an arbitrary in-plane wave vector. The important role of nonlinear losses due to pair
scattering into high-momentum exciton states is evaluated. The results show that the lack of protection of the
pump polaritons in the upper branch is critical. In photonic wires, branch entanglement of one-dimensional
polaritons is achievable when the pump excites a lower polariton sub-branch at normal incidence, providing
protection from the exciton reservoir.
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INTRODUCTION configuratiof®20 (signal, pump, and idler in the same lower

The generation of entangled states is one of the most fagolariton branch mode but the detection of two-mode
cinating aspects of quantum mecharida. quantum optics, Sdueezing in the nondeg_enerate conflgura_ltlon appears chal-
parametric sources of entangled photon pairs have been d&nging due to the very different extra-cavity radiative cou-
tracting great interest due to their remarkable nonclassicdling of signal and idler modes within the lower brarfeh.
applications. In particular, polarization-entangled pairs of One important issue yet to be explored is the possibility of
photond are an essential ingredient for quantum creating Einstein-Podolski-Ros€BPR) pairs of polaritons,
cryptography? while frequency-entangled pairs have beenwhich are entangled with respect to a certain degree of free-
recently exploited for the so-called quantum optical coherdom and which can be efficiently transferred out of the mi-
ence tomography.In atomic physics, parametric collisions crocavity. In this paper, we propose a scheme to create po-
are also enjoying considerable attention with the possibilityariton pairs, which are entangled with respect to a peculiar
of creating entangled pairs of atoms by parametric scatteringegree of freedom, namely, the discrete polariton branch in-
off a Bose-Einstein condensate. dex. We show that spontaneous interbranch parametric scat-

Recently, semiconductor quantum microcavities in thetering can generate pairs in the entangled state of the form
strong exciton-photon coupling regifiehave been shown - - - :
to pr(?vide very?ich parameptricgphegnomé?rré‘? In these sys- (W) o |1, keliz ki) + [z, kslin. ki), (1)
tems, the strong coupling between quantum well exciton ansvhere |j, k) denotes a polariton state belonging to tie
cavity photon modes gives rise to two branches of quasi-twobranch(or sub-branchmode with wave vectok. The signal
dimensional bosons, the so-called lower and upper brancand idler wave vectorég andk;) are such to provide phase
polaritons. In a polariton device, the parametric scattering isnatching for the two branch-exchanged processes, as it will
due to polariton-polariton interactions, which are extremelybe discussed later in detail. We show that the necegbaty
efficient®'4 Moreover, the energy-momentum conservationnot sufficienj phase-matching requirements for this kind of
(phase matchingcan be provided intrinsically by the pecu- parametric effect are easily fulfilled both in two-dimensional
liar shape of the polariton energy dispersion. Interestinglysystems(planar microcavities and one-dimensional struc-
semiconductor planar microcavities can be laterally pattures(photonic wire$, thanks to the dispersion of polariton
terned with the possibility of creating zero-dimensidhahd  branches, which can be engineered. In our study, we evaluate
one-dimensionaf (1D) polariton systems with controllable the protection of the considered parametric process from
parametric properties. Efficient interbranch parametric scatronlinear lossesgcollision broadening In planar microcavi-
tering has been demonstrated in one-dimensiondies, we find that pair scattering into the exciton reservoir can
microcavitiest® where the presence of several polariton subbe a severe limitation. In fact, when the pump drives the
branches provides the opportunity of tailoring the parametriacipper branch, pump-pump, pump-signal, and pump-idler
processes in a remarkable way. scattering into the high-momentum exciton states is particu-

While the outstanding optical gain properties of polaritonlarly efficient. In photonic wires, this lack of protection of
parametric amplifiers involving the lower branch are largelypump polaritons in the upper branch can be naturally de-
investigated, the study of the genuine quantum properties ifeated. In fact, in photonic wires, the additional confinement
still in its infancy. So far, current research has been focusedf the photon modes produces a many-fold of sub-branches.
on the generation and detection of polariton squeé2idge  In these systems, interbranch scattering is possible even un-
to the anomalous correlation between signal and idler polarider pump excitation of the lower sub-branch, as recently
tons, both belonging to the lower branch. Polariton squeezdemonstrated experimentalWe show that by pumping a
ing has been recently demonstrated in the degeneratewer sub-branch at normal incidencg,=0), branch-
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FIG. 1. (a) Solid lines: in-plane energy dispersi@i(k)[ Ex(k)]
for the lower (uppe) polariton branch. Dashed lines: dispersion
Ec(K)[Ex(k)] of the cavity(exciton) mode. Arrows depict the con-
sidered interbranch polariton pair scattering procé@ssSketch of
the excitation geometry of the planar microcavity.
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FIG. 2. Phase-matching functiog(k) (defined in the textas a

¢ led pai f volarit ith a finit ¢ b function of the signal in-plane wave vectkr (ky units). (a) The
eg ang 3 pairs Oh pofart Onj Wi d al_m' € We}ve Vec Ot; (t:)an ump excites the upper branch at normal incideficg=0). (b)
obtained. Since the pumped mode lies in a lower sub-branc 1 =0.15k,%. Parameters: Ex=Ec(0)=1.56V, ko=Ec(0)/ (%),

pump-pump, pump-signal, and pump-idler scattering into th%29R=4 meV, y=0.5 meV.
exciton reservoir can be suppressed.

The paper is organized as follows. In Sec. | A, we de—t larit ltt q i hoton detuning. Note that
scribe the proposed interbranch process in a planar microca}}]e polariton Spiitling and exciton-photon detuning. Note tha
or a givenk, there are two equivalent processes, where the

ity, where the upper polariton branch is excited. The genera- . ; .
tion of branch-entangled pairs of polaritons is treated within/©/€ Of signal and idler is exchanged between the lower and

a quantum Hamiltonian model, presented in Sec. | B. SectiolfPPEr polariton b_ranch. Quantum entanglemer!t is dye_to our
| C treats the coupling to the extra-cavity field, which is re- ignorance on which of the two scattered polaritons is in the

sponsible for the spontaneous emission of frequencyl-OWer or upper bran_ch. Figure 2 depicts the phase-matching
entangled pairs of photons. In Sec. ID and | E, we addresBattern in the two-dlmens'lonal momentum space. We have
the important issue of nonlinear losses. In Sec. I, we conP'otted the phase-matching function(k) = 7,(k) + 7,(k),

sider the case of photonic wires. Finally, conclusions aré""th
drawn in Sec. lIl.

2
[Exp(K) + Epp)(2k, = K) = 2Ex(kp) 2 + ¥

A. Phase matching for interbranch scattering (2

K) =
I. 2D MICROCAVITIES M2(K)

We start by giving the general idea of the proposed pro- . . .
cess and then we turn to a more detailed theoretical analysi&nerey represents the polariton broadening. Note that if the

The strong coupling between exciton and cavity photon_ener_gy-momenturn conservation for the interbranch scatter-
modes is known to produce an anticrossing of their energj"d iS strongly violated, 7,z (k) —0. On the other hand,
dispersionsEc(k) and Ex(K), resulting in the appearance of Whenk is an exact phase-matching wave vector for a lower
the lower and upper polariton branches, whose energy diguPpe) polariton signal, 7y, (k)=1. Importantly, if a wave
persionsE; (k) and E,(k) are depicted in Fig. (). So far, vectork is phase matching for both branches, thgk)=2.
studies of polariton parametric scattering in planar micro-Figure 2a) shows the cask,=0, where 7,(k)=7,(k) and
cavities have focused on the lower branch, in particular, un#7(k)=2 on the ringlk|=k.. Entangled polariton pairs can be
der pump excitation near the inflection point of the lowerachieved with opposite momentum on the ring. On the other
branch dispersion. Here, we consider a different proces$jand, Fig. 20) shows the cask, # 0, where the lower and
which involves both branches. Suppose a pump laser injectspper branch signal phase-matching curves sphit(k)
polaritons in the upper branch state with zero in-plane waver 7,(k)] and branch entanglement is possible only at the two
vector (k,=0). Two injected upper polaritons can scatter co-intersection points. Note that this phase-matching profile is
herently, being parametrically converted into a signal-idlertopologically different from thew~-shaped profile obtained
pair of polaritons, namely, a lower and an upper polaritonunder pumping of the lower branéh?3 Moreover, we point
with opposite in-plane momentufsee Figs. (@ and 1b)]. out that the pattern in Fig.(B) is reminiscent of the one
The phase matching is fulfiled when the idler and signalachieved in type-Il parametric down-conversion, which gen-
wave vector are such thi | =|k;| =k,, wherek, depends on erates polarization-entanglement of photon pairs.
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B. Quantum Hamiltonian description given wave vector. In this case, the corresponding quantum

We now turn to a detailed treatment of this system. As glestruction operatop; can be approximated by the its
result of the strong exciton-photon coupling, the lower andnean-field valuelp; ), which is a classical field. Hence,
upper po|ariton boson Operatom'k and pox are linked to the pair interaction hamiltoniapr can be approximated by
the quantum well exciton and cavity operatbgsanda, by  the parametric Hamiltonian

an unitary Hopfield transformation, namely, o
Hoar= 20 2 EBEIPY | pf (D], ot HC.  (8)

(bk):<M1,1k M1,2k>(p1,k) 3 iz k
a M1k Moo/ \Pa with
The matrix of Hopfield coefficientsM;;, is such_that Ejk?iiﬁ'jp:(iji;fﬁ;f,‘&’j—"kp+ij2,;f%;f,"k'j-‘f<p)/2- 9

My 1x=My,=1/V1+p; and M1,2k:_M2_,1k:\“ﬂl_Mi-]_k; . . . o .

where p =1 Qg/[E1(K)—Ec(k)] and Z:Qg is the polariton The dimensionless pump polariton density is defined as
splitting when exciton and photon modes are exactly resol—sz,kp|2=|<pjp,kp>|2)\>2</A. The other effect is a mean-field shift
nant. Polaritons are interacting bosons, due to the excitonsf the branch-dependent energy. nameﬁrj(k):Ej(k)
exciton exchange interaction and due to thzizatharmonlc paJrrtAL,’;i? P, 2 where Allp =(Vilplde+Vipldg +Vigiile_,

of the exciton-photon interactiofsaturation, whose re- PP P P P PP

. ke v . +Viedel )/2
spective Hamiltonian contributiortdyy and H3& are kpkk=kg/ 7= . .
In this section, we are interested in the case of pump

1 N2 6€? Fot excitation of the upper branctj,=2), with the final states
HXX‘EE Xe_)\xbkwbk’—qbkbk" ) belonging to two different branche§; #j,). Since Egf?
:Eﬁ;,f’pz, the parametric interaction Hamiltonian reads
HE=-2 :Q; anbl/—qbkbk’ +H.c., (5) Hpar= > Eiﬁp g,kp(PI,kp;,zkp—k + p;,ka,Z(p—k) +H.c.
sa K
being A the excitation areayy the 2D exciton radiuse the (10

static dielectric constant of the semiconductor amg; h i h irs of
=7/(16m\2) the exciton saturation density. In the polariton "WNen applied on the vacuum stal, Hpo, generate pairs o
rpolantons with total in-plane momentunkZ which are en-

basis, both effects contribute to create an effective pair inte ) )
action potential. In our previous treatment of polariton para{ﬁngled Vé'.th re_?pefct to thf 3ran$th |r)dexalnde9bq,(ﬂiﬁt)hhas
metric scattering?25we limited our description to the lower € Paradigmatic form of Hamiitonian, describing the gen-

branch. Including also the upper branch, we get the fO”OW_eration of EPR pairs of bosons, which are entangled with

ing effective Hamiltonian describing polariton-polariton in- resp_ect to a discrete degree of f_reedom. In q“a”t“m optics,
the literature about the nonclassical photon properties asso-

teractions: ciated to this Hamiltonian is impressi¢&lIn our case, en-
1 )\)2( ivimisiat + tanglement concerns polaritonic particles and one peculiar
Hpp= > > Xvk,k’,q Piyk+aPy,k'-qPigkPigk's  (6)  polaritonic degree of freedom, namely, the branch index. The
generation of branch-entangled pairs is allowed only when
where the effective branch-dependent potential is there is phase matching for the two branch-exchanged pro-
o 62 cesses, i.e (k) +Ex(2k,—k)=2E,(kp) and Ex(k) +E4(2K,
V{(ﬂ/z:i‘m: {XMl,jlyk+qM1szk’—quJska1’i4,k’ —k)—.ZEZ(kp). Fork,#0, thgre are only Fwo posglble S|.gnall
X and idler wave vectors, which are the intersection points in
2604 Fig. 2b), as anticipated. Whehk,=0, branch entanglement
- n—I)\ZMZ,jl,kﬂ]M1‘j2,k’—qM1,j3,kM1,j4,k’ is achievable for every pair of in-plane wave vectoks
sat'* X

-k) on the phase-matching rirg|=k,. Figure 3 shows the
contours of the interaction energ} 5 (units of the exciton
binding energyE), as a function of the polariton splitting to
7) binding energy ratio 2Qx/E, and of the normalized detun-
ing 8=[Ec(0)-Ex]/(2hQg). As anticipated, Fig. 3 shows
Note that this Hamiltonian is for cocircularly polarized that the effective interaction can be either positive or nega-
polariton states. The first contribution XQ%'JE',’Z’” is propor- tive (the change of sign occurs across the white-dashey line
tional to the 2D exciton binding energg,=€?/(2e\,) andis ~ The effective interaction is positive when it is dominated by
due to the exciton-exciton interaction. This contribution isthe €xciton-exciton interaction, negative when the anhar-
always repulsive, becauskly;, is always positive. The MOnic exciton-photon coupling takes over.
other contribution is due to the anharmonic exciton-photon
coupling and can be either positive or negative, depending
on the branch indexes.
The regime of polariton parametric scattering takes place The intracavity polariton parametric scattering dynamics
when a pump laser drives coherently a single branch at & coupled to the extra-cavity field, giving rise to parametric

_ 2h0g

2
Nsat\x

'V'z,j4,k"V'1,13,k'V'1,j2,k'—q'\"1,j1,k+q} :

C. Emission of frequency-entangled photon pairs
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Inter-branch parametric interaction !
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FIG. 4. (a) Photon fractions of the polariton modes on the
FIG. 3. (a) Contours of the dimensionless parametric interactionPhase-matching ringk|=k;) as a function of the normalized detun-
energy E&’Zo’z/Eb vs 2:QOx/E, and the normalized detuning ing. Uppe_r tr_langle: upper branch. Lower triangle: lower branch.
:+[EC(O):EX]/(2ﬁQR)- ParametersE.(0)=1.5 eV, exciton bind- Thick solid line: the ratio between the lower and upper branch

ing energyE,=10 meV. The white-dashed line depicts the zeroPhoton fractions(b) Ring emission external anglg (deg vs po-
value points. lariton splitting (meV) for different normalized detunings.

luminescencé? This coupling is usually described by the "SiNg significantly in the region of negative detuning
quasimode Hamiltonian (=0.4 for 6=-1). Finally, Fig. 4b) shows the dependence of

the phase-matching ring wave vector on the polariton cou-
pling. The corresponding emission andgle(deg increases
Hext:% de g("’)|MJ~2’k|2aInk PiktHC, (D it increasing polariton splitting. For a given polariton
3 splitting, 6, depends only onéd|, being minimum for zero
whereg(w) is the coupling energyapproximately constant detuning.
in the mirror spectral stop banand az)’k is the creation
operator of an extra-cavity photon with enerfyy and con-
served in-plane wave vectd. The free space photon is
emitted with an external angle with respect to the vertical As well known in quantum optics, the interesting quan-
direction, such ask=(w/c)sin 6. The coupling of each tum regime is achieved when the scattering is spontaneous,
branch(j e {1,2}) to the external field is proportional to the i.e., the probability of having more than one entangled pair in
photonic fraction |M; 4|2 Importantly, branch-entangled the same state is negligible. In other words, the parametric
pairs of polaritons can emit frequency-entangled pairs ofcattering should be kept below the stimulated parametric

D. Losses for the polariton modes

photons, i.e., states like oscillation threshold??° However, the system cannot be
T N T N driven too much below threshold, because other scattering
W) o (awl,kr“wz,—kfawz,k,%l,—kr”o)' (12 mechanism can prevail, disentangling the pairs created by

parametric scattering. Hence, the role of losses is crucial and

wherefiw; (hw,) is the energy of the loweuppep branch needs to be carefully addressed.

state with in-plane wave vectork,. The frequency
entanglement of photon pairs can be measured by coinci- '
dence counting in Hong-Ou-Mandel-type interferometérs, 1. Linear losses

which are also used in quantum tomograftin order to Losses for the polariton modes produce a branch- and
have a Significant eXtra'CaVity V|S|b|l|ty, the polariton Signal wave-vector dependent po'ariton broadenm’g In the low

and idler modes need to have a similar coupling to the extragxcitation regime at low temperatures, the linear broadening
cavity field. This occurs when the cavity photon fraction of .+ is essentially due to the radiative linewidth, the interac-
the polariton signal and idler modes is comparable. Figurgion with acoustic phonon¥, scattering by impurities and,
4(a) depicts, respectively, the photon fractio, ,[> and  for the upper branch, mixing with the exciton continuum
IMy 2 |* of the upper and lower branch modes on the ring.states! The radiative lifetime and the impurity concentra-
versus the normalized detuning. The thick solid line showsion are strongly sample dependent, being determined by the
the ratio |M1,2kr/M2,2kF|2. Compared to the known intra- growth quality of the microcavity. Usually, the broadening
branch proce$swvhere the signal-idler coupling ratio is typi- due to emission of acoustic phonons is smaller with respect
cally less than 0.08! the interbranch process here describedto the radiative linewidth and to the impurity-induced losses.
enjoys a higher ratio. At zero detuning, the ratio=9.2, = On the other hand, the continuum of unbound electron-hole
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Protection from continuum
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FIG. 5. Contours of Ex(k,)—Ex—Ep]/Ep vs 20Qg/Ep and the FIG. 6. Sketch of the pair scattering processes responsible for
normalized detuningé=[Ec(0)-Ex]/(22Qg). The white-dashed nonlinear losses of the polariton modém.An upper branch polar-
line depicts the zero value points, i.e., the upper polariton state oiton scatter with one pump polaritdi,=0) belonging to the upper
the ring is resonant with the continuum band edge. Same paranbranch. The final states are excitons with large momentgion.

Voica (N2 05, (14

2. Density-dependent losses

E. Collision broadening catastrophe

eters as in Fig. 3. Analogous loss process for a lower polariton, due to scattering with
one pump polariton.
pairs is a major source of broadening for the upper branch
states with energy higher than the continuum onset. In printhe pumped mode. If the pump mode is driven coherently
ciple, the upper branch state on the ring can form a Fangthe case of our interestN, = |(p,)[% Since the energy
resonance with the continuum states, with a finite probabilityconservation is fulfilled for a wave vectgrvery large com-
of decaying irreversibly into undesirable unbound electronpared tok (see Fig. 6, we can safely approximaté,(|—q
hole pairs. This issue is addressed in Fig. 5, which shows thek|)2E1(q)z Ey+(A%9%/2M), being M the exciton mass.
difference between the upper branch final-state enEsf)  Hence, the expression for the nonlinear broadening becomes
and the continuum band edge enefgy+E,, in units of E;, 5
The white-dashed line depicts the points where the difference N My
is 0. The encouraging fact is that there is a wide region with bk op2
negative values, implying that the upper polariton final-state . _
can be protected from the free carrier absorption. At zerd¥here g; is such that E;(0)+E;(k)=2E(q) and n,o
detuning, this occurs for a polariton splitting to exciton bind-=N20/A is the density of pump polaritons per unit area. Let
ing energy ratio smaller than 0.8. The condition become&!S calculate the nonlinear broadening for a set of realistic
even less stringent for negative detunings. parameters, namely, exciton mads=0.3my,, pump density
Nyo=1/20ng,, polariton splitting 20g=7 meV, \y
=10 nm. For this parameters, we ggl; =1.1 meV, y5i
For moderate and higher excitation densities, nonlinear=0.25 meV for normalized photon detuningr +1. For &
losse$?~*6play an important role. In particular, polariton pair =0, y}'} =4.3 meV, y5\ =0.3 meV, while for6=-0.5 ¥}’
scattering into the exciton reservoir can become the leading 6.7 meV, )}t =0.12 meV. Note that, under pumping of the
source of broadening for the polariton modes. Namely, fasf,ner hranch, the collision broadening of the upper polariton
decoherence of the pumped mode can occur due t0 PUMRtate on the ring is smaller than that of the companion state
pump scattering into the high-momentum exciton statesyp, the |ower branch. This occurs because the upper polariton
while pump-signal(idler) scattering into the exciton reser- gate on the ring has always an excitonic fraction smaller
voir creates a loss mechanism for the polariton sigiér) o the Jower polariton state with the same wave vector.
mode. Pane(a) represents the scattering of one upper polar-
iton state with one pump polariton with zero in-plane wave-
vector. Pane(b) represents the analogous scattering for one
lower polariton. Within the Born approximation, the nonlin-
ear broadening is given by
M= 272 No o \H/AVGica A AE),
g

(13

where here s is the Dirac function, AE=E,(0)+E;(k)
—E1(q)—Ey(|~g+k|) andN, 4 is the number of polaritons in

The spontaneous scattering regffis achieved for pump
intensities well below the stimulated parametric oscillation
threshold. Since interbranch parametric interaction and pair
scattering into the exciton reservoir are due to the same mi-
croscopic mechanisna, priori it is not clear if a stimulation
threshold can be ever achieved under pump excitation of the
upper branch. In fact, the parametric oscillation threshold is
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achieved when the parametric interaction energy compen
sates for the total losses of the signal-idler pair, namely,

1,2,2 poihr 212 _ Ly( L NL
(= P20 |2—(3)i,kr+ 1) (Vg + Yak) (15

which is a self-consistent equation, becau%‘br depends on
the pump density. If we defin@}“’l&:(M)&Ith)|Vé:|f;.|%j’|2,
then we can rewrite the collision broadening a4

=&\ o\k. Hence, Eq(15) becomes

[(EL%2- ek ek ndn2)2=

1D polariton system
I v I

Upper multiplet

w

thr
2,0

thr

2 L L
200N T Vik Y2k

(16)

whereB=(y1y & + 75 €1 is always positive. For typical
values of the exciton mass, the quantii} 5%%- &1y &) is
negative. Hence, E@15) can be never satisfied, because the
left-hand side is negative, while the right-hand side is always
strictly positive. In other words, the collision broadening due

to scattering into the high-momentum states acts as a positive g 7. Energy dispersiofunits of 2Qg) of 1D polaritons as a

feedback, preventing the system to enter the stimulated rggnction on the wave vectde, (k, units) along the direction of the
gime. This kind of collision catastrophe is absent when thephotonic wire. Compared to the 2D system, the lower brafjch
pump excites the lower branch, because the coupling to they) js split in a multiplet of sub-branches,=0,1,2,..), as well
high-momentum states is strongly suppres¥e#f. as the upper brancj=2). The arrows depict the considered inter-
branch parametric scattering process, in which the pump excites the
ny=2 lower sub-branch mode witlk,=0. Parameters: 7lg

=4 meV, wire width Ly=4 um, Ex=Ec(0)+4%0g, with Ec(0)

The concept of branch entanglement is quite general angl->€V is the 2D-cavity energy.
can be applied also to multibranch systems, such as photonic
wires!® In a one-dimensional cavity, the additional confine-other to the uppen,=0 sub-branch. The phase-matching
ment along the direction produces a series of cavity photon function for this interbranch scattering channel is depicted in

sub-branches, whose energy disperﬁgh)(kx) is given by  Fig. 8, as a function of the wave vectgrand the normalized
detuning A=[E(0) —Ex]/(2A()), where Ec(0) is the 2D-

. Lovyer ml,llltipletl

L
-02 -0.1 02 03 0.4 0.5

k /K,

II. 1D MICROCAVITIES

2 2 : : . o i
()L, \12 — , , (fhic) (7T(n¥+ 1)) cavity energy and 2y, is the polariton splitting. As in Fig.
[Ec” (ko= [Eclko "+ L Y 2, the phase-matching function is equal to 2, when there are

y .
two branch-exchanged processes, which are exactly phase-

whereEc(k,) is the energy of the planar cavity wikFk,, L, matched(the condition for branch entanglemgnEor zero

is the wire width andh, is the sub-branch indegpositive or pump wave vectork, [see Fig. 8], this property is
equal to zerp Strong coupling to the exciton resonance pro-achieved in a broad, but finite range of negative detuning
duces a many-fold of lower polariton sub-branches with eny, ~ontrast to the 2D case fdg, 0, the phase-matching
ergy E/Y (k) and upper polariton sub-branches with energyfunction is equal to 2 only at the pump wave vector, as
E,Y(k,). Each cavity sub-band couples to an exciton modeshown in Fig. 8b). But this does not correspond to pure

2
with the same symmet#df. The polariton splitting Qg is  polariton branch-entanglement, because signal and idler have
the same wave-vector.

approximately independeiitof the branch index, for small

values ofn,. As experimentally demonstrated in the experi- Importantly, in a photonic wire it is possible to have inter-
ments by Dasbachkt al! there are many new parametric sub-branch scattering processes restricted to the lower many-
scattering channels available. In particular, it is possible tdold only. One parity-conserving process is shown in Fig. 9,
have inter-branch scattering by pumping one lowerwhere the pump excites tg=2 sub-branch &t,=0 and the

sub-branch® The momentum conservation along tiedi-
rection is lifted, being replaced by the less stringpatity
selection rulé®38 This selection rule for pair scattering of
1D polaritons imposes that the sumrgffor signal and idler

signal and idler modes belong to time=1 andn,=3 sub-
branches. The phase-matching properties of this processes
are reported in Fig. 10 as a function of the signal wave vector
along the wire direction and of the normalized detuning

must be even. The interbranch parametric scattering process The interest of photonic wires does not rely only in the
has an efficiency) which is comparable to the intrabranch possibility of having new scattering channels. One advantage
scattering in planar microcavities. In Fig. 7, we propose ds to provide a much better protection from the exciton res-
scattering process, in which the pump excites the lower subkervoir. In fact, in contrast to pumping of the upper branch,
branch withn,=2 andk,=0. For a proper exciton-photon the interbranch process shown in Fig. 7 suffers much weaker
detuning, there is a phase-matched process, in which the finabnlinear losses due to pair scattering into the high-
states are two polariton modes with opposite and finite wavenomentum exciton states. As already studied theoretically
vectors, one belonging to the loway=0 sub-branch and the and experimentally, under excitation of the lower branch,
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All states in lower sub-branches

o5l (@) kp =0

Detuning A

Detuning A

Detuning A

-0.2 -0.1 01 0.2 0.3

Detuning A

0
kX/ k 0

FIG. 8. Phase-matching function for the inter-sub-branch scat- 3
tering of 1D polaritons depicted in Fig. 7, as a functionkgf(k,
units) and the normalized detuning=(Ec(0) —Ex)/(2A0), with
Ec(0) the 2D-cavity energy@) k,=0. (b) k,=0.05koX. Parameters:
2h0r=4 meV, y=0.5 meV. FIG. 10. Phase-matching function for the inter-subbranch scat-
tering of 1D polaritons depicted in Fig. 9, as a functionkgf(ky
units) and the normalized detuning=[Ec(0)-Ex]/(2AQ), with
pump-pump scattering into the exciton reservoir is stronglyEc(0) the 2D-cavity energya) k,=0. (b) k,=0.05koX. Parameters:
suppressed due to lack of energy-momentun?i{lg=4 meV,y=0.4 meV.
conservatiori®3436 The same is true for pump-signal and
pump-idler scattering. The only allowed channel is the I1l. CONCLUSIONS
signal-signal(or idler-idlen scattering, in which the signal
(idler) mode belong to the upper branch. But this is not a In conclusion, we have proposed and analyzed a scheme
crucial process especially below or near threshold, when théor the generation of branch-entangled polariton pairs in
signal(idler) population is much smaller than the pump one.semiconductor microcavities through spontaneous inter-
branch parametric scattering. Branch entanglement of polar-
iton pairs leads to emission of frequency-entangled pairs of
1D polariton system extra-cavity photons, which have been recently attracting
' ' ' ' ' ' considerable attention in the field of quantum tomography.
This kind of nonclassical states cannot be achieved by intra-
branch polariton pair scatterifidyeing a peculiarity of inter-
branch processes. In planar microcavities, the phase-
matching conditions are satisfied by pumping the upper
polariton branch for an arbitrary pump in-plane wave vector
kp.- We have studied the phase-matching properties and the
efficiency of the process as a function of exciton-photon de-
tuning, polariton splitting and exciton binding energy. While
the phase-matching properties for the 2D interbranch process
are very flexible, the nonlinear losses due to polariton pair
scattering into the high-momentum exciton states is a reason
of concern, being a significant source of decoherence. The
lack of protection of pump polaritons in the upper branch can
be naturally overcome in photonic wires, thanks to the exis-
tence of a many-fold of sub-branches. In this paper, we have
shown that there are parity-conserving interbranch scattering
FIG. 9. Arrows depict the inter-sub-branch scattering, with all Processesforbidden in planar microcavitigsin which the
states belonging to the lower many-fold. ParametersQ2  PUMp excites a lower polariton sub-branch mode With0,
=4 meV, wire widthLy=4 um, Ex=E(0)+3.57Qg, with Ec(0) providing branch entanglement of the signal-idler polariton
=1.5eV is the 2D-cavity energy. Horizontal and vertical axis as in pair. These processes enjoy much better protection from the
Fig. 7. high-momentum exciton states, making one-dimensional mi-

-0.2 -0.1 0.1 0.2

0
kX/ kO
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crocavities a strong candidate to demonstrate and exploit thaicro-sources of non-classical states with controllable prop-
quantum effects here proposed. Current experiments in pheties.
tonic wires are encouragirf§.In the future, we would like

to address interesting features such as the dynamics of en-
tanglement generation. We hope that the ideas presented in
this paper will stimulate experimental and theoretical re- We wish to thank J. Tignon, G. Bastard, G. Dasbach, Ph.
search in a field at the frontier between condensed mattdRoussignol, and M. Saba for discussions. LPA-H&mer
physics and quantum optics. Indeed, one challenging, butPMC-ENS is “Unité Mixte de Recherche Associé au
intriguing goal would be the development of polariton CNRS(UMR 8551) et aux Universités Paris 6 et 7.”
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