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Biexcitons in coupled quantum dots as a source of entangled photons
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We study biexcitonic states in two tunnel-coupled semiconductor quantum dots and show that such systems
provide the possibility to produce polarization-entangled photons or spin-entangled electrons that are spatially
separated at production. We distinguish between the various spin configurations and calculate the low-energy
biexciton spectrum using the Heitler-London approximation as a function of magnetic and electric fields. The
oscillator strengths for the biexciton recombination involving the sequential emission of two photons are
calculated. The entanglement of the photon polarizations resulting from the spin configuration in the biexciton
states is quantified as a function of the photon emission angles.
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Entanglement has been identified as an essential resoureaclosing a fixed angle. Two subsequent photons, which are
for many applications in the recently developed field ofemitted with a time delay given by the exciton lifetime,
quantum communication and quantum computati®everal  could then be detected separately in the far field.
guantum communication schemes have already been suc- In contrast to our calculations, earlier studies for quantum
cessfully implemented with pairs of polarization-entangledcomputation or entanglement production with excitons in
photons produced by parametric downconversieng., the QDs concentrate on single QIRefs. 4—8 and/or on charge
faithful transmission of a quantum staguantum teleporta- degrees of freedortneglecting spin®—** Also, instead of a
tion), entanglement-assisted classical communicatieg., pure electrostatic interdot couplifid; we take into account
quantum superdense codjngnd the production of a secure the tunneling of electrons and holes between the coupled
cryptographic key(quantum key distribution Recently, QDs.
there has also been growing interest in solid-state implemen- Biexcitons consist of two bound excitons that themselves
tations of quantum computation using the electron spin as tha@re formed by a conduction-band electron and a valence-
qubit? as well as quantum communication with spin- band hole in a semiconductor, bound together by the attrac-
entangled electrons. Superconductor-normal junctions ifive Coulomb interaction. Following the theory of excitonic
combination with quantum dot&QDs) have been suggested absorption in single QDY; the biexcitonic states in single
as a device for producing entangled electrd®¥ill, the ef- QDs have been investigaféd”® and single excitons in
ficient and deterministic production of both entangled pho-coupled QDs have been observed in experim@fit.Re-
tons and electrons poses a theoretical and experimental chgently, spin spectroscopy of excitons in QDs was performed
lenge. In the case of photons, the use of electron-holéising polarization-resolved magnetophotoluminenscéhce.
recombination in a single QD was recently suggeéted. Two regimes can be distinguished in the discussion of exci-
Nonresonant excitation of a QD is expected to produce pairtons confined in QDS In the weak confinemeritmit ay
of entangled photons with an efficiendproduction rate/ <ae,a,, Whereay is the radius of the free exciton and
pump rate that is about four orders of magnitude bigger thanae,a, the electron and hole effective Bohr radii in the QD,
for parametric downconversioh. an exciton can(as in the bulk materialbe considered as a

In this paper, we study the production of polarization-boson in an external confinement potential. In the case of
entangled photons, or, alternatively, spin-entangled electronsfrong confinement,g> a, ,ay,, electrons and holes are sepa-
using the biexcitonic ground state iwo tunnel-coupled rately confined in the QD and the bosonic nature of the
QDs. For this purpose we study the low-energy biexcitonicelectron-hole pair breaks down. Since, e.g., in bulk GaAs
states in coupled QDs, determining their energy spectrumyx~10 nm, we are in an intermediate regiag~a. ,ay, for
and their optical properties in the presence of external magypical QD radii. Here, we start from a strong confinement
netic and electric fields. We concentrate on the spin configuansatz, i.e., from independent electrons and hdies of
ration of the calculated states, being related to the orbitagach specigsand then use the HL approximation to include
wave function via the Fermi statistics that is implemented inthe Coulomb interaction and the tunneling. Unlike for bulk
a Heitler-London(HL) ansatz for electrons and for holes. As biexcitons, where the HL approximation fails for some val-
a special quality of a double dot, we find that in tfspin-  ues ofé=mg/mj .22 we are here in a different situation—
entangledl biexcitonic ground state, the biexciton favors a much more similar to the Hmolecule—because the single
configuration with each QD occupied by one exciton, thusparticle orbitals are defined by the strong QD confinement,
providing a basis for the separation of the entangled parthe latter playing the role of th@infinitely” heavy ) protons
ticles. Even though coupled QDs are usually separated by af the H, molecule.
distance less than the wavelength of the emitted light, it We obtain the low-energgspin-resolvegibiexciton spec-
might still be possible to directly detect the photons at sepatrum in which the electrons and holes each form either a spin
rate locations. It can, e.g., be expected that due to anisotrginglet or triplet. Subsequently, we calculate the oscillator
pies the two dots have different preferred emission directionstrength, being a measure for the optical transition rates. The
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spin of the biexciton states relates to two different states ofic (|s)*=|I=0)%, spin singlet and an antisymmetric|t)*
the polarization-entangled photon pair produced in the re=|l=1)¢, spin triple} linear combination of two-particle
combination. We quantify the entanglement of the photorstatesDD’),=|D),®|D"),,

pair depending on the emission directions. The variation of

the spectrum and the oscillator strengths due to magnetic or [1)*=Nu[[12),+(-1)'|21)], 3
electric fields allows to use ground-state biexcitons in tunnel-

— | 2 _
coupled QDs as a pulsed source of entangled photon pairs//nere No=1N2(1+(-1)[S,[°) and S,=.(1]2), de-

We model the biexcitorftwo electrons and two holgdn notes the overlapﬁpr tunneling amplitud)abetyveen the two
two coupled QDs by the Hamiltonian orbital wave function$1), and|2),. We continue by form-

ing the four biexciton statefJ)=|1)¢®|J)", where|=0
2 (1) for the electron singldtriplet) andJ=0 (1) for the hole
H= 2 h,+Hc+Hz+Hg, (1) singlet(triplet). The energies
i=1

a=eh i

— — 0 z w C
whereh,; =[p,i+a,A(r )/ c]?2m,+V,(r ) is the single- Eiy=([H[10)=E°+E“+E;+Ey, (4)

particle Hamiltonian for theth electron @¢=e,q.=—¢€) or
hole («=h,q,= +¢€) in two dimensions with coordinate,
and spinS®. The potentiaV ,(x,y) =m,w?[ (x*—a?)?/4a”
+y?]/2 describes two QDs centered at{ +a,y=0), sepa-
rated by a barrier of heighnawiazl& Electrons and holes
have effective masses, and confinement energidsw,, . E}ﬁ/:i £+£
The Coulomb interaction is included by Hc 16d?\ b2 b}
=(U2)Z (4,i)#(5.))9a9s! k[T oi — T g;|, With & dielectric con-
stantx (for bulk GaAs,x=13.18). A magnetic field in z
direction leads to orbital effects via the vector potential
the symmetric gaugeA=B(—y,x,0)/2 and to the Zeeman
termH,=%,,0,48BS", whereg, is the effectiveg factor 5

of the electronhole) and ug is the Bohr magneton. Restrict- +(-1)'sg 2 b
ing ourselves to the low-energy physics of QDs filled with &n ¢
few particles, we can assume approximately two- (5)
dimensional(2D) parabolic confinement. We assume the si- . . . . .
multaneous confinement of electrons and holes which can b\@(here 21=ga/ae is the dmensmnless_ interdot d|stazma‘—g,
realized, e.g., in QDs formed by thickness fluctuations in a_ VA/Mewe is the elezctronlc Bohr radiusi.= e>2<p(;d (2D,
quantum wefl or by self-assembled QB¢ A particle ina ~ —1Mel), Sh=exp(-d{2b,—1bp]/E7), Niy=NgN;;, and
single QD is thus described by the Fock-Dan() Hamil- ~ £=Me/my. For Efj, we find

tonian h’;3(r ,;),%® comprising a harmonic potential;,?(r) B N

—m,w2[ (xTa)2+y?]/2 and a perpendicular magnetic field. _c Eeet (—1)'Ece . Ennt(—1)'Enp

with Efy=(I1J|H,|1J), can be calculated analytically. In
units of fiwe, we find Eq=E};=2(b+by/7), where
= welwn, E?=Efy=(ugBl/hwe)= 49,5, and

1+i)
én?

g2 _L)

3d?

4

+3N,,| d?

1p L
&’
2

e

o]
h

In prospect of the HL ansatz below we write the single- Ei= 1+(—1)'S? - 1+(—1)’S2 T 8N[Ex+ Een

particle part of the Hamiltonian Eqd) as = ,[h,%(r,1) ~ ~ _

+h 4(ra2) 1+ Huw({rei)=Ho+Hw, where Hy({ru}) +(—1)'SeExet (—1)$Exnt (—1)' "'SeSiExenl,

=3 [SiVa(rai) v, 2(ra) — v 3(re2)]. An in-plane elec- ©6)

tric field E=ey is described byHg=e&(Ye1+Yer— Y1 o
—yp,) and can be included ii,. We pute=0 here and where we have used the abbreviations
discuss the case+0 below. ) 5
The valence band is assumed to be split into well- Ena=CVb,/X.eXp —bod/X,)lo(bad/X,), @)
separated heavy and light hole bands and only heavy-hole
excitations are considered in the following. The FD ground ~ \/b\a d? 1
states|D),, in the QD D=1,2, which are used to make a Eea=c X—aSan - o X, ba_b_a )
variational HL ansatz aré®

b,d2
Xa

. Ex=—c\b, ©
b, b, ig.ay
(rlD),= zexp(——2[<xra>2+y2]i—2 , o
Ta, 2a;, 2elg o Een=Exexp —bd?)1y(bd?), (10)
where the upper(lowen sign holds for D=1(2), Ig Exa=2S.Exexp —bd?/4b?)1o(bd?/4b2),  (11)
=\hcleB, andb,=\1+(eBl2cm,w,)>.
We now make a strong confinement ansatz by construct- Eyer= SeShEX{eXF(Ele/Z)I O(Hle/z)
ing two-particle orbital wave functions for electrons and for . .
holes separately according to the HL method, i.e., a symmet- + exp(b,d?/2)14(b,d%/2)}. (12
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FIG. 1. Biexciton energies in units dfw, for () 7=w./wy
=1/2, (b) »=1/£=1.67 (@.=4a;), in a 2D GaAs systemnf,
=0.06"y, My,=0.112ng), hw.=3 meV, andd=0.7. The plot-
ted HL energie€,; areE (solid line), E; (short-dashed lingE;
(dot-dashed ling andE; (dotted ling, neglecting the Zeeman en-
ergy. The exchange splittings,;— Eg;, J=s,t, for electrons are
larger than for holesk;—Es,l=s,t) in (a) where »é<1, but of )
the same order ifb) (n£=1). AtB=0, |ss) has the lowest energy, = =1, andp is the electron momentum operator. Fu,
while for largerB, there is a crossover to|&t) ground state. Double we find in the dipole approximatioma,<2w/k (a,
occupancy of a QD(long-dashed linebecomes more favorable ~20 nm,2r/k~1 um),
with increasing#; in (a), E>E|J, I,J=s,t, while in (b), E is
smaller than some of thE,; for smallB.

FIG. 2. Oscillator strengtffiy  for GaAs QDs in units of ; as a
function of (a) the magnetic fieldB (in T) at E=0 and (b) the
electric fieldE (in mV/um) atB=0, with 7= w./w,=1/2 (solid
line), »=1/¢ (dashed ling »=4 (dotted ling. For n=1/£ the B
field has no effect oIy, .

Pua =[N+ DI 3 M (0 ) [ o IT oo
‘TlvT' 4 1)

Here, | 4(x) is the zeroth-order modified Bessel functian,

=e*\ml2/kachiw, is a dimensionless parameter characteriz- XON({ri,oi}i{s,71)
ing the Coulomb interaction, x,=1, x,=¢én, b X} (i ob o, 7}r,0)), (14

= 2beby/(by+ £77be), By=be— 1+ [by—1by)/é7, and | _ | |
b= (b= 1/b.br—2£nb.1+ b b — 1/b. 1/ (b + £mb.). where®d is the N-exciton wave function, depending on the
Fizgu$<[a 1 shovsl[thhe bi(g):]cit%n e;[ergEg (|h,]3:(or:1:§sy,’t)e?n conduction-band electrofvalence-band hojecoordinates’;

the double QD as a function of an applied external magnetiéS;) @nd their spinsr; (7)) (i,j=1, ... N). The coordinate
field in z direction. The Zeeman interactidd, causes an and spin of the electron and the hole created or annihilated

additional level spliting of~0.02kw./T (assuming|gy| tjuring the optical transitiqn are denoted btattd o. The
~|gy|~1) for the triplet states WitfE; S0 which is not interband momentum matrix element for a cubic crystal sym-
1~z

shown in Fig. 1. The electron-hole exchange interaction formegy/2 Is givena bth‘f%( 0) thQ“ chI(Ul)J tpCU[(;OS(H)d
the GaAs QDs considered here is reported to be only on thﬁ](r ] pIClt thk( )I w eﬁh ISZD el ar;g € betweek an
order of tens ofueV (Ref. 279 and can therefore be ne- € normal o the piane ot the electron sysi@ssuming

that the latter coincides with one of the main axes of the
glected. The self-consistency of omitting excited single-QD
states in the HL ansatz can be checked by comparing thgUbiC crystal, andE o= 2P,/ Mo (=25.7 eV for GaAs
According to Eq (14), the orbital momentum matrix ele-

energyE,JJrEIJ to the single-QD level spacing. This crite- o ) :
rion is fulfilled for interdot distances®=20 nm. In addi- Ment for transitions from the exciton vacuyy to an exci-
tion to the HL state$lJ), we consider the double occupancy ton Istatd X>;|D>_e®|D]2h:|D.D> in one QD(o(rj;o(rDthe op-
states|DDDD) for which all four particles are located on tic@l recombination of|X)) is po=M () [d*r @1 (r.r)
=M, (0)Cqn. The exciton wave function is denoted by

the same Q_E]D=t,2. Their energies are given lﬁ':EO ®(re,rn) =(re,rp/X). From this, we find for the oscillator

+E?+EV+ES, with EW=3(1bi+¢/bp)/16d%, and EC  gtrength

=c(yba+ Vb /En—4b).

We proceed to the calculation of the oscillator strengths of 2|pol? Ep )

biexciton-exciton and exciton-vacuum transitions. The oscil- X0~ moﬁwxo e Mox(a) ?|Cenl?, (15)

lator strengtH is a measure for the coupling of exciton states

to the electromagnetic field and is proportional to the opticaland C,,=2/7b.by/(by+Enbe). In Fig. 2a) we plot

transition rates. For a transition between tie-1 andN |Cor/?=flf, as a function of the magnetic field, whefg

e_xciton stategN+1) and|N), the oscillator strength is de- =Epm0x(0)2/Eg denotes the oscillator strength féulk)

fined as interband transitions, equatifigwy o with the band-gap en-
ergy E4. Since we have made a strong confinement ansatz,

2| Pran |2 the obtained oscillator strength is independent of the QD
fNrIN=— (13y  volumeV. For weak confinement, one would expdetV.
T Mooy Figure 2b) shows the suppression of the exciton transition
rate by an electric field.
wheremy is the bare electron masswy i n=En+1—En, The momentum matrix elemept for transitions from an
and pai = (N+1|eq - p|N), whereg,, is the unit polariza- exciton statgX) to a biexciton stat¢XX) is given by p;
tion vector for a photon with momentui and helicityA ~ =—2M ,(6) [d3r d3r,d3r ®% (re,r;rp,,1) D1 (re,rp). If the
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1.1 tron with spinS,=¢/2=*1/2 and a heavy hole with spin

S,=30/2 in a direction that encloses the andglewith the
normal to the plane of the 2D electron and hole motion. We
assume here that the two emitted photons enclose an azi-
0.5l 0 Tl muthal angleA =0 or A ¢= 7. The states of right and left
6 1 2 3 4 56 0 50 100 150 200 250 circular polarization are denoted-. ).

B/ E/mV/um) In general, the state E¢L7) is an entangledi.e., nonfac-

FIG. 3. Oscillator strength$yy x for transitions between the torizable state of the two photon polarizations. The en-
biexciton state$XX)=11J) and a single remaining exciton on one tanglement can be quantified by the von Neumann en-
QD in units off, as a function ofa) the magnetic fiel® (in T) at  tropy E. For |ss) or [tt) we obtain E=logy(1+Xx.%,)

E=0 and(b) the electric fieldE (in mV/um) atB=0. The param- —X%l0g,(X %)/ (1+X1%,), Wherex; = cos(6). Note that only
eters were chosen for GaAs with=w./w,=1/2. The line styles  the emission of both photons perpendicular to the plane
correspond to those fd,, in Fig. 1. (6,= 6,=0) results in maximal entanglemerf€ 1) since

. _only in this casd +1,6;) is orthogonal to|—1,6,). In par-
recombining el_ectron and hole are on the same QD2, the Micular, the two photons are not entanglde=0) if at least
tegral overr yields Cep, otherwiseSep=CeneXP—2dbe  gne of them is emitted in-planef(= m/2). To observe the
_fnl(bhffnbe)]}' . proposed effect, the relaxation rate to the biexciton ground

We give here our result fqu, for a transition between the  giate myst exceed the biexciton recombination rate. That
HL biexciton state$XX)=|1J) with one exciton on each QD g,cp 4 regime can be reached is suggested by experiments
and a single exciton in the final stai)=|DD), a single  yjth |ow excitation densities, see, e.g., Refs. 29,30. Then, an
exciton on doD=1,2, upper Ii{’nit for the pair production rate is given byry

_ 143 +7¢x) -, wherer is the(bi)exciton lifetime. If a double

[(19180. PIDD) =2M 5, (6)VNy3 {Cerl (~ 1)+ SeS) dotxé())nsists of txgonidenticalQDs, the lowest electron

+Ser[(—1)’Se+ (—1)'Sy ]} (16) levels can _be .tuned into resonance by means of an _external

o , local electric field, which is sufficient for the generation of

Approximatingf wyx x~Eq, we plot the corresponding 0S- gntangled photongor entangled electropdf the optical se-
cillator strength versu® andE in Figs. 38 and 3b). Re- |ection rules apply. It is then possible that the two photons
sults for fxx x, also including the(biexcitory double occu-  emjtted from different dots differ in energy more than in the
pancy stat¢gDDDD) and various finalexciton states, will  previous case with identical dots or if only a single QD
be given e_Isewher@. o _ (Refs. 4,5 is used. This would facilitate the separation of the

The main effect of an electric field is to spatially separatey,,q photons with respect to their wavelength, e.g., by means
the electrons from the holes, which leads to a reduction of 5 low-Q cavity.
the oscillator strengt&8[cf. Figs. 2b) and 3b)]. Hence, the Conversely, spin-entangled electrons can be produced by
optical transition rate can be efficiently switched off and On,gptical absorption followed by relaxation of the biexciton to
thus allowing the deterministic emission of one photon pairiis ground state. After each QD has been filled with an exci-

Transformation of a HL biexciton stafe) into the basis o the recombination can be suppressed by an electric field.
of two coupled excitons yields a superposition of dafs ( Having removed the holes, the electron singlet and triplet
=*2) and bright §,= * 1) exciton states. The emitted pho- could then in principle be distinguished by a subsequent in-
ton states aréup to normalizatioh terference experimerit.

Ix19)% ]+ 1,00)| = 1,650+ (= 1) Y| = 1,00)| + 1,6,),

(17) We thank A. V. Khaetskii, A. Imamdg, and P. Petroff for
where|a,0)=N(8)[m, ,1(0)|o.)+m, _1(0)|o_)] is the  discussions. We acknowledge support from the NCCR Nano-
state of a photon emitted from the recombination of an elecscience, Swiss NSF, DARPA, and ARO.
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