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Entangled photons from small quantum dots
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We discuss level schemes of small quantum-dot turnstiles and their applicability in the production of
entanglement in two-photon emission. Due to the large energy splitting of the single-electron levels, only one
single-electron level and one single-hole level can be made resonant with the levels in the conduction band and
valence band. This results in a model with nine distinct levels, which are split by the Coulomb interactions. We
show that the optical selection rules are different for flat and tall cylindrically symmetric dots, and how this
affects the quality of the entanglement generated in the decay of the biexciton state. The effect of charge-carrier
tunneling and of a resonant cavity is included in the model.
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[. INTRODUCTION wave functions are strongly localized so that the energy
separation of individual levels is larger than the characteristic

The constant progress in the fabrication of nanostructure€oulomb interaction energies. The central idea is that, due to
has led to novel semiconductor devices, such as quantuf@sonant tunneling, only one twofold degenerate electron
wires and quantum dots, that allow the confinement and corlevel and one twofold degenerate hole level of the quantum
trol of single electrons. In quantum dots it is possible todot play an active role. Other electron and hole levels are too
experimentally control the tunneling of single electrons andemote in energy and may therefore be discarded in a first
holes. These systems exhibit quantum correlations in th@pproximation. Within the resulting finite scheme of dot
emission statistic§1,2], and are very promising for future States, we study the entanglement of cascade photons from
applications in quantum communication. the biexciton decay, notably its dependence on the competi-

A quantum dot that emits single photons controlled by thetion between charge-carrier tunneling and radiative electron-
switching of a voltage is called a single-photon turngtBg ~ hole recombination. The effect of a resonant cavity will also
In such a system, the quantum dot is allowed to contain ae calculated.
most one single electron-hole pair, so that one photon is cre-
ated at a time. In order to realize this, one makes use of the
Coulomb blockade effect to suppress tunneling of a second
electron or hole onto the dot. This implies that the system A diagram of the semiconductor structure that we have in
must be cooled to temperatures wkRT smaller than the mind is shown in Fig. 1. The quantum dot is located between
Coulomb splittings. In a two-photon turnstile, two electron- P-doped and N-doped material. By means of a bias volage
hole pairs are created, before two successive photons are
emitted. Recently, a two-photon turnstile has been proposed UG)

[4] as a device to generate entangled photon pairs, which
makes these systems very interesting. Because the Pauli prin-
ciple allows occupation of an electronic level by at most two
electrons, a two-photon turnstile can be realized without
Coulomb blockade effects, provided that the thermal energy
is smaller than the splitting of the single-particle levels so
that tunneling of more than two electron-hole pairs is E,
avoided. In a small quantum dot, this splitting can be much
larger than the Coulomb splittings, so that a two-photon turn-
stile does not require cooling in the millikelvin regime for
proper operation.

In order to explore various possibilities for generation of
entangled photons by two-photon turnstiles, we consider in ’ z coordinate
this paper simple level schemes that can occur when a quan- -
tum dot is smaller than the bulk exciton size, and study
which situations are favor_able f_or the generation of en- FIG. 1. Energy-band structure of the PIN junction, for a cross
tangled photon pairs. In this regime, the electron and holgection through the quantum dot along thexis. The quantum dot

is a small cylindrical structure located in the | layer between N and
P semiconductors. With the gate potentlal the electron and hole
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The splitting of the one-exciton multiplet is an effect of the
Coulomb interaction between the partic|&$, which will be
discussed in the following.
When one switches the gate voltadyeor the bias voltage
V, during a short time interval, first to a higher value and
immediately thereafter to a lower value, then one promotes
the tunneling of electrons from thé-type material into the
upper level of the dot, immediately followed by tunneling of
holes from theP-type material[8]. The system state then
follows the path indicated by the diagonal arrows in Fig. 2.
The biexciton state is produced without intermediate forma-
tion of a one-exciton state. Ideally the system will therefore
emit a cascade of two photons, one on transition 1 and one
OO0 |mw o ! . o
®0 'ih =2 ¥ 1) on trgn5|tlon 2, with frequencies; gnd wo. It is important
to switch the gate voltag® (and bias voltageback to the
B ~ resonant valuegl) immediately after the preparation of the
net charge Ej E, biexciton, in order to reduce the probability of electron or
00 W hole tunneling before the second photon is emitted. If tun-
L RAMRY neling nevertheless occurs before the second photon is emit-
FIG. 2. States in a quantum-dot model with dtwofold degen- ted, then the transitions 3 or 4 between the charged states

eratg electron level and onéwofold degenerajehole level. The may occur. Their frequencies; and w, are in general dif-

presence of an electron is indicated by a black dot above the line; frént frome; andw,, as may be checked from E@) for
hole by an open circle below the horizontal line. Besides the neutrdi€ energy levels. Therefore these photons may in principle
states in the dot, there are states with chatge +2e where one be filtered out. In the next section we shall solve a master
or two excess electrons or holes are present. States with charge €quation which includes the competition between tunneling
are twofold degenerate due to time-reversal symmetry. The oneand recombination processes. For small dots, states with
electron plus one-hole states are classified according to their evéRiore electrons or holes have nonresonant energies. Provided
(+) or odd (—t) behavior under time reversal. Downward arrows the bias voltage is not too large, the biexciton state is the
indicate photon emission; diagonal arrows indicate a possible pathighest excited state and no multiexciton states are formed
to reach the upper state by subsequent tunneling of two electrorj9].

and two holes from the conduction and valence band into the dot.

energy
@)
o

(%)
O
o
2

A. Level splitting and photon energies

over the junction and a gate voltage of an electrode near We consider the Coulomb interaction between electrons
the dot, the electron level of the dot is made resonant wittand holes as a perturbation on interaction-free levels. This
the bottom of the conduction band of the N-type material andapproximation is well known in the context of quantum dots
the hole level of the dot with the top of the valence band ofwithout holes in the electronic distribution, which are in
the P-type material. The quasiparticle energigandE,, are ~ (neaj equilibrium[10,11]. For semiconductor quantum dots
well defined as the energy of the dot with one excess electroWith holes, however, localized exciton states are formed
and hole, respectively with respect to the neutral state. ThEOm electron-hole pairs. Only if the dot is smaller than the
bias voltageV separates the energy levels between the N angXciton size are the single-particle levels well defined and the
P sides byeV and the gate voltage shifts the electron andCoulomb interaction can be treated as a perturbdtiari2.

cental dot is then following. Since we consider systems in the absence of mag-

netic fields, the single-electron levels are twofold degenerate
due to time-reversal symmetfyt3]. Let the two degenerate

E.—ed=eV/2, E,+ed=eV/2. (1)  single-particle states for the electron and hole level be de-
scribed by
It is energetically favorable that electrons tunnel into the dot |e>=j drin )y (D +[ w3 (0],

when eV/2>E.—e® and out of the dot wherV/2<E,

—ed. The resulting level scheme is shown in Fig. 2 and has — > > s >
only 16 basis states, part of which are charged due to the |e)—f drin T va(r) =y,
presence of one or two excess electrons or holes. In this
scheme, the state with highest energy is the biexciton state,
with two electrons in the upper level and two holes in the
lower level. The optical properties are determined by exciton
and biexciton state]$,6]. It is in the cascade decay from the — :f > > > * 2

biexciton to the ground state via a state of the one-exciton I drinThxa(r) = Hxa (0], @
multiplet that an entangled photon pair may be generated.

imy= [ afIRxa +1xE O
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0.4

in terms of the wave functions;(r) andy;(r) for the spinor ¢
components. Due to spin-orbit coupling these single-particleg
states are not spin eigenstates in general. The dot states th*0.31- _HF .
form the basis of the configuration space are then describe:

by the occupation of the four basis sta{8s The number of
electrons within this space thus ranges from zero up to four.
The ground state has the hole level occupied with electrons
and therefore is an effective quasiparticle vacuum, denotec 01

with [0). Excited states of the dot are formed by means of
creation of electrons in the higher level, and/or by creation of 0

®, 0y o o, 0, 0, o 0,

holes, i.e., by removing electrons from the lower level. This PN o>
gives, in addition td0) and|e), |e), |h), |h), the further dot _ .
states FIG. 3. Typical patterns of the photon emission spectrum for a

(lens-shapedquantum dot, corresponding to level scheme in Fig.
=y Py P TN [ar 4(a) in the regime of strong tunneling. The plots are based the
ee), |hh)y, |eh) |eh), |eh), |eh), _ _ i .

le). [hh), leh) |eh), |eh), |eh) populations given in Sec. Il A and the relatio(® and (6) for the
photon energies. The relative distances between the latter are arbi-

|eeh), |eeh>, |ehh), |eh h, |eehh>. trarily chosen. The left plots shows the effect of increasing the bias

The exciton(one electron plus one hdletates may be potential above the resonance conditeVvi=E+E;, by si~x, f0~ur,
split up in energy by the effective interaction between elec2nd two timeskgT. The right plots show, foreV=E.+Ey

trons and holes, in the form of second quantization: +2kgT, the effect of changing the gate potentsl by an amount
—kgT (curve peaked at;) to +kgT (curve peaked at,) and
1 zero(peaked a4, as in the left figure

V= V,s.sa aha.as,
401%5 aByd Ga 9B Gy9s

and the symbog has the valus=1 for |eht) ands=—1 for

where the labelsy, 8, y, and & stand fore, e, h, or h. In |eht) states. Fome,n,#1,1, we substituté=s=0 in Eq.
first approximation the antisymmetrized matrix elements(- This splitting of the one-exciton multiplet, shown in Fig.
V5,5 are those of théscreenefiCoulomb interaction, but a 2, is consistent with the phenomenological Hamiltonian used

more detailed calculation should include many-body effects" Refs.[5,14,13.
However, whatever effects are included, in the absence of !f the basis function$2) have no other quantum numbers,

external magnetic fields the time-reversal symmetry is al€orresponding to symmetries of the system, then in principle

ways conserved. The one-exciton states are therefore eith@}l the optical transitions indicated in Fig. 2 will be present.
even (+) or odd (~) under time reversal and therefore | hiS means that there is then no dark exciton state. However,

given by not all transition amplitudes in the decay of the biexciton
states will be equally large. If symmetries that we consider in

leh+)=(lehy+[eh))/2, |eh—)=(leh)—[eh})/\2, the following are fulfilled, some states will be dark. It should

be mentioned that experimental information can be obtained

by means of polarization measurements in combination with

an external magnetic fielb]. According to Eq.(4) the sum

of the photon energies of the transitions between the charged

For the same reason, the states with chardeare all two-  states is equal to the sum of the energies of the cascade

fold degenerate. The time-reversal symmetry implies relaphotons in the decay of th@eutra) biexciton state:

tions like Vener™= Venen @NdVeng= Venen- The energies rela-

tive to that of the ground state for the scheme in Fig. 2 may w1t 0= w3t wy. 5

then be written in a closed expression as

leh+)=(leh)—[eh))/\2, |eh—)=(leh)+[eh))/\2.
(3)

Because holes are heavier than electrons, their wave func-

~ ~ 1 1 tions are more confined, leading to a stronger repulsion be-
E=EeNet EnMnt 5 (Ne= LINeVeeeeT 5 (Mh—=1)NnVihnn tween two holes than that between two electrovigy,i
>Veee>0. From this follows with Eq(4) the inequalities

1
- Enenh(vehehdl'veﬂem+§S(Veheh_veﬂeﬁ) W1~ Wy>w3— wy>0. (6)

1 1 - The relationg5) and(6) are expected to hold under the gen-
+§(1+S)tvehm_E(l_s)tveheh' 4 eral condition that the dot is small compared to the bulk
exciton size, irrespective of the shape of the dot or crystal
In this expression the symbatg ,ny, represent the number of structure and may therefore be helpful to analyze the emis-
electrons in the upper level and the number of holes in thaion spectrum, when other information is lacking. Typical
lower level (¢,n,=0,1,2). Forne,n,=1,1 we introduced patterns of the emission spectra should then look similar to
in Eqg. (4) the notationt=+1 for time-even or- odd states those plotted in Fig. 3.
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a) M=0 b) M=0
2r 215 I
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FIG. 4. Four different schemes for cylindrical dota) In the casgm,—m,|=1, the exciton multiplet consists of a bright and a dark
doublet.(b) For the casen,=m,, = % the exciton level is split into a doublet and two singlets. One singlet is a dark state. This results in six
optical emission frequencieg) In casem,=m,> % the exciton level is split into a doublet and two singlets. Only one of the exciton states
(a single} is bright. (d) Level scheme for systems where spin-orbit coupling can be neglected and tot&ismngood quantum number.

If no other symmetries are present, there is only one cascade decay path from the biexciton state. Hencecsemert@ysdo not produce
entangled photons.

In the following subsection we discuss the qualitativelythe spin degrees of freedom, t8e 1 triplet will be dark and
different schemes that can occur for cylindrically symmetricthe deexitation of the biexciton state proceeds only via the
dots, and consider the implications for generation of enS=0 exciton state. If no othefspatia) symmetries are
tangled photon pairs. Total absence of spatial symmetry angresent, this is only one single state and consequently en-
negligible spin-orbit interaction give rise to an unfavorabletanglement of the cascade photons can never occur as that
situation. For then the twofold degenerate electron and holeequires two different, energetically indistinguishable paths
sates(2) may be written in a simpler form, without, and  of the biexciton decay. We therefore conclude that for a pos-
x2 and with real spatial functiong; and y;. In that case sible entanglement of the cascade photons at least spin-orbit
antisymmetrization implies that two electrons or holes in thenteraction, i.e., nonzer@s, and x, in Egs. (2), or some
same level form a spin singlet stefe=0. The one-electron spatial symmetry of the dot potential is required.
plus one-hole states are then a spin sin§ke0, correspond-

ing to |eh+) of Eq. (3) and a spin tripleS=1, correspond- B. Cylindrically symmetric dots
ing to|eh), |eh), and|eh—). Such a situation is depicted in In order to create entanglement in photon pairs in the
Fig. 4(d). Since the electric dipole operator does not act orcascade of Fig. 2, a number of conditions must be satisfied.
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First the two photons must be identified as coming fromscribes the position-dependent band edge. This leads to the
transition 1 and 2 and must belong to the same cascadeonfined dot states. The kinetic energy operator in the equa-
Incoherent tunneling effects between the exciton states musibn for the holes is given by the Luttinger Hamiltonian
occur at a slow ratey with respect to the lifetime of the [11,18,19

exciton level. Secondly, twgathsin the cascade must be R

indistinguishable, which implies that the splittings be- p? 1 >

tween the intermediate exciton substates should not be - 2
greater than the linewidths. If no temporal or spatial separa-
tion of the photons is possible, one relies on spectral separa- 5 3. ... o
tion, which leads to the conditions, — w,>T, I'>A, and Tiy=3pip—6;p%  Jj=z(ijtij)—2d;.  (®
I'>y. In the general case with only time-reversal degen- : : :
eracy of the levels, shown in Fig. 2, the level splittingand | ¢ -Utinger constantyy, y,, and y; are dimensionless
w1 — w, will generally be of comparable size, since they areModel parameters. The momentum opergionay be inter-

caused by the same effective interaction between the charg&eted as a quantization of the Bloch momentum, because a
carriers. Identification of entangled pairs will also be com-Plane-wave envelope function corresponds to a Bloch wave.
plicated by the fact that there are four different routes fromlt IS important to realize, however, that the physical electron
the biexciton to the ground state. For this reason we considd}°Sition and momentum operators act on both the envelope
the case of axially symmetric quantum dots, which are ofterf@ve functions and the orbitals in the sta(@s

realized in experimentgs,7]. As we shall see, this leads to In the envelope de§cr|ptlon of localized state; in the quan-
dipole forbidden transitions, i.e., dark states, and degeneradyM dot, one may define a tot@nvelope plus orbitalangu-

of two exciton states, so that the above conditions for enlar momentum operator as

tanglement can be satisfied.

In an axially symmetric quantum dot, the electron and
hole states are characterized by well-defined magnetic quan- .
tum numberstm, and=mj,, respectively. In the most com- Only in the casey,= y3 do the three components bicom-
monly used semiconductor materials, the conduction bangute withH [11,17. Because for InAs the two constants are
corresponds ts, while the valence band is@ hole band. nearly equal, this so-called spherical approximation is often

. . . . made. In the spherical approximation, a cylindrical confine-
Hence the first unoccupied level in the dot is sh state, ment potentiall gives rise to the constant of motian ; a

while the highest occupied level will be state. Fors; spherical confinement potentiél results in constant and
electrons anch3 holes, the single-particle stat€®) are of . In realistic calculations for the case of a spherical dot
the form [11], one finds that the lowest state of the exciton as well as
12 the lowest exciton and biexciton states are predominantly
9-3 3 [ain{i-
p m=-1/2

:2m* 9y,m* |j71[73_(73_')’2)5”]1_”\]”,
1 =

f=T+]=rxp+j.

composed of ah=0 envelope wave function. In that case,
the angular momentum of ground states roughly equals that
of the orbital functions =j.
3 If we restrict ourselves to cylindrical dots, the confine-
p= m> Xm(B)- (7) ment potential is axially symmetric and the single-particle

2 states have good gquantum numbers= m, andm;=m,, for
the electron and the hole. These single-particle states will be

The summation is over the lattice sitbs The state at each denoted as
lattice site is determined by the slowly varying amplitudes

Un(B) of xu(B), and by the localized orbitalést,my,  1€=Ime)s [&)=[=me), [h)=Imy), |h)=]—my),

|p3.m). The latter are the Wannier functiof6] which, in  \ith positivem,, m,,. From the 16 basis states of the level
the tight-binding approximation, may be replaced by the orscheme Fig. 2, the states with an even number of electrons
bitals for an isolated atom. The spin componemts(r),  and holes have total magnetic quantum nurnider 0. One
xm(r) are called the envelope wave functidig]. Because &lso has thaVeng vanishes. As a consequence, the pairs of
these are slowly varying with respect to the lattice, one mayPPositeM in the one-exciton multiplet, such as, for ex-
replace the argumetitwith 1 in the above expressions. One @mple,/eh) and|eh), are degenerate. There are qualitatively
finds that each component of the envelope wave function igifferent schemes, shown in Fig. 4. Since electric dipole tran-
multiplied with a lattice periodic function, which are the Sitions occur only ifme—m;y|<1, we distinguish two cases:

Bloch h o= 6. Proiecti f th |m.—my|=1, Fig. 4a), andm,=m,,, Figs. 4b) and 4c).
och states at the symmetry poipt=0. Projection of the The case|m,—m;|=1 is realized in the(lens-shaped

tates in Eqs(7 to th i basis gi th t .
lszla zs ?n d)(jS(X) oor} ?he Sesr? é?;)lr exa;)srlgsili\&%? Tﬁecg{ggﬁgﬁ : sIn(Ga)As/(Ar)GaAs guantum dots that have been extensively
172 1Az ' studied in Ref[5]. There it was found that for zero external

envelope wave functiong,,(r) and the hole envelope wave magnetic field the exciton states wifv|=m,+m,=2,

functions Xm(F) are determined by SOIVing _)an effective which are formed by amn:% hea\/y_ho|e state and am
Schralinger equation with an added potentia(r) that de- =31 electron state, are to a good approximation dark and lie

1 N
Szim l//m(b):

3/2
W-3 3 [ ai|i-5
5 mZap
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below the|M|=1 bright exciton states. So Fig(a} repre- taking all the possible values. The total number of states is
sents a realistic situation and the dark excitons vtk 4fe*fh*1 and the levels have a large degree of degeneracy.
+(me+my) Mmay even act as intermediate stages in the for- For very small dots of size comparable with the lattice
mation of the biexciton state by tunneling of electrons andconstant, the crystal symmetry will be incompatible with
holes into the dot. This is also a favorable situation for thespherical symmetry or cylindrical symmetry. One does not
creation of entangled photons, since the two exciton statesxpect that the Luttinger Hamiltoniai®) can describe this
with [M|=1 are degenerate, due to time-reversal symmetnsituation. Such small dots will fall in the class of Fig. 2.
and the decay paths of the biexciton via Me=+1 and via  Another extreme situation may arise for bound states on a
the M= —1 exciton state are therefore indistinguishable, assingle impurity atom in an additional homogeneous crystal.
required for entanglement. This only holds true, of course, ifSuch a system resembles an ionic atom and has spherical
there is perfect axial symmetfit5,2Q. symmetry. Our model then applies only to the simplest situ-
We now consider the situations sketched in Figb) 4nd  ation: two levels withjo=j,=3 in scheme Fig. &), for
4(c), which represent the cases,=m,=; and me=m,  example, with ars} electron level and @2 hole level.
> 1, respectively. In Fig. &), there is a doublet of bright
states, which may allow for entanglement of photons that are
polarized in the horizontal plane. Note that thg= 3 state is

a superposition ofn,=—1,0,1,2 states in thp3 hole level, A. Emission in the strong tunneling limit

while the m,=3 state is a superposition af=0,1,2,3 An important factor that determines to what extent en-
states. In dots elon%a.ted in tizedlrectm_)n, hereafter called tangled photons will be emitted is the ratio of the
“tall” dots, the m;=3 is expected to lie below thev=3  gpontaneous-emission rat€sin Fig. 4 and the tunneling
state. In lens-shaped dots, the ground staterhgs$ in-  ratesy of the charge carriers. We now show hdsmay be
stead. The relevant level in @3 hole band may therefore experimentally determined in a situation of fast tunneling.
consist of them,=+1 states for tall cylindrical dots. The For preparation of the biexciton, the bias voltage is increased
scheme of Fig. @) would also occur if, due to strain or t0 & value where the tunneling rajes much greater than the

other effects, the split-ofp band provides the hole states. photon emission ratE, so that the electron and hole tunnel-

In Fig. 40o) there are two degenerate exciton states, witing is fast compared to spontaneous emission. We neglect the

N o ) . ~ nonradiative recombinatidi21]. In this regime, only thermal
'l\i/lo; :)rfler?tnadn'\élle_ q plh’ol/:/)rrlllcgla?rse ?Eg;og,r::tgff:;ig gzgij_uc fluctuations can deexcite the syst¢h®]. When thermal en-
ton states is dark and the other is bright. The energy of th&"9Y exceeds the Coulomb shiftgT>V 5, the popula-

M =0 states differs in general from that of the=1 states fions of the single-particle states are independent and equal

. : ! . : ﬁhe Fermi-Dirac distribution in the continuum bands:
and therefore in total six frequencies appear in the optica

III. PHOTON STATISTICS AND ENTANGLEMENT

spectrum. In Fig. &), the exciton states withM == (m, 1

+m;) are obviously dark states, but also tle=0 time-odd Pe= — ,

exciton stateleh—) is dark. This follows from the time- 1+exp Ec—ed—eVi2

reversal property of the dipole operatex of the M=0 to kgT

M =0 transition. So in this case there is only one bright

exciton state|eh+), and therefore this situation does not 1

allow production of entangled photon pairs in the cascade Pr= = : 9
decay of the biexciton. We conclude therefore that Fip) 4 1+exp Ented—eVi2

represents a possibly favorable case for the production of kgT

entangled photons, while a situation as depicted in Fig. 4

iS not suitable. The decaying levels—the biexciton, the bright exciton, and

In the case of a spherical quantum dot, an exceptionahe two charged excitons—then have respective populations
situation may occur if both the electron level and the holep?p?,  2p.(1—po)pn(1—pp), and  (1—pe)ps,

level are states with angular momentuig=f,=3. The 2p2pn(1—py) for a flat dot (the system with|m,—my|

spherical symmetry then leads tdtareefold degeneralé  —1). For a tall dot, or another realization of tie,=m;
=1 triplet and one darF=0 exciton, =} scheme, the population of the bright exciton ig.@L
. —Pe)Pr(1—pyp) instead. Multiplication of these populations
lehy=|FM=11), |eh)=|FM=1-1), with the decay rate for each of the levels as indicated in Figs.
4(a) and 4b) gives the strength of the emission peaks. Ex-
leh—)=—|FM=10), |eh+)=—|FM=00). amples of emission spectra in thermal equilibrium for the

case of strong tunneling are shown in Fig. 3. The average

In the deexcitation cascade of the biexciton state now thre@mission time of a photon as a function of temperature
polarizations are possible for the same photon energy, whicequals t=1/2"ppy, for a flat dot and ist=1/2(T";
yield extra options for entanglement. A spherical quantum+1",)pepy, for a tall dot. By measuring this average, one can
dot with f, or f,, larger than; results in a system that can be experimentally determin€ andT';+T,, respectively. Note
seen as a combination of several systems withandm,,  thatp.~p,~1 if V is chosen sufficiently largeeV=kgT.
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a) M=0

FIG. 5. Tunneling rates for resonant tunirig) The casem,# my,: the bright and dark exciton doublets are reached by equal tunneling
probabilities.(b) The casem,=my= %: the bright triplet and dark singlet are reached with unequal rates. Unless indicated otherwise, thin
arrows have ratey, thick arrows have rate 2

B. Correlated photon pairs The probabilities that a photon emission on transition 1 is

We now suppose that the quantum dot has been prepard@ilowed by each of the other transitions are
in the biexciton state, so that the two-photon cascade can be
detected. Any residual tunneling of electrons and holes can p__
result in a tunneling out of the intermediate one-exciton state t
and lead to emission of a photon from another transition. At
the resonancél), the states in the continuum levels are half- P1;=1—P11—2Py3, P1,=Pys. (11)
filled, i.e., Eq.(9) givesp.=pp=73. Then, the unconditional
tunneling probability of an electron into or out of the dot is For tall dots, the scheme of Figstb4 and §b), the emission
the same and the perturbations are minimal. To obtain aprobabilities on the four transitions are different, because of
analytical estimate for the relative photon emission probihe different exciton structure. The probabilities of emission
abilities and their correlations, we assume that the electrogtarting from the biexciton or starting from the exciton after
and hole tunneling have roughly the same rateFor the transition 1 are in this case given by
evaluation of the jump statistics, the system can be described
by a classical master equation, since only incoherent transi- 0%

692 b 3l y+697?
M2+ 150 y+24y2" 2 224 150 y+ 2492’

tions occur{22,23. Since the tunneling rates do not depend P2= Pll=F2+9F y+16y2’ (12
on whether an exciton is bright or dark, the populations of ‘ !
the members in the multiplets can simply be added so that Tyt 472 T iyt 472

the number of rate equations is reduced. The net tunneling Po=———
between the levels is indicated in Fig. 5, corresponding to the Ft2+ oI’ yy+ 16y2
two schemes that can give entanglement in Fig. 4. We calcu-
late the photon emission probabilities after preparation of thevhereI''=I";+T',. The dependence of the probabilities in
biexciton for each of the four transitions: transition 1 from Egs.(10), (11) and(12) on the ratio of the residual tunneling
the biexciton state to the one-exciton state, transition 2 fronfiate y and the photon emission rale(see Figs. 4 and)Ss
the exciton state to the ground state, and transition 3 and Rlotted in Fig. 6. It appears that the photon correlatyg s
between the charged states, cf. Fig. 2. The probability of greater than 90% wheh> 10y but falls to 25% when the
transition between a pair of levels is a matrix element of thdunneling rate is much faster than the photon decay. Even if
inverse of the transition matrix, neglecting the gain terms ofthe first two photons are on the cascade transition 1 followed
photon emission. For flat dots, the scheme of Figa) 4nd by 2, this does not yet guarantee entanglement. We calculate
5(a), we find for the probabilities of each of the transitions the degree of entanglement in the next subsection.
Oncel’ andI';+TI', are known(Sec. Il A), respectively

6y° 2l y+ 6972 the resonant tunneling rate for electrons and holes, may be

:2F2+ 15T y+ 24721 P3:2F2+ 15T y+ 24721 experimentally determined _fro_m th_e average time betwe_en
two subsequent photon emissions in the steady-state regime.

This average time difference is for flat and for tall dots,
P,=1-P,—2P;, P,=Pj. (10 respectively, given by the following two expressions:

Y2490 y+ 1692

P>
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. cascade equalBe !, whereI'=T; for tall dots. Therefore,
, the two photon density operator is given by the average
N 12
\ / 1~ -Tt —iAt iAt
p=75 |, dtfe”i(xx)e ™+ lyy) ((xx|e™+(yy))
PTZ\\‘ l l 1
. \ —m|xx> yy|tectsxx){xx+5yy (yyl.
13 !
N Pu (14
| s |
0% 102 100 1 100 100 10° 102 100" 1 10 10? 10°

YT - YT >

This expression shows that dephasing destroys the off-
diagonal matrix element, and thereby the entanglement. The
o - correlation between the polarizatiofs) and |y) remains
FIG. 6. Photon emission probabilities for transitions 1, 2, andperfect. We now include the residual tunneling from the one-
sh;z: (‘;‘::i(i?(;‘nor:t? ;"’f‘t't%:flg\:fef"’t‘:;ﬁ;igi)”n”‘:'sngi\rgt:’:)?/ t:;zs exciton doublet to the four charged dot states, which occurs
; . ' at a total rate of 4. When the systerfeventually returns to

(10)=(12). Thick and thin lines CorreSpond_to ﬂ‘".ﬂ ‘?nd tall dOtS.' FOr the bright exciton doublet, the entanglement between the dot
tall dots we adopted’;=I",=I". Left plots: emission of the first . . . .

! oo R o and the field is destroyed and also the correlation has disap-
photon after preparation of the biexciton; right plots: emission of
the second photon, when the first was emitted on transition 1. Th

eared. The probability that the second photon follows the
dotted line is the probability that no tunneling event occurs betwee irst WithOl_Jt an intermediate tunn_eli_ng event FP§12: r/(r )
transition 1 and transition 2. +4v), while the second photon is independent of the first
with probability 1-P7,. If we include this effect, the field
density operator has a fraction-1P7, that is a fully mixed
state, and a fractiofP}, that is the average with waiting

1 2 _ 8 2 2  5[\+24y
= +F’ =

1
— —+ -+ .
Y 9y Tt 93r2+28ry+48y?

C. Entangled photon pairs 1

13 timest with probabilitiesTe” " ™4t This gives the two-
p=5P
During the switching interval that allows tunneling of two
electrons and two holes, the system is prepared in the biex-

photon density operator
xx>
X +C.CA | XX)(XX| +
citon state. This is followed by spontaneous emission of one vy oo 0od+lyy)yyh)
photon and the system makes the transition

1
1+iA/(T +4y)

1

. _ + 2 (L=PY( [Ny D (O] +[y)(yD)

leehh)y— (Jeh+)|x)+|eh—)|y))/\2 (flatdob),
—(leh+)|x)+]eh=)y))/\2,

I d andP=P7,. Itis clear from this expression thRtis a mea-
(tall doy. sure of the polarization correlation. The evaluation of the
. o entanglement entropl of such a mixed state was described
Here|x) and|y) are orthogonal linear polarization vectors of . ) ;

L . . in Ref.[24]. After a short calculation we obtalin terms of
the radiation field. We consider here only the case of th

observation of photons emitted along thelirection. As a

She concurrence:
result, an entangled state between the dot and the electro-

magnetic field is formed. In order to have a degenerate dou- E=—xlog, Xx—(1—x)log,(1—x), Xx=
blet of bright one-exciton states in the the one-exciton mul-

1 1 =2
272 '
tiplet, one needs an axially symmetric dot. Any asymmetry P 1-p
gives rise to a splitting of the bright doublet of magnitude C
A=2Vqnq (flat dob) or A=2V e (tall dot). We consider

first the case in which tunneling rateis small compared to . .
the energy splitting\, so that we can neglect tunneling ef- When expressiori15) becomes negativeC and E are de-
fects. When the system resides in the one-exciton state for

TFiA(T 4y 2 (19

f(ijped to be zero. For pure states the concurrébcgves the
time t. the state will evolve into the state visibility in two-photon interferometryf25]. One finds that
’ for any value ofA, entanglement is totally destroyed when
(leh+)|x)e~'2+[eh—)|y)/\2

2vy=T". This can be seen in the left graph of Fig. 7. As
expected, the entanglement increases considerably as the
or '%mneling ratey becomes less than the photon emission rate
(leh+)|x)e At+ |eh—)|y>/\/§, One may improve on the efficiency of entangled pairs by
detecting also the photons on transitions 3 and 4. Thereby
for the respective cases of flat and tall dots. The probabilityone can also eliminate events where the tunneling from the
for a waiting timet between the two photon emissions in the one-exciton level leads to a photon on transition 3 or 4 and
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E—
E—

107 1072 107! 1 10 1072 107! 1 10

YT - Y-

FIG. 7. Dependence of the entanglement entrG) on the 0 L
ratio y/I", where for tall dotd”=1TI";. The upper, middle, and lower 0
curves are for an exciton energy splitting &#=0, A=0.2", and
A=0.4I", respectively. The left plot applies when photons from the 06—
decay of the charged exciton states (3 and 4 in Fjgar2 not

detected. The right plot applies when these photons are eIiminate%.rigg;[ig'n Dﬁsgnn%entchi ‘:nthﬁ.%e:rtgrf%?ﬁ:: sg\t/ri?p\}//vi?r? :25 f(lz?tlve
Thick lines refer to flat dots, scheme of Figay thin lines to tall ' 9 Y 9 ’ y P

dots, scheme of Fig.(8), with axial symmetry. to the dot. The upper, middle, _and lower curves areXer0.11',
' ' A=0.2I", andA=0.4l", respectively. The plots are for a constant
¢=ml4 with a tunneling rate chosen at=.01I".
only count pairs of photons on the cascade 1 to 2. The en-
tanglement entropy is still given by E¢L5), but with P the 1
conditional probability of an immediate pair 1,2 under the o= §(|XX>+|W>)(<XX|+<VY|),
assumption that the second photon is of transition 2. Hence,
this is P= P}/ P4, for flat dots and, provided one detects the 1
horizontally ~polarized photons, one must puP 1= Z(|X><X| +HY)YD X+ y)yD,
=3P}/ (2P,+ P}, for tall dots. HereP, is given in Eq.
(11) and Eq.(12) for the respective two types of level which is a straightforward generalization of expressib4).
schemes. The result is plotted in the right graph of Fig. 7. AsSThe HamiltoniarH and the decay operat@ act on the state
expected, the improvement is considerable when the tunnetf photon 2 only:
ing ratey is a few times smaller than the photon emission
ratel’.

s

o=
a

H=|x)(x|A, G=|u){u|T cogé+|v)v|T,

and P is determined from normalization. Plots of the en-

tanglement entropy for various misalignment angles are

shown in Fig. 8. Due to the complicated resonance structure
Application of an optical microcavityresonant with the  of a cavity, the transitions 1, 3, and 4 will generally have

lower transition 2 of the cascadesuch as dielectric Bragg different decay rates. These are preferrably smaller than the

mirrors or a photonic crystal, increases the decaykFaésd  modified spontaneous-emission ratef transition 2, so that

therefore is another means to enhance the entanglement &P, P35, andP, are small andP,, is nearly unity.

tropy. The cavity may also enhance the relative emission in a

specific spatial direction. If, however, the cavity does not IV. CONCLUSIONS

have two degenerate polarization modes inxkelane, the

level scheme of a flat dot Fig.(@ is perturbed and the

D. Quantum dot in an optical microcavity

We considered realizations of a two-photon turnstile
Q@sed on small qguantum dots. In the regime of tight confine-
the symmetry axis of the cavity is misalingéatith respect ment, the .single—particle states are well separatgd and the

. . R A Coulomb interaction can be treated perturbatively. We
to the z axis of the dot in the directionzcosé+(xcosé  ghowed how this results in a closed level scheme with 16
+ysing)siné. This implies that the dipole transitions corre- pasis states. The system seems ideal for generation of en-
sponding to the polarizationgs)=|x) cos¢+|y)siné and  tangled photons on the cascade from the biexciton via the
lv)=|y) cos¢—|x)sin¢ have modified coupling constants excitonic multiplet to the ground state. The biexciton can be
so that the decay rates in this basis Breos'¢ andI". With  prepared without Coulomb blockade so that low tempera-
quantum trajectory techniqué3,26 we obtain for the den-  tures are not needed. For a cylindricalbut not spherically

sity operator symmetric dot, different combinations of the magnetic elec-
. tron and hole quantum numberg,, m;, give rise to the four
p:J dtGe Ht-Cl2gelHt-CU2-49t [G 1 (1—p)1, different level schemes depicted in Fig. 4. Selection rules for
0 optical transitions imply that only in the first two cases, with
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m,—m,==*1 or m;=m,=3 does, a degenerate intermedi- y~I". The entanglement entropy of the two photons is still
ate level occur in the cascade, which is a requirement foroughly 80% for y<0.1I', provided that photons emitted
entanglement. Quantum dots {m)GaAs(Al)GaAs with a  from charged states of the dot can be eliminated. Otherwise
flat cylindrical shape haven,=3, m,=3 electron and hole it is roughly halved. The entanglement is rather insensitive to
ground states, while tall dots that are elongated along thgn energy splittingA of the (bright) exciton substates, as
symmetry axis haven,=m, =3 due to restricted orbital an- long asA<0.4l".

gular momentum. Therefore, both level schemes, Fig®. 4 application of an optical microcavity that is resonant with
and 4b), can be realized experimentally. the lower transition of the cascade leads to incredseshd

_ The polarization correlation and entanglement of formathereby enhances the entanglement of the emitted cascade
tion in the photon pair may be corrupted by the following photons. Misalignment of the cavity axis with respect to the
two effects; first here will be a minimal residual tunneling symmetry axis of the dot does not substantially decrease the

which can effectively flip the spin of the exciton. Secondly,

the Coulomb interaction gives rise to an exchange splitting
of the exciton multiplet in dots without perfect axial symme-
try, which causes different polarization states to dephase. The
residual tunneling rater may be obtained from the emission  This work is part of the research program of the “Stich-
statistics of pairs different from the cascade 1 followed by 2ting voor Fundamenteel Onderzoek der Materi@OM),

as given by Eq(13). The polarization correlation is found to which is financially supported by the “Nederlandse Organi-
be as much as 75% if<0.1I" and drops to about 20% if satie voor Wetenschappelijk OnderzoglN\WO).
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