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Spin-photon dynamics of quantum dots in two-mode cavities
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A quantum dot interacting with two resonant cavity modes is described by a two-mode Jaynes-Cummings
model. Depending on the quantum dot energy level scheme, the interaction of a singly doped quantum dot with
a cavity photon generates entanglement of electron spin and cavity states or allows one to implewsent a
gate for spin and photon states. An undoped quantum dot in the same structure generates pairs of polarization
entangled photons from an initial photon product state. For realistic cavity loss rates, the fidelity of these
operations is of order 80%.
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I. INTRODUCTION eration which would allow one to transport a spin quantum
state over large distancé&sThe quantum state of the photon
The electron spin in quantum dot®D’s) is among the is encoded in the occupation amplitudes of the two cavity
most promising candidates for quantum information processmodes. Hence, the system discussed here provides a natural
ing in the solid staté:2 Optical selection rules make it pos- interface between spins and linear-optics quantum informa-
sible to control and measure spins in QD’s opticatfyFor  tion schemes$:!? For cavities with switchabl®-factors, the
pairs of QD’s embedded in a cavity, in the strong-couplingfidelity of all operations, 1€©(g/A)=1, is limited only by
limit cavity photons can mediate an effective exchange interoff-resonant transitions, wheggis the coupling constant for
action between electron spifé.The Faraday rotation of a the trion transition anad the hh-lh splitting. However, even
single photon interacting with an off-resonant QD has re-for lossy cavities without time-dependent control parameters,
cently been discussed for the implementation of Bennet'she fidelity is of order 80% for realistic cavity loss rates. We
guantum teleportation scheme and the generation of spirglso show thatiii ) an undoped QD efficiently generates pairs
photon entanglemeritBecause the coupling of cavity pho- of entangled photons from initial photon product states.
tons to an off-resonant QD is weak, such schemes require We consider a QD with an anisotropy axsletermined
long electron spin decoherence times, a high ca@ifiactor, by crystal or shape anisotropy which leads to a splittingf
and control of the cavityQ-factor on a picosecond time hh and Ih states at the point (Fig. 1). The ground state of a
scale. singly doped QD is determined by the spin of the excess
Recent progress in microcavity design has led to modelectron,a|1)+p|]). In the following, we evaluate the dy-
volumes close to the theoretical lingit/n)® andQ-factors of  namics of the QD-cavity system after injection of a photon in
order 5x 103, approaching the strong-coupling limit for QD State|s7) at t=0. For quantitative estimates, we consider
cavity-QED®° A QD coupled to one circularly polarized CdSe nanocrystals and adopt the model of Ref. 13 where the
cavity mode is described by the Jaynes-Cummings mbdel anisotropy is treated perturbatively in the quasicubic ap-
and is expected to show phenomena such as vacuum Rapioximation. The coupling constagtfor a photon with po-
oscillations. Here, we theoretically study the coherent dyarization vectore resonant with the htih)-trion transition is
namics of a QD coupled to two cavity modes 1 and 2 withdetermined by the interband matrix element of the momen-
different spatial distribution and polarizatigachematically (@)

shown in Fig. 1b) for orthogonal propagation directiopns 4'55‘”’2 © pr?np:c?gmg
The design of a cavity with small mode volume and two . 013 hh

degenerate, orthogonal modes with circular and linear polar- L2 4_ N

ization at the site of the QD is difficult, but possible in prin- 't_ Lo

ciple (see Sec. V beloy The aim of this paper is to show (© 4_

that such a system has interesting applications as interface o,*

between electron spins and photons because the second cav- oryz _?_

ity mode gives rise to intriguing effects. Most notably, pho- '*' 4_

ton transfer between the cavity modes via an intermediate

trion state is controlled by the spin state of the QD, opening g 1. (5 Characteristic level scheme of, e.g., a CdSe
a wide range of possible applications. We show ifiafor . 3nocrystal. The crystal anisotropy leads to a splittingpf hh
cavity modes in resonance with the heavy hdié)-trion (|;1=3/2) and Ih(|j]=1/2) states(b) Schematic representation of
transition, entanglement of the electron spin and the cavityhe cavity-QD system. The circularly polarized mdeé) propagat-
modes, i.e., the photopropagation directionis generated. ing along direction i(aligned with the QD anisotropy ax& and
(i) For cavity modes in resonance with the light hole the linearly polarized modgy,) propagating along 2 are resonant
(Ih)-trion transition, the strong-coupling dynamics can bewith the hh-trion transition(c) The trion state can decay by emis-
used to implement awaAp of spin and photon states, an op- sion of a photon into stater;) or |y,).
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tum operatore-p, and the overlap integral of theSl and o

=08
1S;)5 (1S;,) electron and htilh) wave functions. In addition Eos
to the strong-coupling criterion that/# be large compared g 04
to the QD spontaneous emission rate and the cavity loss rate, =~ %2/

we also assume that/# is large compared to the hole spin
relaxation rate.

In the following, we show that systems such as the one 1.
shown in Fig. 1b) allow one to generate entanglement be- 01

: : g W 0.96
tween an electron spin and the cavity st@ec. ll), to imple- s

ment a spin-photorswap gate (Sec. Ill), and to efficiently 0.9 . L lgee
generate pairs of polarization-entangled phot@ec. I\). In 0.7 0.8 0.9 1.I 111213 0. 01 02 oés 04 05
Sec. V, we discuss how a microcavity with the mode struc- 99,

ture shown in Fig. (b) can be engineered and illustrate that FIG. 2. (a) Time evolution of|\¥(0))=|7 ; o}). The probabilities
the implementation of the schemes discussed in Secs. II-1Y,. 2 . 2 (el - 2
is feasri)ble for microcavities witlQ-factors exceeding 10 %T'UH\P(U)' (dashegl (1;yo| (D) (solid), and (X 0¥ (D)

9 (dotted are shown as a function of timé) Probability for photon
detection outside the cavity in direction(8olid) and 1 (dashed
obtained from numerical integration of E@6) for «;=0.29/%,
ko=0l#, and p(0)=|1;07)(1;a;|. (c) Fidelity of spin-photon en-
. . . tanglement generation fay, # g,. (d) Fidelity of spin-photon en-

The 'Interactlon. of a QD, with a hh vqlence bgnd groundtanglement generation as a function of QD misalignment.
state[Fig. 1(@)] with the circularly polarized cavity mode

propagating along 1o7), and the linearly polarized cavity L

mode with polarization vecta, propagating along 2y,), is [W(1)) = a[coS(EY2h)|1; 07) = SIMP(EV2A)[T;y2)
described by a two-mode Jaynes-Cummings model. A pho- — (iIN2)sinEYRIX- 0V + 8| - o 3
ton injected into|o;) att=0 induces transitions frorf) to (N2)Sin(EIR)X01+ AL o), @

the trion statéX")=¢!¢'h_|G), where|G) is the ground state  whereE=2g [Fig. 2(a)]. At timest,=(2n+1)h/8g, n inte-

of the QD without excess charge aggd (h.) the electron ger,

annihilation operator for theS, conduction band level with

s,=+1/2 (the 1S;, hh level withj,=+3/2). The trion state a0+ By — [Pt)=—all;y + BlL;07). (4)

|X~) has two possible decay paths via emission of a photon in

state o) or |y, [Fig. 1(c)]. In both cases, the QD spin This demonstrates that, similarly to atom-photon
remains unaltered by the cycle of photon absorption and sulentanglement>-17 spin-photon entangled states of the form
sequent emission because spin-flip transitions involving thef Eq. (4) can be obtained in QD cavity-QED. Alternative
Ih component are dipole forbidden within the model of Ref.schemes for the generation of spin-photon entanglement
13. The interaction of QD and cavity modes is have been discussed in Refs. 7 and 18.

According to Eq.(3), the spin-photon entangled state pe-
riodically evolves back into the original product state. In
order to maintain the stateVo=-a|1;y,)+p||;07) the
photon must be extracted from the cavity. In principle, this is
whered, (&) is the photon annihilation operator for mode possible by a sudden increase of the cavity loss rate. at
lo1) (ly2) andg, (g,) the corresponding coupling constant. However, cavity loss without time-dependent control is also
The free HamiltonianH,= 8(afa, +aJa,) is determined by Sufficientto generatpl,) with afidelitX approaching unity if
the detunings between the photon frequenayand the trion  the photon loss rates, , for modes|o7) and|y,) fulfill
transition energy.

While || ;o7}) is an energy eigenstate because of Pauli k1 < gl = Ks. 5)
blocking, the QD staté() is coupled to both cavity modes.

The time evolution governed biy=H,+H, leads to transi-
tions from an initial staté( ;o7) to |1 ;y,) via the trion state
|X™;0), where|0) is the photon vacuum. Because the dynam
ics are controlled by the QD spin, photon absorption an
re-emission leads to entanglement of the electron spi
and the photon cavity mode. This effect is maximal for
0,=0,=g and 6=0, wheré?*

II. SPIN-PHOTON ENTANGLEMENT

H, = g,(3&8Th. + H.c) + g[a@Th + &Th,) + H.c], (D)

In this regime, a photon in statg,) leaves the cavity before

it is scattered back int@r;), thus terminating the time evo-
ution in Fig. 2a) on average after one half-period. The con-
ition k, <g/% ensures at least one oscillation be completed.
or a quantitative estimate, we integrate the master equation
or the density matrix of the QD-cavity system,

p(t) == (i)[H.p(] + Lip, (6)
H=g[X";0)((T ;07| +(1:y2]) + H.c. @ \where cavity loss fronio?) andly,) into free modes propa-
gating along directions 1 and 2, respectively, is described by
The initial statg¥(0))=a|1;07)+8] ] ; o7) evolves to the standard Liouville operator,
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Lp=- X J@ap+pala-2aa). (@)

i=1,2
The overall fidelity F for generation of a spin-photon en-
tangled state as in E@4) is determined by the dynamics of
p(0)=|1;07XT; 07|, where photon loss from mode 2 corre-
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sponds to successful photon transfer from 1 to 2. The prob- gg. 3. (a) Absorption process involving Ih valence band states.

ability for photon loss along 1 and 2 as a function of time ca
be obtained from numerical integration of E) [shown in
Fig. 2b) for k;=0.29/% and k,=g/%]. Fort— o, the prob-

N(b) The Ih-trion statgX;) can decay by emission of a photon into

mode|oy) or |z). The requirement thdtr;) and|z,) are the only
resonant modes ensures that photon emission|zgtds accompa-

ability p, for photon loss into a mode propagating along 2 isnied by a spin flip.

calculated from the Fourier-Laplace transform of &),

4K2(g/ﬁ)2
(k1 + k) [MHQI)? + Ky05]

8

For the parameters in Fig.(d, p,=79%. If the photons
propagate freely outside the cavity, the entanglement of th
QD spin and the photon propagation direction is preserve
even after photons are ejected from the cavity. In the regim
of Eq. (5), the fidelity /=p, for generating spin-photon en-
tanglement approaches unity.

In the ideal casep,=100%, a(maximally entanglex

p2= Kzf dt(T;y2lp(D)|1;y2) =
0

6=(g, which demonstrates the pivotal importance of resonant
modes. Misalignment of the QD relative to the photon propa-
gation directions modifies the optical selection rules. For
definiteness, consider a nanocrystal with an anisotropy axis
rotated by#@ in the plane of the cavity. Fat# 0, the coupling
energy of|o;) and transitions from thg,= +3/2 hhstates is
(1+cosfh)/2. The dynamics of the system remain periodic
or #+0 and F=[2(1+cosh)/(3+cog #)]°=1-¢*/8 for

90, ie. the fidelity decreases slowly far=0.5 [Fig.

2(d)]. Transitions involving Ih states are suppressed relative
to hh processes by the small factptA.

Bell state is obtained for an electron spin prepared in

(I1y+[1»)/y2, which evolves according to(|1;c})
+H Lo IN2— (| 15y +] L ;03212 We next quantify

I1l. SPIN-PHOTON swaprP

We show next that, for a QD with a |h valence band

the entanglement of the final state for a lossy cavity. Asmaximum, the interaction with two cavity modes allows one
long as the photons are not detected outside the cavity artd implement aswap gate of spin and photon stat&sWe
loss in the propagating modes is negligible, the initial stateconsider a cavity with the geometry shown in Figb)l for

evolves into a pure staté;?-??for which the entanglement

which the circularly polarized modgr;) and the linearly

E is given by the von Neumann entropy of the reducedpolarized modéz,) are in resonance with the Ih-trion transi-
density matrix®?* The entanglement can be expressedion while |y,) is off-resonant. Whilg/ 1 ;o7) is an energy

in terms of p, in Eq. (8). Defining \,=(1+\1-p,)/2,
E(py)=—2,-:\, 100, \,. Of particular interest are the limit-
ing cases of large and smath, where lim, ;-E(py)=1
—(1-pp)/4In2+0((1-py)?) and lim,,_o+E(po)=(1+In4
-In p,)p,/4 In 2+0(p3), respectively. We illustrate the quali-
tative dependence oE on «, for fixed x;<<g/h. For
g/t < k,<4(g/%)?/ ky, loss along direction 2 is dominant for
the spin staté(), such thap,=1 [Fig. 2b) and Eq.(8)] and

E is of order unity. By contrast, for large cavity loss
Ky =4(g/h)? k1, Po=4(g/h)?/ kik, approaches zero be-
cause the large linewidth ¢§,) renders photon transfer be-
tween the cavity modes inefficient. The entanglentemte-
creases to zero because the photon leaves the cavity alo
direction 1 irrespective of the spin state on the QD.

eigenstate because of Pauli blocking, the stater;) exhib-
its dynamics similar to Eq(2). Photon absorption induces
transitions to the Ih-trion stat;)=¢!e'l_|G), wherel, an-
nihilates an electron in the |h state wih=+1/2 [Fig. 3@)].
Because bothio;) and|z,) are resonant with the trion tran-
sition, |X;") has two different decay channgig. 3b)]. Op-
tical selection rules imply that, by emission of a photon in
state|oy), the QD returns to its original spin statg) while
emission into mod¢z,) leaves the QD inT). Hence, transfer
of a photon fromjo7) to |z,) is accompanied by a spin flip on
the QD, which is described by the Hamiltontan

ng  H=0X500(0ll - gX 0Nzl + He  (9)

with coupling constantg; ,. The dynamics of an initial state

Generation of spin-photon entanglement requires fineg)= 4|1 o)+ B8] ;0}) are readily evaluated. In particular,

tuning of the cavity design to ensurg =g, (Ref. 25

for g;=9,=0,%” we find that at time,=h(2n+1)/8g,

and alignment of the nanocrystal. We next quantify errors

for g, #d,, finite detuning5#0, QD misalignment, and
transitions involving |h states. In the ideal case, an initial
state|1;07) evolves to|71;y,) with 100% fidelity, while
F=max|(T;y,lexp—iHt/A)|T;0)|*> quantifies the fidelity
for nonideal situations. Fog, #g, F=1-[(g2-g3)/(g?
+g3)]?, which remains close to unity fojlg,—g,|/|g;+0y|
=<1/2 [Fig. 2c)]. A finite detuningé of the cavity modes
relative to the hh-trion transition leads f6=1-0(5/g)? for

alt o+ Bl o0 — [W(t)) =l T;07) + B1:2), (10)

i.e., the QD spin state is swapped onto the photon state en-
coded in the amplitudes of modes 1 and 2, respectively. This
SWAP gate is based on optical selection rules which enforce
that photon transfer between the modes is accompanied by a
spin flip on the QD. In contrast to schemes such as in Ref. 7,
no additional spin measurements are required. The reverse
process of Eqg(10), in which the photon state|oy)+8|z,) is
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(a) (b)
o_

mode 1 S04

QD z >o3f

RTRY? v TR IS P12

+

|y =(loD)| o) +|o7)|o3)) ® |GY/ V2. |¥) represents compo-
nents with zero photons in one of the modes. Figure 4
shows the projection ont,) (solid line) and|®,) (dashed
line) as a function of time. As expected, fos h/g the tran-

madey goiF T sition to the polarization entangled stéfe,) is dominant. At
0. 05 1. 15 2. 25 3. = i . ile i -
- - i t,=hn/4u.g, the |®,) component vanishes. While instanta

neous reduction of the cavit-factor att, would allow one
FIG. 4. (a) Setup for the generation of photon entanglement byto extractV.) from _the CaV'tY with a fidelity limited only by

. . . —SAUAl - off-resonant transitions, cavity loss rates,=g/# are also
strong-coupling dynamicgb) Projection of| ¥ (t))=e 1"|o7)|07) Hicient to terminate th h t dvnamics in Fit4
®|G) onto the Bell stateg¥,) (solid line) and|®,) (dashed ling sufficient to terminate the coherent dynamics in Fig):

Hence, an undoped QD strongly coupled to several modes of

transferred onto a QD prepared in an initial stdtecan also ~ a lossy cavity acts as efficient entangler of photon pairs.
be realized by time evolution under E@). Then, a1 ;o7)
+p1:2)—a|T;07)+p6||;07). Photon states of the form
a|O-I>+B|ZZ>1 in which one photon propagates in Spa’ua"y V. DISCUSSION OF EXPERIMENTAL PARAMETERS
separated modes, serve as logical basis for linear optics While our calculations in Secs. ll-IV show that a QD

quantum computing? The swap operation in Eq(10) pro- . . . . : _ .
vides a natural interface between such coherent photon stat'ﬁ:steracung with two cavity modes has interesting applica

and spins. A photon ejected from the cavity can be converte ons as interface between spin and photon quantum states,

into the standard logical basigz;)+ 8|z, by linear optical e system is difficult to implement ex_perimentally. quities
elements. based on Bragg reflectors can sustain degenerate circularly

Implementation of the spin-photawap gate with unity and_linearly polarized modes, but mo_de vo_Iumes of oider
fidelity requires the interaction between photons and QD bé'e impossible to reach because of diffraction. We show next
terminated at,. For cavity loss rates which fulfill Eq5), no  how the two-mode Jaynes-Cummings Hamiltonian in @g.
time-dependent control of the cavity parameters is requirediFig. 1(b)] can in principle be implemented with optical mi-
because cavity loss from mode 2 is sufficient to terminate therocavities, where small mode volumes can be achieved. Be-
dynamics. The fidelityF=p, derived in Eq.(8) approaches cause the coupling constants in E2) are determined by the
unity. For k;=0.29/% and k,=g/#%, F=79%. electric fields at the site of the QD only, it is sufficient that

the moddo7) is circularly polarizedocally, at the site of the

IV. GENERATION OF ENTANGLED PHOTON PAIRS QD. For definiteness, we focus on the defect modes in a

Similarly to an atom coupled to two cavity mod&san triangular photonic crystal, with a central hafthe defect
undopedQD with symmetry axisz at 45° relative to the with radiusry and dielectric constangg which is different
propagation directions of modes 1 andFlg. 4@)] acts as  from that of all other holes in the triangular lattice. The de-
entangler for photon pairs. We consider a QD with the levefect modes with electric field in the cavity plag&M) and
scheme in Fig. @ and assume that the four photon statesperpendicular to the cavity plai@E) have been analyzed in
lo7 ,) are resonant with the lowesghh) exciton transition.  detail for some specific realizations of the background and
Absorption of photons from mode 1 and re-emission into 2hgle mediunt®-31The defect mode energies are proportional
generazes E)olariza.tion ent_angled pairs fro+m an initial producf, rd/V’:d and can be tuned across the optical band gap by
state|o7)|oy). The interaction strength dé7 ;) and the ex- varying ry and e 29-32
citon stategX.,)=¢Lh.|G) is parametrized by the coupling  The following steps allow one to experimentally imple-
constantsg(1+1/v2)/2. Because transitions frofe; ,) o ment the two-mode Jaynes-Cummings model in @& (i)

IX;) are dominant, for short times<h/g an initial state  Chooseey andry such that a doubly degenerate TE mode
prepared by injecting a photon pair;)|o;) into the cavity  (e.g., theE; or E, modé®) is degenerate with one TM mode.
evolves predominantly according to the sequefi€g|o;)  For a triangular photonic crystal with hexagonal holes, the
®|G)— (o) @ [X-) + o) ® X)) /N2— (JoD]oz)+]oD]03)  coexistence of degenerate TE and TM defect modes has re-
®[G)/\2. cently been demonstratéld We refer to the modes of the

Rigorously, all allowed transitions must be taken into TE-doublet agTE;;,) and to the TM mode affM). |TE;)
account, ﬁ:gzaﬁ:i;i:l,zua-ﬂéi,a|XB><G|+H-C'r where and|‘|_'E2> are related by ar/2 rota’;ion.30 (ii) Identify the set
u,=(1£1/\2)/2 and, annihilates a photon in state?).  Of points{P}={(x,y)|Ejre,,=Erw)} in the cavity plane where
Becausay is small compared to the biexciton shift, biexciton the electric field amplitude& g, and Ery, of [TE;) and
states can be neglected. Integrating the Schrodinger equatidiM) are equal. The pointd} typically form a set of several

we obtain lines. For every point in{P}, |a{>=(|TE1>+i|TM>)/v’§ lo-
1 - cog2u,gt/A)cog2u_gt/h cally generates an electric field with circular polarization.
iy = - L~ C0%2u.0UA)COS2u.gUR) (iii) In {P}, identify a point(xap. yoo) Where the electric field
2\2 amplitudejre,, of [TE,) lies within 30% ofEjre, /2.3 For

sin(2u,gt/%)sin(2u_gt/#) ~ a QD at(xgp,Yop) With anisotropy axis oriented perpendicu-
B 22 [P+ W) (1D lar to the electric field of TM) in the cavity plane, the QD-
cavity interaction is described by the Hamiltonian Eg)
with the Bell statedW,)=(|o})|o5)+|07)|oh) ®|G)/\2 and  with |g,/g,—1|=0.3, which guarantees a theoretical fidelity
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of at least 90%Fig. 2(c)]. Note that high cavityQ-factors Ex=1.93 eV (Refs. 13 and 3pwhile the trion transition is
are maintained for a wide range gf andr4.2%-31 redshifted by 0.5 meV. The hh-lh splitting of a spherical
Additional requirements for the dynamics discussed inQD, A=20 meV, is large compared to the coupling constant
Secs. Il and Il include a cavity loss raig large compared g. For a mode voluméh/n)3, with n the refractive index of
to «; and the injection of a single photon inte;). Because the cavity, the electric field amplitude of the cavity modes is
ITE,) is predominantly localized along one direction of the of orderE= y2E,n/ ,A3=5% 10°Vn V/m. With the Kane in-
photonic crystaf® the corresponding cavity loss rakg can  terband matrix eIemem{Sf)y|Y>,36 g=(eE/mw)|<Sf)y|Y>|
be increased by reducing the size of the photonic crystal in-0 2 meV. Strong-coupling phenomena requigeto be
this direction, i.e., by removing holes at the outside. Whilejgrge compared to both the spontaneous QD emission rate
this changes the energies of all three mod@&,; ) and  and the cavity loss rates; ,. PL linewidths of 0.12 me¥ g
[TM), the energy shifts are negligible for cavities with large have been observed for individual CdSe nanocrystakor
Q-factors. Injection of a single photon into mofig}) can be  cavity Q-factors of order 1) k=w/Q=g/h. In addition, the
achieved by irradiation of the microcavity with a single- hhenomena discussed here require a hole spin relaxation
photon source. For TE defect modes in small cubic photonigime |ong compared td/g=20 ps. Recent PL studies of
crystals, the injection efficiency was calculated to be of ordeicgse QD’s suggest that hole spin relaxation times are of
50%3° Photon injection into|o7)=(ITE)+i[TM))/\2 s order 10 ns® These values show that the strong-coupling
more complicated because coupling efficiencies can be difdynamics discussed above is within experimental reach for
ferent for TE and TM modes and depend on the direction oCdSe nanocrystals in a microcavity. The main challenge is to
incidence relative to the photonic crystal. One can overcomeesign microcavities with two modes with different polariza-
this problem by determining the directions for which thetion, spatial distribution, and loss rates which are strongly
coupling efficiencies fofTE;) and|TM) are comparable, us- coupled to a QD. As shown here, this system would allow
ing numerical techniques similar to those in Ref. 35. Alter-one to generate spin-photon entanglement, implement a spin-
natively, a source of elliptically polarized photons can bephotonswap gate, and create polarization entangled photon
used, where the TE and TM field amplitudes compensate thetates.
difference in coupling efficiencies. We also note that a high
photon injection efficiency is not required as long as unsuc- ACKNOWLEDGMENTS
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