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A turnstile electron-spin entangler in semiconductors
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We propose a single-electron doped quantum dot in a field-effect structure as an optically triggered

turnstile for spin-entangled electrons. A short laser pulse excites a charged exciton, whose quantum
properties are transferred through tunneling and relaxation to the spin entanglement between
electrons in the dot and contact. We identify the pertinent disentanglement mechanisms, and discuss
experimental detection and possible application schemes20@3 American Institute of Physics.
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Devices based on single quantum systems can provideole will tunnel out from the dot to the nearby contacts.
single quanta. This opens the possibility for the implementaHere, the system can follow two pathways: either the elec-
tion of schemes based on the fundamental laws of quanturtnon in the dot has spin-up and the one in the reservoir spin-
mechanics, for example, quantum cryptograpbryquantum  down orientation or vice versa. According to the laws of
computatior?® Within the field of semiconductors, it was quantum mechanics, the total state of the system thus be-
soon realized that quantum dd®Ds),* sometimes referred comes a superposition of these two configurations. As will be
to asartificial atoms are ideal candidates for such challeng-proven subsequentlyn this state, the electron spins are
ing future applications, in particular in view of their high maximally entangledThus, the proposed device is an opti-
compatibility with existing semiconductor technology. In- cally triggered turnstile for spin-entangled electrons, which
deed, in the seminal work of @ard and Gayralthe authors could be used in future quantum information applications to
proposed a single QD embedded in a microcavity as a viablestablish entanglement between spatially separated sites.
single-photon source; the applicability of this scheme was In a sense, our scheme is similar to the proposal of Ben-
demonstrated experimentally soon afiet. An important  son et al!® in which entangled photons are created in the
technological improvement is due to Yuatal® who re- cascade decay of a biexciton. However, in the system of our
placed the optical triggering with an electrical one. present concern, additional difficulties arise because the

A reversed approach was recently pursued by Zrenneitinnel-generated electron and hole do not propagate freely
et al,'® where the authors used a QD photodiode as an opti@s photons would in the corresponding schgnteit are
cally triggeredsingle-electronturnstile: a short laser pulse subject to interactions in the contact. The resulting scatter-
coherently excites an exciton in a QD embedded in a fieldings of the entangled particles hamper a straightforward in-
effect structure. If the structure is properly designed, sucfierpretation of the functionality of the proposed device and
that tunneling occurs on a much shorter timescale than radi&all for a careful theoretical analysis. It is the purpose of this
tive decay, the electron—hole excitation of the QD decaydetter to provide a comprehensible theory accounting for the
into a separated electron and hole within the contacts, whicRomplete cascade process(af the buildup of three-particle
is detected as the photocurrent. Within this scheme it thu§oherence through tunneling?) the swapping of quantum
becomes possibl transfer optical excitations in a deter-

ministic way to electrical currents (b) 3)
In this letter, we exploit this finding to propose a device H
that allows the optically triggered creation of a spin- */ ° \.
entangled electron pair. The proposed strucf&ig. 1(a)] is
identical to the one used by Zrenretral,'®'except that the ; |

dot is initially populated by a single surplus electron. This
can be achieved by applying an external bias voltage such
that an electron is transferred from a nearbtype reservoir

to the dot!?*3where further charging is prohibited because
of the Coulomb blockade. Optical excitation of this structure
then results in the excitation ofdarged excitorfa complex
consisting of two electrons and a single H81é%, appropri-

ate tuning of light polarization and frequency allows one to
selectively excite the charged-exciton ground state, where .
the two electrons have opposite spin orientations. Since

within the field-effect structure the charged exciton is not a (a)

stable configuration, in a consequent step, one electron and

FIG. 1. (a) Schematic band diagram of the proposed struct(beLevel
scheme of the spin-degenerate electron states],|) and the charged-
@E|ectronic address: ulrich.hohenester@uni-graz.at exciton statg3) in the dot.

I [

n-type

0003-6951/2003/83(1)/153/3/$20.00 153 © 2003 American Institute of Physics
Downloaded 01 Jul 2003 to 143.50.77.14. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp



154 Appl. Phys. Lett., Vol. 83, No. 1, 7 July 2003 C. Sifel and U. Hohenester

coherence to spin entanglement through dephasing and relageint is taken into account by tracing over the degrees of
ation in the reservoirs; an() the process of disentangle- freedom of the hole in the reservoir and neglecting terms
ment through spin-selective scatterings. Since the main entr,pd'd. Within this framework and assuming tunneling ma-
phasis of our work is on the identification of the basictrix elementd independent ok andk’, we can solve Eq2)
schemes underlying the buildup and decay of entanglementhrough anunraveling of the master equatifito obtairf*
we rely on a simplified description scheme of environment
iqteractions, which will allow us to derive analytic expres- P(t)zefm|3><3|+>\J'tdt’e*“'U(t,t’)
sions throughout. 0

Our model system compriseg=ig. 1(b)]: the spin-
degenerate electron ground state® and the charged-
exciton ground stat8) in the dot(with energiesE,, andEs,
respectively; the electron and hole states in the reservoir,

dgscribedhby the usual figld operat@ig, andd,, (energies density-of-states in the reservo(t,t’) the time evolution
€, and g,) with k labeling the quantum numbex€.g.,  gnerator in the reservoir, arld;)(W,| the density matrix

wave vector and band indgxand we have explicitly indi-  after tunneling. In the spirit of the quantum-jump appro#th,
cated the electron spin. The Hamiltonian of the system with;, Eq. (3), the first term can be interpreted as tenditional

X|\I}l><q,llu(t’!t)v (3)

with N=27(t|22,,f doedwnde(®e)In(@h) S(wet+ wpn+ E,
— Ej3) the total tunneling ratege ,(w) the electron and hole

out interactions Kio) thus reads density matrixfor no tunneling(which decays withe '),
whereas the second term is the conditional evolution after
Ho= >, E, /o) a|+E3|3)(3|+ >, €,cl,Co tunneling. The corresponding density matrix is obtained
7 ko from?® L;|3)(3|L/tr(-), whereL, is the Lindblad operator
- for tunneling and the denominator ensutesp=1, which
+§ € dy de . 1) gives
Since we are dealing with aopen systeni.e., system @e + —
interacting with its environmehtve have to adopt a density- |\Pl>oc§a: LF doCylw)]a). @

matrix description®!’ Let us assume that initially, the elec- _ _ o

tron spin direction is undetermined; that is, the correspondHere, eg is the Fermi energy of tha-type reservoirw, is a

ing density matrix is a mixture=1/23 |o)(o|. When at cutoff energy due to the kinematics of the tunneling process,
time t=0 the dot is subject to an unpolarized optical C.(®)=2Cy,8(®— €;,), ando a spin-orientation antipar-
m-pulsel® it will be excited to state 3. Hence, the initial allel to o. Eg.(4) is an important and nontrivial result. First,
density matrix ig3)(3| (although the proposed scheme would !t demonstrates that. despite the incoherent nature of tun.nel-
also work for charged-exciton occupancies less than 1, d&g and hole relaxation, the electron system can be described

discussed latgr in terms of wave functions; we note here in passing that the
For the system’s time evolution, we employ a master-detection of the hole would even allow us to purify this wave
equation framework of Lindblad fortf’ function? which might be of relevance when initiallyis not
equal to|3)(3|. Second, a closer inspection of E¢) reveals
o= —ilH _EE LiLp+pLTL)+ > LipL! that the spin parCﬂl)JrCﬂT) is a maximally entangled
p=~1lHopl=3 i (LikiptpLiLy e stateof the electrons in the dot and reservoir. We emphasize

(2)  that this maximal entanglement is independent of the spin

within which scatterings are described in the usual MarkovbaS'S’ which guarantees that our scheme is not deteriorated

and adiabatic approximations. In E@), thelL; are the Lind- by possible pqlarlzatlon anisotropies of the dot stafiee-
structure splittings

blad operators, which account for the different scatterin . . .
channepls g Dephasing and relaxatiorAfter tunneling, the system
) propagates in presence of scatterings, as described by

Tunneling For low temperatures and early times, we can gl .
safely neglect phonon processes and radiative decay in t%(t’t ) in Eq. (3). Quite gengrally, we assume Fhat the or-
ital degrees of the reservoir electron are subject to much

dot, and tunneling becomes the only relevant scattering cha tronger interaction channele hononisthan the spin
nel. Quite generally, the question as to whether combined" N9 9. P P

electron—hole tunneling dominates over separate tunneIingfgfneoss’eiinedvsﬁe:_c;: :é/ g;n:ggg chiﬁ?g::egjr f’ﬁ;{‘ rlngmes
(as we will assumedepends on the design of the structure. P :

In Ref. 11, the authors measured tunneling lifetimes betweeléon’ let us first consider an elastic electron scattering that

29 and 330 ps, where the exact value strongly depends on t QS \r/lgt der;end on spin, 'that 1S, Lmdblaq operators of the
internal electric field? alternatively, it might be advanta- form VI'2,Cy(w)Cy(w), with I' the scattering rate. Unrav-
geous to use type-Il QD'S,where the hole is only Coulomb ehng the corresponding _master equatlon_l_n an analqgous
bound and much shorter tunneling lifetimes could bef@shion to Eq.(S), we again recover a}tcondltlonal eV(_)Iut|on
achieved. However, such details are not crucial to our stud§or no scattering(that decays withe™"") and a remainder
and the only relevant assumptions af®: all tunneling pro- that describes the effects of scattering. Here, the density ma-
cesses are independent of spin @@dsince the hole enters Irix after scattering becom®s

with a high excess energy into the contact, it immediately "

suffers an inelastic scattering, which guarantees that tunnel- |y y(w,| > | “dwCl(w)[a)(o’|Cy (w). (5

ing is an irreversible process. In our calculations, the latter oo’ Jer
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In comparison to Eq(4), the density matrix of Eq(5) is  ment between spatially separated sites; there, it might be
diagonal inw; that is, the elastic scattering has led to a de-advantageous to replace timetype reservoir by quantum
struction of the phase coheren@e., dephasing However,  wires (for a natural realization of such combined dot-wire
the spin part still shows the same degree of entanglemenstructures see, e.g., Ref.)14~inally, in contrast to other
where similar conclusions would apply for inelastic but spin-proposal for spin entanglement in semiconductbrsur
independent scatteringhus, the decay of an optically ex- scheme allows the creation of spin-entangled electrons on
cited charged exciton indeed generates a robust spin erdemand(through optical triggering
tanglement between the electron in the dot and reservoir
DisentanglementWe finally comment on the process of
disentanglement. In fact, any scattering channel that coupl
with unequal strength to the spirisr affects only one spin
orientatior) is responsible for such entanglement decay. Na-
ively, one could expect that a preferential scattering of, forl'\;-o‘gi;i”, G. Ribordy, W. Tittel, and H. Zbinden, Rev. Mod. Phy4, 145
example, spin-up eleetrons in the reservoir would establish aé H. Bennett and D. P. DiVincenzo, Natufieondon) 404, 247 (2000.
stronger degree of spin-down population in the dot; howeverthe physics of Quantum Informatioedited by D. Bouwmeester, A. Ek-
this is not supported by our calculations, which show that ert, and A. ZeilingeSpringer, Berlin, 2000
any spin-selective scatteri??gforces the spinswith equa| 4D. Bimberg,_M. Grundmann, and N. Ledents@uantum Dot Hetero-
probability to one of the two orientations. Thus, to experi- sjfr:\’,lc_ugﬁz(r\év "E% ';?Vé;;rtl” ﬁ?i?éhmave TechndlZ, 2089(1999.
mentally detect spin entanglement in the proposed schemep. michler, A. Kiraz, C. Becher, W. V. Schoenfeld, P. M. Petroff, L. Zhang,
both electrons have to be monitored. This could be achievedE. Hu, and A.1mamoglu, Scien@0, 2282(2000.
by introducing a ferromagnetic contact at the interface of the (L:éttSEISnéoerlé(,;/IZ. (;’gg;’)”' G. Solomon, Y. Dale, and Y. Yamamoto, Phys. Rev.
n-doped region, which acts as a spin filter for the reservoirsg "yioreay, 1. Robert, L. Manin, V. Thierry-Mieg, J. M. @ed, and |.
electron. Transmission across the interface corresponds to abram, Phys. Rev. Let87, 183601(2001).
spin measurement that also determines the spin orientation °Z. Yuan, B. E. Kardynal, R. M. Stevenson, A. J. Shields, C. J. Lobo, K.
of the electron in the QD. The resulting stat8 could be g%%%er' N. S. Beattie, D. A. Ritchie, and M. Pepper, Scie2a§ 102
probed by a second, time-delayed optieapulse whose po- 195 zrenner, E. Beham, S. Stufler, F. Findeis, M. Bichler, and B. Abstreiter,
larization is chosen such that it selectively excites ¢he3 Nature(London) 418 612 (2002.
transition. Thus, the transmission into the ferromagnet is ac- E- Beham, A. Zrenner, F. Findeis, M. Bichler, and G. Abstreiter, Appl.
companied by the optical excitation of a second charged emzhﬁs'vbz:gﬁoisog(é%%];in b, Haft. E. Bickel. A. Lorke. K. Karrai. 3
citon in the dot(that consecutively is transferred to an elec- . Garcia, W. Schoenfeld, and P. M. Petroff, Nattendor) 405, 926
tric curren}. On the other hand, if the second optical pulse (2000.
arrives before disentanglement, the dot density matrix is é?F. Findeis, M. Baier, A. Zrenner, M. Bichler, G. Abstreiter, U. Hohenester,
mixture 1/ZU| U><U| and optical excitation occurs only with 142??45&:\:;'1‘2"3:'(’ Ezﬁ'mRnf;/th %<2alp:i)?1%8 (a%%]gnester and E. Molinari
a 50% probability, which results in a distinctly different phys. Rev. Lett84, 5648(2000. T ' ' '
noise characteristics of the photocurrent. 150, Benson, C. Santori, M. Pelton, and Y. Yamamoto, Phys. Rev. 84tt.
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