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We describe theoretically the resonant optical excitation of a trion with circularly polarized light and discuss
how this trion permits the readout of a single electron spin through a recycling transition. Optical pumping
through a combination of circularly polarized optieabulses with permanent ar-pulsed transverse magnetic
fields suggests feasible protocols for spin initialization.
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An electron spinES) in a single quantum ddQD) could tively. Importantly, the selection rules allow the repetition of
be used as a solid-state qubit if certain requirements arthis cycle many times without losing the ES state.
met!~3 For example, it must be possible to coherently ma- As a result the polarization of emitted light allows us, in
nipulate single and entangled spins in a time much less thaprinciple, to measure the ES projection through this recy-
the spin coherence time and to read out the state of the singfing transition. However, the ES and the trion sgiFS)
ES during the spin-relaxation time. It has been suggéstedelaxation will limit the measurement time of the photolumi-
that electronic gates could be used to accomplish these tasR§ScencePL) with the given polarization. It is obvious that
in semiconductor materials, and great effort is being exerte@n€ would want to collect as many photons as possible from

currently to demonstrate the needed quantum tools in nané Single QD before the ES relaxes. Even under resonant ex-

structured systems. One of the most difficult of these require(-:itation condition, the rate of emitted photons cannot exceed
~1, where 7, is the trion radiative decay time. At first

ments in a fully electronic implementation is the measure-"r S e o )
ment of the state of a single spin. glance this limits significantly the possibility of optical mea-

An optical based computation scheme is of special inter-SurementS of the spin state in a single QD because the spin-

est because of the speed at which operations could be carrié%lla).(atlon. time does not exceed100r; even in very opti-
mistic estimates.

out _using ultrafast laser technqlogy. Similar techniques have ES relaxation at low temperatures is mainly caused by its
achieved remarkable success in the measurement and Comrr?{eraction with nuclei. In a zero external magnetic field the

of the hyperfine stat_es of individual ions in magne;ic trapsg g precesses in the hyperfine fiej,, of the frozen con-
for quantum computind.Over the last decade, materials de- figuration of nuclear spins interacting with the localized elec-

velopment based on atomiq layer growth, doping, apd ga}tingron with frequency = ugg.By /7,8 Whereus is the Bohr
techniques have led to semiconductor QD systems in which gy4gneton, ang, is the electrorg factor. By has an arbitrary
single electron can be injected into a QD, and most imporgjrection and its component perpendicular to #hexis of the
tantly, there have recently been a number of demonstratior@D leads to ES relaxatichCalculation shows that the ES

in which a single QD with a single ES has been probedre|axation time is on the order of 1-10 ns, depending on
optically’ Furthermore, several groups have demonstrateghe QD sizé® This is usually longer than the radiative decay
optical Rabi oscillations in a single QDIn this Rapid Com-  time of the trion'® In contrast, the trion should not interact
munication we demonstrate theoretically that the resonamdtrongly with the nuclear spin because its electrons are in a
optical excitation of the spin to an intermediate trion statesinglet state and a hole has negligible hyperfine interaction.
can lead both to readout and initialization capability in spiteThe HS relaxation in the trion state is a two-phonon assisted
of random hyperfine fields of nuclei acting on the ES.

We consider singly charged QD's in which the lateral di- (a) (b) T h
mensions are much larger than the height—which serves as [+3/2> Trion  Trion [+3/2> k§ [-3/2>
the quantization axig for the electron and hole spifHS) — — -

projections’ The ground electron and hole states in these

QD’s are degenerate with respect to their spin projection

+1/2 (denoted a$]) and||)) and = 3/2 (denoted a$f) and R) |7 T
[11)), respectively. The optical excitation of the charged dots

leads to the formation of a trion that consists of two electrons )

sitting at the same quantum level and a higlee Fig. 1. The e

[TLM) (JT14)) ground state of a trion created oy (o) I+1/2>Rgﬂ 172>
polarized light from the1) (|])) electron statecan decay N
spontaneously only into the same initial electron statee FIG. 1. Schematic presentation @ the trion created byr*

Fig. 1). This decay process is accompanied by emission Opolarized light in singly charged QD’¢b) coherent and spontane-
circularly polarized light in whicho™ or o~ polarization is  ous optical transitions and spin-relaxation processes that control the
uniquely determined by thig') or || ) ES projection, respec- spin dynamics in the singly charged QD.

> c:|+<_:>
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process! The probability of such processes is proportional
to the phonon concentration, which decreases exponentiall  0.06
with temperature. As a result the TS relaxation timi‘e(as I
well as the ES timer$ connected with phonon assisted tran- g
sitions can be much longer than the ES relaxation time by® 0.02
nuclear interactions at low temperatures, and it is the latter
that should limit our ability to measure the ES orientation.
We will show, however, that ES relaxation in a nuclear field
is suppressed by light in the strong coupling regime, and as¢ 0.3
result the ES state in a single QD can be measured optically
Intense resonant light drives the transitions between the ¢
electron and trion states. The frequency of these populatior 04
oscillations is given by the Rabi frequencf2 ) at resonant 0.0 i
excitation,Q)g=2dE/#%, whered is the dipole moment of the “h . L . L . 1

0.04

/2

0.00

o 02 I

optical transition andk is the electric-field amplitude. Under 1.0 0 4, 20 40 60
strong excitation conditions wheflg> ) the ES cannot ' ” c
significantly change its direction because the spin precessiol i Qpr, =10

is interrupted by the light-stimulated excitation of the elec- 05| M[\/\M«_ —_—

tron into the trion state. The spin precession is interrupted &
periodically at the Rabi frequency, and at high excitation &
intensity the spin can change its projection by only a very oot F| 000 o eiimemeee
small value Q/Qg)%<1, a type of “line narrowing.*? As 000 Fpsiio sy o . .
a result spin relaxation arising from the hyperfine field is 02 48 20 40 60
suppressed. i
The spontaneous decay of the trion is the incoherent pro- d
cess that destroys the synchronization of the ES motion with £, 2. Time dependence of tHé | 1) trion state population,
electromagnetic excitation and leads finally to ES relaxatiorpglz, for three excitation intensities fd2y7,=0.1. The solid and
in the strong excitation regime. A strong, polarized laser fieltashed lines are calculated for the) and || ) initial ES states,
splits the electront 1/2 spin states because of Rabi splitting. respectively.
This reduces the admixture of the1/2 spin state to the
+1/2 spin state, which is proportional now to the small valuetions have opposite phase for the two opposite initial condi-
Qn/Qg. As aresult the rate of spontaneous trion decay intdions of the ES. At intermediate excitation intensigr,
the electron— 1/2 spin state that describes the ES relaxatior=1 [see Fig. 2)] the precession oscillations are suppressed
can be obtained in second-order perturbation theory: and theo™ polarized PL from the QD when the electron
initially has +1/2 spin is more intense then if the electron
1 1/0\? has —1/2 spin. When the optical excitation is further in-
T A l0g) creased Fig. 2(c)], Rabi oscillations appear at short times
and the difference in PL intensity for the two cases remains
The time of ES relaxationT; under strong excitation, much longer. The difference in the PL intensity for the two
Qn/Qgr<1, is much longer tham, . Thus, the optical recy- cases allows us to measure the ES polarization with high
cling transition provides more PL photons before relaxatioraccuracy in the case of strong optical excitatjsee Fig.
occurs. 2(c)]. The technically challenging problem to distinguish
We explore this problem using the density-matrix ap-emission from the scattering light in this scheme can be re-
proach for the four-level system of Fig(k). Polarizedo™  solved, for example, by using their difference in spectral and
light with frequencyw connects only the electron 1/2 spin  angular distributions.
state with the trion+3/2 spin state. ES relaxation arising It is important to note that eventually the density matrix
from the hyperfine field leads to transitions between the ESelaxes to the stationary state, which does not depend on the
states. We include now the HS relaxation, which leads tanitial condition. That is why only the transient part of the PL
transitions between the TS states. polarization, measured & TS, provides information on the
Figure 2 shows the time dependence of the diagonal COMeS polarization. At longer timesptical pumpingof the ES
ponent of the density matriRs, describing the population pecomes important. This suggests using intense circularly
of the + 3/2 trion statePs, characterizes the intensity of the polarized light for opticalinitialization of the ES's in the
o polarized PL because the rate of #é polarized photon QD’s.
emission~ P,/ 7, . The calculations were done for the two  The standard optical pumping of ES’s demonstrated in
initial ES orientations ¢,= =1/2) for zero detuninges,  atoms almost 50 years agds based on the depletion of one
—e1,—hw=0. One can see that at low excitation intensity of the ground-state sublevels and accumulation in the other
[see Fig. 2a)] the population of the trion state, excited  spin sublevel. Unfortunately, this optical pumping scheme
by o* polarized light oscillates with the frequency of the ES does not normally work in our QD’sbecause the excited
precession in the hyperfine field of the nuclei. The oscilla-trion decays only into the same initial stdsee Fig. 1a)].
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T:/Tr . . state. The electron in this QD can be transferred to|the
' 4x10 8x10 (I1)) spin state by the short magnetic pulse which at the

15 same time would not affect the trion state, if it was formed.
M As a result ;OO% polarized eleptrons can'be prepared in the
! [T) (]1)) spin state after the trion relaxation to the ground

state of the QD. For realization of this protocol the duration
of the magneticr pulse should be shorter than the lifetime of
the trionl® Creation of short magnetic pulses is a difficult
technical problem that perhaps can be solved, for example,
using electric-field variation of the electrgfactor in a per-
manent magnetic fieltP1®

Alternatively, the combined effect af-optical pulses and
permanentransverse magnetic field allows one to initialize
an ES into a state with a well-defined phase. The permanent

M s s A" magnetic fieldB lying in the QW plane leads to the preces-
50 100 150 200 250 300  gjon of the ES with Larmor frequendy = uggcB/%. How-

Qgt, ever, the phase of its precession is not defined. The phase of

FIG. 3. Dependence of the steady-state degree of ES polarizéhe_ ES precession can be. f|xed. by applying synchronized
tion on Qr (proportional to the laser field amplitudéor different ~ Periodic opticalm pulses with periodr,=2mn/(l,, where
HS relaxation rates, 2] . Inset, dependence of the single spin mea-"= 1,2,....Such an experimental setup was used already

surement error on the HS relaxation rate §gr, = 10. for nonresonant excitation of QW’_%. . .
To describe this process quantitatively, let us consider the

ES and HS relaxations allow us to overcome this restric_dynamlcs of the electron and TS polarization during the time

tion. Figure 3 shows the degree of ES polarizawﬂ(l?l/g ;?in&éeaht;vrgtsgtﬁ? (Ellacilg,ry _?éli rlrne\iceg:sé%rtggén_

— P_12)/(Py;+ P_y;) calculated as a function of excitation tation, the evolution ofpthe ES polarizati@is described by

intensity in steady statet-{~«), whereP ., are the popu-

lations of the electron states. At times T¢ the intenser ™

polarized light keeps the electron in one of itsl/2 spin ds QXS S N J(t) 9

states independent of the initial ES orientation. In the case gt [eXSIm— 7 2 @

whenTg< 72 one can completely neglect the HS relaxation

processes. The steady-state solutions of the density matrx,

equations show that under strong excitation conditidhg, ES relaxation time, which is much longer tham/2},, in an

>TV_1>QN’ an electron |s pract'ical!y'always in t.hellz external magnetic fiel> By, .12 J(t)=J(ty)exp(— yAt) is

spin state and the probability to find it in thel/2 spin staté  {he time dependence of 1/3 of the average spin projection of

is proportional to ¢;Qr) 2<1. In the opposite limiing the trion hole on the axis after the opticair pulse, where

case, Tg> 72, as a result of the HS flip processes, the eIec-At:t_tN and y= 1/Tr+1/7'h- Equation(2) can be solved

tron is finally trgnsferred to _the optica_llly passivel/2 state  for the complex spin compsonenfs=5yi iS, representing

similar to that in the pumping experiment of Ref. 13. The station of the spin around the magnetic field, which is taken

probability to find an electron in the-1/2 spin state is  ong thex axis.

~ 7/ Te<1, The important characteristic of the ES precession that de-
AsS one can see in F|g 3, a h|gh degl’ee Of ES polarizatio@;cribes ES polarization a|ong the axis is Sz(t)

can be achieved using a very intense polarized light source; Im[S..(t)]. At the time when the trion recombines to the

such thatQg7,>1. However, optical pumping of ES can ground one-electron stateA{>r,), S,(t)=0.5Pyx(t)
also be achieved using a remarkable property of our QD'S_p__ (t)], and can be written

the trion state is not affected by a magnetic field lying in the
guantum wall(QW) plane in a first approximation. This al-
lows one to use a combination ef-optical pulses and a Sz(t)zR%
transverse magnetic field for spin initialization in QD’s.

The transverse magnetic field does not affect the singlet
trion, consisting of two electrons in a singlet state and avherew=Q.+i/7¢ and 5—0. The initial values of the ES
heavy hole, because the) and||l) heavy-hole states have and TS polarizations in Eq3) after theo™ polarized =
zero g factor in the plane of the quantum wéfiA simple  pulse are connected with the density-matrix elements before
protocol leading to ES orientation is a sequential action othis pulse: S,(ty+ 6)=—0.5P_1(ty— ) and J(ty+ )
optical and magnetier pulses. The first™ (o) polarized =0.5P,,(ty— 6). These values are expressed through the
optical 7 pulse creates thig | T1) (|1/1)) singlet trion state ES polarization Py,(ty—38)=0.52S,(ty—8)+1] and
if the QD contains an electron in tHé) (||)) spin state. P _y(ty—8)=0.51—-2S,(ty— 8)]. SubstitutingS,(ty+ J)
According to the selection rules, this optical pulse does noandJ(ty+ 8) into Eq.(3) one can obtain the recursive rela-
affect the QD if the electron is in the opposjtg (1)) spin  tion for S,(ty.1— 6) andS,(ty— 9):

error (%)

Ts

ereg, is the unit vector along theaxis, QL e,, 75 is the

J(ty+5)
m(y+io)

iwAt

S,(ty+6)+ , 3)

201305-3



RAPID COMMUNICATIONS

SHABAEV, EFROS, GAMMON, AND MERKULOV PHYSICAL REVIEW B68, 20130%R) (2003
2S,(ty)—1  2S,(ty)+1]
sz<tN+1>=ReH sz(:> ) 4?((7'13iw) e.a,Tp]_ oo} 2, -
Wspm DI‘CCESSIOH
Let us consider the spin dynamics of the initially unpolar- o2 |

ized ES after action of the ™ polarizeds pulse. In this case oal _ﬂ_ﬁ‘*’ optical n-pulsesJ_I_ .
the initial conditionS,(0— §)=0. The recursive relation has . T, time
a clear physical interpretation in two limiting cases. First, = 4L Q1 ~10
when Q.7,<1 the denominatorr,(y+iw)~1 because I n=8
72,T§> 7,. The ES polarization is conserved during trion 08| R 3
relaxation; the trion contribution to the ES polarization, 1/4, - /1, =10
completely compensates the electron contributie/4, and A0} e e e e S
the electron remains unpolarized. In the opposite limit of TS

strong magnetic fieldd).7,>1, the electron left after slow
recombination of the trion is out of phase and this compen- P
sation does not happen. As a result, a significant ES polar-
ization is created in the QD after trion recombination.
Repeating the opticat pulses allows us to pump the ES
of a certain phase to high polarization if the ES relaxationmeasurement error introduced in Ref. 18. The inset in Fig. 3
time is long enoughT,<7¢. Figure 4 shows the degree of shows the dependence of the error on the total HS relaxation

ES polarization, p(ty) =2S,(ty), as a function of the rate where both additional mechanisms are included intd 1/

m-pulse number. The polarization degree reaches 99% aftgfng 172, calculated for various photon bursts and registra-

N=8 pulses. _ tion efficiencies 50%, 70%, and 90%. An additional dephas-
This lastinitialization protocol can be matched with the ing rate smaller than %/ and probability of the forbidden

readout scheme suggested above. Intense resonant steadyansition smaller then 0.004/does not practically increase
state excitation of the trion by circularly polarized light (e error of our measurements.

turned on att=NT, would allow one to measure the ES |5 conclusion, our analysis shows that polarization of a

polarization ifQ0g>€Qe. , _ single ES in a QD can be measured optically using an intense
The above consideration assumed ideal selection rulegsonant light source that suppresses ES relaxation. We also
which hold for QD's with cylindrical shape or at leaSb,  propose using a combination af pulses and transverse
symmetry. OnI_y agmﬁc_ant deviations from this sh_ape CaNmagnetic field for optical pumping of the ES’s in QD’s. The
change them in epitaxial QD's due to weak admixture ofgimplest protocol leading to ES orientation is a sequential

light-and heavy-hole subband_s. To check the feasibility _Ofcombination of optical and magnetic pulses. A high degree
our measurement scheme we include weakly allowed forbidys g5 polarization can also be achieved with a permanent

den trapsition; in our four-level model as well as_additionaltransverse magnetic field by applying optiealpulses with
dephasing which may be connected with fluctuations of thgeetition rate equal to an integer multiple of the magnetic
trion-electron transition energy in a random electric f'eld-precession frequency.

These deviations from the ideal model increase the spin-
relaxation rate. They do not affect significantly, however, our The authors acknowledge financial support from DARPA,
ability to determine an ES by measuring the burst of theONR, and NSA/ARDA. In addition A.S. thanks the NRC and

photons or its absence. The effect can be quantified by theA.M. thanks CRDF for support.

FIG. 4. The degree of ES polarization as a function of dtie
polarized opticakr-pulse numberi).

* Corresponding author. Email address: efros@dave.nrl.navy.mil °ES precession in a hyperfine nuclear field, although generally not

1D. Loss, and D.P. DiVincenzo, Phys. RevG&, 120(1998. an irreversible process, leads to electron spin relaxation here in
2A. Imamodu et al, Phys. Rev. Lett83, 4204 (1999. the presence of spontaneous emission.
3C. Piermarocchet al, Phys. Rev. Lett89, 167402(2002. 0In natural GaAs QD'sr,~100 ps, see, for example, G. Finkel-
4C. Monroe, NaturéLondon 416, 238 (2002. steinet al, Phys. Rev. B68, 12 637(1998.
SA. Hartmannet al, Phys. Rev. Lett84, 5648(2000; R.J. War-  'T. Takagahara, Phys. Rev. ®, 16 840(2000, we estimater.
burton et al,, Nature (London 405, 926 (2001); J.G. Tischler ~1 us atT=4 K.
et al, Phys. Rev. B56, 081310(2002. 20ptical Orientation edited by B. Meier and B. P. Zakharchenya
6T.H. Stievateret al,, Phys. Rev. Lett87, 133603(2002); H. Ka- (North-Holland, Amsterdam, 1984Chap. 1.

madaet al, ibid. 87, 246401(2001); H. Htoonet al, ibid. 88,  3J. Brossel and A. Kastler, Comp. Rer229, 1213(1949.
087401 (2002; A. Zrenneret al, Nature (London) 418 612  *V.F. Sapegat al, Phys. Rev. B45, 4320(1992.

(2002. 15H.W. Jiang and E. Yablonovitch, Phys. Rev. @, 041307R)
"For example, QD’s self-assembled in molecular-beam epitaxy (2007).
have this symmetry. 16G. Saliset al, Nature(London 414, 619 (2001).
8.A. Merkulov, AlL. Efros, and M. Rosen, Phys. Rev. 8, 17J.M. Kikkawa and D.D. Awschalom, Scien@87, 473 (2000.
205309(2002. 18T, Calarcoet al, Phys. Rev. 268, 012310(2003.

201305-4



