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Optical readout and initialization of an electron spin in a single quantum dot
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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 opticalp pulses with permanent orp-pulsed transverse magnetic
fields suggests feasible protocols for spin initialization.
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An electron spin~ES! in a single quantum dot~QD! could
be used as a solid-state qubit if certain requirements
met.1–3 For example, it must be possible to coherently m
nipulate single and entangled spins in a time much less
the spin coherence time and to read out the state of the s
ES during the spin-relaxation time. It has been sugges1

that electronic gates could be used to accomplish these t
in semiconductor materials, and great effort is being exe
currently to demonstrate the needed quantum tools in na
structured systems. One of the most difficult of these requ
ments in a fully electronic implementation is the measu
ment of the state of a single spin.

An optical based computation scheme is of special in
est because of the speed at which operations could be ca
out using ultrafast laser technology. Similar techniques h
achieved remarkable success in the measurement and co
of the hyperfine states of individual ions in magnetic tra
for quantum computing.4 Over the last decade, materials d
velopment based on atomic layer growth, doping, and ga
techniques have led to semiconductor QD systems in whi
single electron can be injected into a QD, and most imp
tantly, there have recently been a number of demonstrat
in which a single QD with a single ES has been prob
optically.5 Furthermore, several groups have demonstra
optical Rabi oscillations in a single QD.6 In this Rapid Com-
munication we demonstrate theoretically that the reson
optical excitation of the spin to an intermediate trion st
can lead both to readout and initialization capability in sp
of random hyperfine fields of nuclei acting on the ES.

We consider singly charged QD’s in which the lateral
mensions are much larger than the height—which serve
the quantization axisz for the electron and hole spin~HS!
projections.7 The ground electron and hole states in the
QD’s are degenerate with respect to their spin project
61/2 ~denoted asu↑& andu↓&) and63/2 ~denoted asu⇑& and
u⇓&), respectively. The optical excitation of the charged d
leads to the formation of a trion that consists of two electro
sitting at the same quantum level and a hole~see Fig. 1!. The
u↑↓⇑& (u↑↓⇓&) ground state of a trion created bys1 (s2)
polarized light from theu↑& (u↓&) electron state5 can decay
spontaneously only into the same initial electron state~see
Fig. 1!. This decay process is accompanied by emission
circularly polarized light in whichs1 or s2 polarization is
uniquely determined by theu↑& or u↓& ES projection, respec
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tively. Importantly, the selection rules allow the repetition
this cycle many times without losing the ES state.

As a result the polarization of emitted light allows us,
principle, to measure the ES projection through this re
cling transition. However, the ES and the trion spin~TS!
relaxation will limit the measurement time of the photolum
nescence~PL! with the given polarization. It is obvious tha
one would want to collect as many photons as possible fr
a single QD before the ES relaxes. Even under resonant
citation condition, the rate of emitted photons cannot exc
t r

21 , where t r is the trion radiative decay time. At firs
glance this limits significantly the possibility of optical me
surements of the spin state in a single QD because the s
relaxation time does not exceed;100t r even in very opti-
mistic estimates.

ES relaxation at low temperatures is mainly caused by
interaction with nuclei. In a zero external magnetic field t
ES precesses in the hyperfine field,BN , of the frozen con-
figuration of nuclear spins interacting with the localized ele
tron with frequencyVN5mBgeBN /\,8 wheremB is the Bohr
magneton, andge is the electrong factor.BN has an arbitrary
direction and its component perpendicular to thez axis of the
QD leads to ES relaxation.9 Calculation shows that the ES
relaxation time is on the order of;1 –10 ns, depending on
the QD size.8 This is usually longer than the radiative dec
time of the trion.10 In contrast, the trion should not interac
strongly with the nuclear spin because its electrons are
singlet state and a hole has negligible hyperfine interact
The HS relaxation in the trion state is a two-phonon assis

FIG. 1. Schematic presentation of~a! the trion created bys1

polarized light in singly charged QD’s;~b! coherent and spontane
ous optical transitions and spin-relaxation processes that contro
spin dynamics in the singly charged QD.
©2003 The American Physical Society05-1
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process.11 The probability of such processes is proportion
to the phonon concentration, which decreases exponent
with temperature. As a result the TS relaxation timets

h ~as
well as the ES timets

e connected with phonon assisted tra
sitions! can be much longer than the ES relaxation time
nuclear interactions at low temperatures, and it is the la
that should limit our ability to measure the ES orientatio
We will show, however, that ES relaxation in a nuclear fie
is suppressed by light in the strong coupling regime, and
result the ES state in a single QD can be measured optic

Intense resonant light drives the transitions between
electron and trion states. The frequency of these popula
oscillations is given by the Rabi frequency (VR) at resonant
excitation,VR52dE/\, whered is the dipole moment of the
optical transition andE is the electric-field amplitude. Unde
strong excitation conditions whenVR@VN the ES cannot
significantly change its direction because the spin preces
is interrupted by the light-stimulated excitation of the ele
tron into the trion state. The spin precession is interrup
periodically at the Rabi frequency, and at high excitati
intensity the spin can change its projection by only a v
small value (VN /VR)2!1, a type of ‘‘line narrowing.’’12 As
a result spin relaxation arising from the hyperfine field
suppressed.

The spontaneous decay of the trion is the incoherent
cess that destroys the synchronization of the ES motion w
electromagnetic excitation and leads finally to ES relaxat
in the strong excitation regime. A strong, polarized laser fi
splits the electron61/2 spin states because of Rabi splittin
This reduces the admixture of the21/2 spin state to the
11/2 spin state, which is proportional now to the small va
VN /VR . As a result the rate of spontaneous trion decay i
the electron21/2 spin state that describes the ES relaxat
can be obtained in second-order perturbation theory:

1

Ts
e 5

1

t r
S VN

VR
D 2

. ~1!

The time of ES relaxationTs
e under strong excitation

VN /VR!1, is much longer thant r . Thus, the optical recy-
cling transition provides more PL photons before relaxat
occurs.

We explore this problem using the density-matrix a
proach for the four-level system of Fig. 1~b!. Polarizeds1

light with frequencyv connects only the electron11/2 spin
state with the trion13/2 spin state. ES relaxation arisin
from the hyperfine field leads to transitions between the
states. We include now the HS relaxation, which leads
transitions between the TS states.

Figure 2 shows the time dependence of the diagonal c
ponent of the density matrixP3/2 describing the population
of the13/2 trion state.P3/2 characterizes the intensity of th
s1 polarized PL because the rate of thes1 polarized photon
emission;P3/2/t r . The calculations were done for the tw
initial ES orientations (sz561/2) for zero detuning,«3/2
2«1/22\v50. One can see that at low excitation intens
@see Fig. 2~a!# the population of the trion stateP3/2 excited
by s1 polarized light oscillates with the frequency of the E
precession in the hyperfine field of the nuclei. The osci
20130
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tions have opposite phase for the two opposite initial con
tions of the ES. At intermediate excitation intensityVRt r
51 @see Fig. 2~b!# the precession oscillations are suppress
and thes1 polarized PL from the QD when the electro
initially has 11/2 spin is more intense then if the electro
has 21/2 spin. When the optical excitation is further in
creased@Fig. 2~c!#, Rabi oscillations appear at short time
and the difference in PL intensity for the two cases rema
much longer. The difference in the PL intensity for the tw
cases allows us to measure the ES polarization with h
accuracy in the case of strong optical excitation@see Fig.
2~c!#. The technically challenging problem to distinguis
emission from the scattering light in this scheme can be
solved, for example, by using their difference in spectral a
angular distributions.

It is important to note that eventually the density mat
relaxes to the stationary state, which does not depend on
initial condition. That is why only the transient part of the P
polarization, measured att,Ts

e , provides information on the
ES polarization. At longer timesoptical pumpingof the ES
becomes important. This suggests using intense circul
polarized light for opticalinitialization of the ES’s in the
QD’s.

The standard optical pumping of ES’s demonstrated
atoms almost 50 years ago13 is based on the depletion of on
of the ground-state sublevels and accumulation in the o
spin sublevel. Unfortunately, this optical pumping sche
does not normally work in our QD’s7 because the excited
trion decays only into the same initial state@see Fig. 1~a!#.

FIG. 2. Time dependence of theu↑↓⇑& trion state population,
P3/2, for three excitation intensities forVNt r50.1. The solid and
dashed lines are calculated for theu↑& and u↓& initial ES states,
respectively.
5-2



ric

n

as
on
at

ec

he

tio
rc
n
’

he
l-

gl

e

o

no

d.
the

nd
on
of
lt
ple,

e
ent

s-

e of
zed

ady

the
me

n of

en

de-

e

fore

the

-

riz

a

RAPID COMMUNICATIONS

OPTICAL READOUT AND INITIALIZATION OF AN . . . PHYSICAL REVIEW B 68, 201305~R! ~2003!
ES and HS relaxations allow us to overcome this rest
tion. Figure 3 shows the degree of ES polarizationr5(P1/2
2P21/2)/(P1/21P21/2) calculated as a function of excitatio
intensity in steady state (t→`), whereP61/2 are the popu-
lations of the electron states. At timest.Ts

e the intenses1

polarized light keeps the electron in one of its61/2 spin
states independent of the initial ES orientation. In the c
when Ts

e!ts
h one can completely neglect the HS relaxati

processes. The steady-state solutions of the density m
equations show that under strong excitation conditions,VR

@t r
21@VN , an electron is practically always in the11/2

spin state and the probability to find it in the21/2 spin state
is proportional to (t rVR)22!1. In the opposite limiting
case,Ts

e@ts
h , as a result of the HS flip processes, the el

tron is finally transferred to the optically passive21/2 state
similar to that in the pumping experiment of Ref. 13. T
probability to find an electron in the11/2 spin state is
;ts

h/Ts
e!1.

As one can see in Fig. 3, a high degree of ES polariza
can be achieved using a very intense polarized light sou
such thatVRt r@1. However, optical pumping of ES ca
also be achieved using a remarkable property of our QD
the trion state is not affected by a magnetic field lying in t
quantum wall~QW! plane in a first approximation. This a
lows one to use a combination ofp-optical pulses and a
transverse magnetic field for spin initialization in QD’s.

The transverse magnetic field does not affect the sin
trion, consisting of two electrons in a singlet state and
heavy hole, because theu⇑& and u⇓& heavy-hole states hav
zero g factor in the plane of the quantum well.14 A simple
protocol leading to ES orientation is a sequential action
optical and magneticp pulses. The firsts1 (s2) polarized
optical p pulse creates theu↑↓⇑& (u↑↓⇓&) singlet trion state
if the QD contains an electron in theu↑& (u↓&) spin state.
According to the selection rules, this optical pulse does
affect the QD if the electron is in the oppositeu↓& (u↑&) spin

FIG. 3. Dependence of the steady-state degree of ES pola
tion on VR ~proportional to the laser field amplitude! for different
HS relaxation rates, 1/ts

h . Inset, dependence of the single spin me
surement error on the HS relaxation rate forVRt r510.
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state. The electron in this QD can be transferred to theu↑&
(u↓&) spin state by the short magneticp pulse which at the
same time would not affect the trion state, if it was forme
As a result 100% polarized electrons can be prepared in
u↑& (u↓&) spin state after the trion relaxation to the grou
state of the QD. For realization of this protocol the durati
of the magneticp pulse should be shorter than the lifetime
the trion.10 Creation of short magnetic pulses is a difficu
technical problem that perhaps can be solved, for exam
using electric-field variation of the electrong factor in a per-
manent magnetic field.15,16

Alternatively, the combined effect ofp-optical pulses and
permanenttransverse magnetic field allows one to initializ
an ES into a state with a well-defined phase. The perman
magnetic fieldB lying in the QW plane leads to the prece
sion of the ES with Larmor frequencyVe5mBgeB/\. How-
ever, the phase of its precession is not defined. The phas
the ES precession can be fixed by applying synchroni
periodic opticalp pulses with periodTp52pn/Ve , where
n51,2, . . . . Such an experimental setup was used alre
for nonresonant excitation of QW’s.17

To describe this process quantitatively, let us consider
dynamics of the electron and TS polarization during the ti
t between two optical circularly polarizedp pulses:tN11
.t.tN , wheretN5NTp (N50,1, . . . ). Invector represen-
tation, the evolution of the ES polarizationS is described by

dS

dt
5@Ve3S#2

S

ts
e

1
J~ t !

t r
ez , ~2!

whereez is the unit vector along thez axis,Ve'ez , ts
e is the

ES relaxation time, which is much longer than 2p/VN in an
external magnetic fieldB@BN .12 J(t)5J(tN)exp(2gDt) is
the time dependence of 1/3 of the average spin projectio
the trion hole on thez axis after the opticalp pulse, where
Dt5t2tN and g51/t r11/ts

h . Equation~2! can be solved
for the complex spin componentsS65Sy6 iSz representing
rotation of the spin around the magnetic field, which is tak
along thex axis.

The important characteristic of the ES precession that
scribes ES polarization along thez axis is Sz(t)
5Im@S1(t)#. At the time when the trion recombines to th
ground one-electron state (Dt@t r), Sz(t)50.5@P1/2(t)
2P21/2(t)#, and can be written

Sz~ t !5ReF S Sz~ tN1d!1
J~ tN1d!

t r~g1 iv! DeivDtG , ~3!

wherev5Ve1 i /ts
e andd→0. The initial values of the ES

and TS polarizations in Eq.~3! after thes1 polarizedp
pulse are connected with the density-matrix elements be
this pulse: Sz(tN1d)520.5P21/2(tN2d) and J(tN1d)
50.5P1/2(tN2d). These values are expressed through
ES polarization P1/2(tN2d)50.5@2Sz(tN2d)11# and
P21/2(tN2d)50.5@122Sz(tN2d)#. SubstitutingSz(tN1d)
andJ(tN1d) into Eq. ~3! one can obtain the recursive rela
tion for Sz(tN112d) andSz(tN2d):
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-

5-3



r

s
st

n
/4

o

en
la

S
io
f

f

e
a

ht
S

ul

a
o
o

bid
na
th
ld
pi
u

th
t

. 3
tion
/

ra-
as-

e

f a
nse
also
e
e
tial

ent

tic

A,
d

il

ax

not
e in

l-

a

RAPID COMMUNICATIONS

SHABAEV, EFROS, GAMMON, AND MERKULOV PHYSICAL REVIEW B68, 201305~R! ~2003!
Sz~ tN11!5ReH F2Sz~ tN!21

4
1

2Sz~ tN!11

4t r~g1 iv!GeivTpJ .

Let us consider the spin dynamics of the initially unpola
ized ES after action of thes1 polarizedp pulse. In this case
the initial conditionSz(02d)50. The recursive relation ha
a clear physical interpretation in two limiting cases. Fir
when Vet r!1 the denominatort r(g1 iv)'1 because
ts

h ,ts
e@t r . The ES polarization is conserved during trio

relaxation; the trion contribution to the ES polarization, 1
completely compensates the electron contribution,21/4, and
the electron remains unpolarized. In the opposite limit
strong magnetic fields,Vet r@1, the electron left after slow
recombination of the trion is out of phase and this comp
sation does not happen. As a result, a significant ES po
ization is created in the QD after trion recombination.

Repeating the opticalp pulses allows us to pump the E
of a certain phase to high polarization if the ES relaxat
time is long enough:Tp!ts

e . Figure 4 shows the degree o
ES polarization, r(tN)52Sz(tN), as a function of the
p-pulse number. The polarization degree reaches 99% a
N58 pulses.

This last initialization protocol can be matched with th
readout scheme suggested above. Intense resonant ste
state excitation of the trion by circularly polarized lig
turned on att5NTp would allow one to measure the E
polarization ifVR@Ve .

The above consideration assumed ideal selection r
which hold for QD’s with cylindrical shape or at leastC2v
symmetry. Only significant deviations from this shape c
change them in epitaxial QD’s due to weak admixture
light-and heavy-hole subbands. To check the feasibility
our measurement scheme we include weakly allowed for
den transitions in our four-level model as well as additio
dephasing which may be connected with fluctuations of
trion-electron transition energy in a random electric fie
These deviations from the ideal model increase the s
relaxation rate. They do not affect significantly, however, o
ability to determine an ES by measuring the burst of
photons or its absence. The effect can be quantified by
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measurement error introduced in Ref. 18. The inset in Fig
shows the dependence of the error on the total HS relaxa
rate where both additional mechanisms are included into 1ts

h

and 1/Ts
e , calculated for various photon bursts and regist

tion efficiencies 50%, 70%, and 90%. An additional deph
ing rate smaller than 1/t r and probability of the forbidden
transition smaller then 0.001/t r does not practically increas
the error of our measurements.

In conclusion, our analysis shows that polarization o
single ES in a QD can be measured optically using an inte
resonant light source that suppresses ES relaxation. We
propose using a combination ofp pulses and transvers
magnetic field for optical pumping of the ES’s in QD’s. Th
simplest protocol leading to ES orientation is a sequen
combination of optical and magneticp pulses. A high degree
of ES polarization can also be achieved with a perman
transverse magnetic field by applying opticalp pulses with
repetition rate equal to an integer multiple of the magne
precession frequency.
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FIG. 4. The degree of ES polarization as a function of thes1

polarized opticalp-pulse number (N).
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