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Optical detection of single-electron spin decoherence in a quantum dot
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We propose a method based on optically detected magnetic resonance~ODMR! to measure the decoherence
time T2 of a single electron spin in a semiconductor quantum dot. The electron spin resonance~ESR! of a
single excess electron on a quantum dot is probed by circularly polarized laser excitation. Due to Pauli
blocking, optical excitation is only possible for one of the electron-spin states. The photoluminescence is
modulated due to the ESR which enables the measurement of electron-spin decoherence. We study different
possible schemes for such an ODMR setup.
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I. INTRODUCTION

Quantum information can be encoded in states of an e
tron spin 1/2 in a semiconductor quantum dot.1 However,
information processing is intrinsically limited by the sp
lifetime. For single spins, one distinguishes between t
characteristic decay timesT1 and T2. The relaxation of an
excited spin state in a magnetic field into the thermal eq
librium is associated with the spin-relaxation timeT1,
whereas the spin decoherence timeT2 is related to the loss o
phase coherence of a single spin that is prepared in a su
position of its eigenstates. ExperimentalT2 measurements o
single spins in quantum dots are highly desirable becausT2
is the limiting time scale for coherent spin manipulation.

Recent optical experiments have demonstrated the co
ent control and the detection of excitonic states of sin
quantum dots.2 Nevertheless, the measurement of theT2
time of a single electron spin in a quantum dot using opti
methods has turned out to be an intricate problem. Thi
mainly due to the interaction of the electron and the h
inside an exciton.3 The electron and hole spins are decoup
only if the hole spin couples~via spin-orbit interaction!
stronger to the environment than to the electron spin. Re
experiments, measuring Faraday rotation, have sugge
that this is not the case for excitons in quantum dots.4 Alter-
natively, if electron-hole pairs are excited inside the barr
material of a quantum dot heterostructure, the carriers diff
after their creation to the dots and are captured inside th
within typically tens of picoseconds.5,6 By that time, electron
and hole spins have decoupled. In such an experiment
Hanle effect would allow the measurement of electron-s
decoherence. However, this approach7 has not yet given con
clusive results forT2.

What is a promising approach to measure the electr
spin decoherence timeT2 by optical methods? For this, ini
tially some coherence of the electron spin must be produ
preferably in the absence of holes. This can be done u
electron spin resonance~ESR!. The coherence decays an
after some time, the remaining coherence is measured
cally. This implies using optically detected magnetic res
nance~ODMR!. ODMR schemes have, e.g., been applied
0163-1829/2004/69~20!/205303~5!/$22.50 69 2053
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measure the spin coherence of single nitrogen-vacancy
ters in diamond.8 For quantum dots, ODMR has recent
been applied to electrons and holes in CdSe dots9 and to
excitons in InAs/GaAs dots.10 While these two experiment
have not considered single spin coherence, the feasibilit
the combination of ESR and optical methods in quantum
experiments has been demonstrated.

In this work, we make use of Pauli blocking of excito
creation11 in an ODMR setup. We show that the linewidth o
the photoluminescence as a function of the ESR field
quency provides a lower bound onT2. Further, if pulsed
laser and cw ESR excitation are applied, electron-spin R
oscillations can be detected via the photoluminescence.

We consider quantum dots which confine electrons
well as holes~type I dots!. We assume a ground state whe
the dot is charged with one single electron. This can
achieved, e.g., byn doping12 or by electrical injection.13

Such a single-electron state can be optically excited, wh
leads to the formation of a negatively charged exciton, c
sisting of two electrons and one hole. Recent experiments
InAs dots14,15 and GaAs dots16 have shown that in the
charged exciton ground state, the two electrons form a s
singlet in the lowest~conduction-band! electron level and the
hole occupies the lowest~valence-band! hole level. Note that
single-electron level spacings can be relatively large, e.g.
the order of 50 meV for InAs dots.17 Typically, the level
spacing of confined hole states is smaller than the one
electrons.18 We assume that the lowest heavy hole hh~with
total angular momentum projectionJz563/2) and light hole
~lh! (Jz561/2) dot levels are split by an energydhh-lh .
Additionally, mixing of hh and lh states should b
negligible.19 These conditions are satisfied for several typ
of quantum dots.14–16,20,21Then, circularly polarized optica
excitation that is restricted to either hh or lh states exc
spin-polarized electrons. In this work, we first assume a
ground state for holes. We discuss then different hole c
figurations.

The states of a quantum dot can be taken as follows;
also Fig. 1. A single electron in the lowest orbital state
either in the spin ground stateu↑& or in the excited spin state
u↓&. Adding an electron-hole pair, the negatively charged
©2004 The American Physical Society03-1
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citon ~in the orbital ground state! is either in the excited spin
stateuX↓

2& or in the spin ground stateuX↑
2&. For these exci-

tonic states, the subscripts↓,↑ refer to the hh spin and we
apply the usual time-inverted notation for hole spins. F
simplicity, we assume sign(ge

z)5sign(ghh
z ) for the electron

and the hhg factors inz direction. Note that the very sam
scheme can also be applied if the sign ofghh

z is reversed.
Then, one would use as1 laser field and all results appl
after interchanginguX↓

2& and uX↑
2&.

II. HAMILTONIAN

We describe the coherent dynamics of a quantum
charged with a single excess electron, in this ODMR se
with the Hamiltonian

H5Hdot1HESR1HL1Hd-L , ~1!

coupling the three statesu↑&, u↓&, anduX↓
2&. Here,Hdot com-

prises the quantum dot potential, the Zeeman energies du
a constant magnetic field inz direction, and the Coulomb
interaction of electrons and holes. It defines the dot ene
En by Hdotun&5Enun&. Here, the electron Zeeman splitting
ge

zmBBz5E↓2E↑ , wheremB is the Bohr magneton.22 The
ESR termHESR(t) couplesu↑& and u↓& via B'(t), which
rotates with frequencyvESR in the xy plane.23,24 The ESR
Rabi frequency isVESR5ge

'mBB' , with g factor ge
' . Even

if the ESR field is also resonant with the hole Zeeman sp
ting, it has a negligible effect on the charged exciton sta
since they recombine quickly. An oscillating fieldmBgIB can
also be produced with voltage-controlled modulation of
electrong tensorgI.25 A s2-polarized laser beam is applie
in z direction ~typically parallel to @001#), with free laser
field HamiltonianHL5vLaL

†aL , where the laser frequency i
vL , aL

(†) are photon operators, and we set\51. The cou-

FIG. 1. The states of a single quantum dot in a static magn
field: ~a! u↓&, ~b! u↑&, ~c! uX↓

2&, and ~d! uX↑
2&. The Zeeman split-

tings areDz
e5ge

zmBBz for the electron andDz
h5ghh

z mBBz for the
hole. Coherent transitions occur between~a! and~b! due to the ESR
field and between~a! and ~c! due to thes2-polarized laser field.
The arrows in~c! and~d! indicate which electron-hole pair couple
with the photon field of polarizations6.
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pling of u↓& and uX↓
2& to the laser field is described byHd-L

which introduces the complex optical Rabi frequencyVL .26

Since the dot is only coupled to a single circularly polariz
laser mode viaHd-L , the terms that violate energy conserv
tion vanish due to selection rules. If the laser bandwidth
smaller thandhh-lh , the absorption of as2 photon in the
spin ground stateu↑& is excluded due to Pauli blocking.27 We
neglect all multiphoton processes via other levels since t
are only relevant to high-intensity laser fields. For this co
figuration, thes2 photon absorption is switched ‘‘on’’ and
‘‘off’’ by the ESR-induced electron-spin flips. Here, the las
bandwidth and the temperature can safely exceed the e
tron Zeeman splitting. We transformH into the rotating
frame with respect tovESR and vL . The laser detuning is
dL5(EX↓2E↓)2vL and the ESR detuningdESR5ge

zmBBz

2vESR.

III. GENERALIZED MASTER EQUATION

We next consider the reduced density matrix for the d
r5TrRrF , whererF is the full density matrix and TrR is the
trace taken over the environment~or reservoir!. In the von
Neumann equationṙF52 i @H,rF#, we treat the interaction
with the ESR and laser fields exactly with the Hamiltonian
the rotating frame. We describe the coupling with the en
ronment~radiation field, nuclear spins, phonons, spin-or
interaction, etc.! with phenomenological rates. We writ
Wnm[Wn←m for ~incoherent! transitions from stateum& to
un& and Vnm for the decay of off-diagonal elements ofr.
Note that usuallyVnm> 1

2 (k(Wkn1Wkm). The electron-spin
relaxation time28 is T15(W↑↓1W↓↑)21, with spin-flip rates
W↑↓ and W↓↑ . In the absence of the ESR and laser exci
tions, the off-diagonal matrix elements of the electron s
decay with the~intrinsic! single-spin decoherence rateV↓↑
51/T2. The linewidth of the opticals2 transition is denoted
by VX5VX↓,↓ . We use the notationsrn5^nurun& and rnm
5^nurum&. The master equation is given in the rotated ba
u↑&, u↓&, uX↑

2&, uX↓
2& as ṙ5Mr, whereM is a superopera-

tor. Explicitly,

ṙ↑5VESRImr↓↑1WemrX↑1W↑↓r↓2W↓↑r↑ , ~2!

ṙ↓52VESRImr↓↑1Im~VL* rX↓,↓!1WemrX↓1W↓↑r↑

2W↑↓r↓ , ~3!

ṙX↓52Im~VL* rX↓,↓!1WX↓,X↑rX↑2~Wem1WX↑,X↓!rX↓ ,
~4!

ṙX↑5WX↑,X↓rX↓2~Wem1WX↓,X↑!rX↑ , ~5!

ṙ↓↑5
i

2
VESR~r↓2r↑!2

i

2
VL* rX↓,↑2~ idESR1T2

21!r↓↑ ,

~6!

ic
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ṙX↓,↑5
i

2
VESRrX↓,↓2

i

2
VLr↓↑2@ i ~dESR1dL!

1VX↓,↑#rX↓,↑ , ~7!

ṙX↓,↓5
i

2
VESRrX↓,↑2

i

2
VL~r↓2rX↓!2~ idL1VX!rX↓,↓ .

~8!

The remaining matrix elements ofr are decoupled and ar
not important here.

IV. ESR LINEWIDTH IN PHOTOLUMINESCENCE

We first consider the photoluminescence for a cw E
and laser field. For this, we calculate the stationary den

matrix r̄ with ṙ̄50. We introduce the rate

WL5
uVLu2

2

VX

VX
2 1dL

2
~9!

for the optical excitation, with maximum valueWL
max at dL

50. We first solveṙ̄X↓,↑50 and find that the coupling to th
laser field produces an additional decoherence channel to
electron spin. We obtain the renormalized spin decohere
rateVESR which satisfies

VESR<
1

T2
1

uVLu2

4VX↓,↑
'

1

T2
1

1

2
WL

max. ~10!

Further, the ESR detuning is also renormalized,

d̃ESR>dESRF12
uVLu2

~Wem1WX↑,X↓!2G . ~11!

We assume that these renormalizations anddL are small
compared to the linewidth of the optical transition, i.
WL

max,ud̃ESR2dESRu,VX . Then, if both transitions are nea

resonance,dL&VX and ud̃ESRu&VESR, no additional terms

appear in the renormalized master equation. We solveṙ̄X↓,↓
50 and ṙ̄↑↓50 and introduce the rate

FIG. 2. Scheme of the transitions betweenu↑&, u↓&, uX↑
2&, and

uX↓
2&. Wavy arrows describe the transitions driven by the ESR fi

and the laser field with frequenciesvESR andvL , respectively. The
corresponding Rabi frequencies areVESR and uVLu. A detuning
dESR5Dz

e2vESR is shown for the ESR field, with Zeeman splittin
Dz

e . Incoherent transitions are depicted with arrows and occu
ratesWnm . We considerW↓,X↓5W↑,X↑5:Wem.
20530
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WESR5
VESR

2

2

VESR

VESR
2 1 d̃ESR

2
, ~12!

which together withWL eliminatesVL , VX , dL , VESR,
VESR, andd̃ESR from the remaining equations for the diag
nal elements ofr. These now contain the effective spin-fli
ratesW̃↑↓5W↑↓1WESR andW̃↓↑5W↓↑1WESR. We find the
stationary solution

r̄↑5hWLWemWX↑,X↓1hW̃↑↓WemWX↑,X↓1hW̃↑↓~WL

1Wem!~Wem1WX↓,X↑!, ~13!

r̄↓5hW̃↓↑~WL1Wem!~Wem1WX↓,X↑!1hW̃↓↑WemWX↑,X↓ ,
~14!

r̄X↓5hWLW̃↓↑~Wem1WX↓,X↑!, ~15!

r̄X↑5hWLW̃↓↑WX↑,X↓ , ~16!

where the normalization factorh is such that(nrn51. Note
that r̄↑>r̄↓ is satisfied forW↑↓>W↓↑ . Thus, electron-spin
polarization is achieved due to the hole-spin relaxation ch
nel, analogous to an optical pumping scheme. Now, phot
with s2 (s1) polarization are emitted from the dot at th
rate G25Wemr̄X↓ (G15Wemr̄X↑). These rates are propo
tional to WESR/(g1WESR) for a giveng, up to a constant
background which is negligible forW↓↑,WESR. In particu-
lar, the total rateG5G21G1 as a function ofd̃ESR is a
Lorentzian with linewidth

w52VESRA11
WESR

max

g
; ~17!

see Fig. 3. Analyzing the expression forg, we find the rel-
evant parameter regime with the inequality

w<2VESRF11
2WESR

max

WL
S 11

Wem

Wr
1

WX↓,X↑
Wr

D1
3WESR

max

Wr

1
WESR

max

Wem
S 11

3WX↓,X↑
Wr

D G1/2

, ~18!

d

at

FIG. 3. The total photoluminescence rateG is a Lorentzian as a

function of the ESR detuningd̃ESR. Its linewidthw gives an upper
bound for 2/T2. Here, we usege50.5, B'51 G, T25100 ns,
W↑↓5W↓↑5(20 ms)21, Wem5109 s21, WX↑,X↓5WX↓,X↑5Wem/2,
dL50, VX↓,↑5VX5(Wem1WX↑,X↓)/2, and VL52VESRAT2VX.
With these parameters, the requirementWL&T2

21&VESR is satis-
fied.
3-3
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which saturates for vanishingW↓↑ and W↑↓ . Here, the rate
Wr5WX↑,X↓1W↑↓(11Wem/WL) describes different relax
ation channels, all leading to the ground stateu↑&, and thus
corresponds to ‘‘switching off’’ the laser excitations. IfWr is
large, e.g., due to efficient hole-spin relaxation,29 w
'2VESR. From the linewidthw one can extract alower
bound for T2 : T2>1/VESR>2/w. Further, this lower bound
saturates when the expression in brackets in Eq.~18! be-
comes close to 1 andT2

21'VESR @see Eq.~10!#, i.e., theT2

time is given by the linewidth. Comparing with the exa
solution, we find that our analytical approximation gives t
value ofG within 0.2% for the parameters of Fig. 3. Due
possible imperfections in this ODMR scheme, e.g., mix
of hh and lh states or a small contribution of thes1 polar-
ization in the laser light, also the stateu↑& can be optically
excited. We describe this with the effective rateWL,↑ which
leads to an additional linewidth broadening@similar to Eq.
~18!#. This effect is small forWL,↑,WESR. Detection of the
laser stray light can be avoided by only measuringG1. Oth-
erwise, the laser could be distinguished fromG2 by using
two-photon absorption. As an alternative, the optical exc
tion could be tuned to an excited hole state~hh or lh!, pos-
sibly with a reversal of laser polarization. Apulsed laser,
finally, would enable the distinction between luminescen
and laser light by time gated detection.

V. SPIN RABI OSCILLATIONS VIA
PHOTOLUMINESCENCE

For a pulseds2 laser, one can also measureG as a func-
tion of the pulse repetition timet rep instead ofd̃ESR. We still

FIG. 4. Average numberN of photons emitted per periodt rep as
a function of the laser pulse repetition time for~a! p pulses with
Dt55 ps andVL5p/Dt, and ~b! pulses withDt520ns andVL

5p/(500 ps). We have setdESR50. The other parameters are th
same as in Fig. 3. The decay of the oscillation is given byVESR and
therefore depends onT2.
an

wi
t
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use cw ESR~or, alternatively, a static transverse magne
field, i.e., in the Voigt geometry!. We stress that the sam
restrictions on the laser bandwidth as in the cw case ap
Due to hole spin flips, followed by emission of a photon, t
dot is preferably in the stateu↑& rather thanu↓& at the end of
a laser pulse. The magnetic field then acts on the elec
spin until the next laser pulse arrives. Finally, the spin st
u↓& is read out optically and, therefore, the Rabi oscillatio
~or spin precessions! can be observed in the photolumine
cence as a function oft rep; see Fig. 4. For simplicity, we
consider square pulses of lengthDt. We write in the master
equation M(t)5ML during a laser pulse and otherwis
M(t)5M0, settingVL50. We find the steady-state densi
matrix r` of the dot just after the pulse withUpr`5r` ,
where Up5exp(MLDt)exp@M0(t rep2Dt)# describes the
time evolution duringt rep.

The photoluminescence rate is now evaluated byG
5Wem(rX↓1rX↑), where the bar designates time averagi
over many periodst rep. For Dt>p/VL ,Wem

21 , the spin os-
cillations become more pronounced; see Fig. 4~b!. This re-
sults from an enhanced relaxation to the stateu↑& during each
pulse and thus from a much largerr↑ thanr↓ just after the
pulse.

VI. CONCLUSIONS

We have proposed an ODMR setup with ESR and po
ized optical excitation. We have shown that this setup allo
the optical measurement of the single-electron spin deco
ence timeT2 in semiconductor quantum dots. The discuss
cw and pulsed optical detection schemes can also be c
bined with pulsed instead of cw ESR, allowing spin echo a
similar standard techniques. Such pulses can, e.g., be
duced via the ac Stark effect.30 Further, as an alternative t
photoluminescence detection, photocurrent can be use
read out the charged exciton,13 and the same ODMR schem
can be applied.
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