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The optically induced and detected entangled state involving an exciton Zeeman doublet with entanglement
entropy as high as,0.7 was created using picosecond lasers in single GaAs quantum dots. The temporal
evolution of the nonradiative Raman coherence between two exciton states was directly resolved in quantum
beats measured in the homodyne detected differential transmission experiment. The Raman coherence time,
66±15 ps, was determined from the decay of the envelope of the quantum beats, and was found to be limited
by the lifetimes of the exciton transitions, 50±3 ps.
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An interesting prospect in nanoscience is the control of
quantum operations in nanosystems. We report here experi-
mental progress in the optical control of quantum operations
in a single semiconductor quantum dot to generate entangled
states. A state of a pair of quantum systems is said to be
entangled if it is not factorizable into the states of the indi-
vidual systems. Entanglement is a quintessential quantum
property. It is an essential ingredient in rendering the quan-
tum information processing superior to the classical
counterpart.1 Entangled quantum states have been studied for
photons2 and massive particles.3,4 Studies performed on solid
state qubits are particularly interesting due to their potential
in building integrated devices.5–7

Controlling and detecting the entanglement between a
pair of qubits is a basic requirement for building model
quantum information processing devices based on dipole
transitions in quantum dot(QD) structures. In single QD’s,
Bloch vectors of two nondegenerate interacting excitons with
orthogonal polarizations can be used as two distinguishable
qubits.8–10 This two-bit system shown in Fig. 1 involves the
ground statesu00ld, two exciton states(u01l andu10l) and the
biexciton statesu11ld where the value 0(1) represents the
absence(presence) of an exciton corresponding to the optical
Bloch vector pointing down(up). While an entangled state of
two qubits separated in different dots is most useful, the
general spectroscopy features explored in our model system
can be applied to more complex scalable systems.11–14

A two-qubit logic gate based on a single QD has been
demonstrated15 recently as the controlled rotation(CROT) of
one qubit conditioned on thepresenceof the other qubit. We
utilize the strong exciton-exciton interaction to produce an
entangled state using an operation equivalent to a sequence
of two CROT’s of one qubit conditioned on theabsenceof
the other qubit. Our approach involves only one excitation
pulse with appropriate polarization and pulse area. It is sim-
pler and more effective compared to applying two sequential
logic gates. Experimental demonstrations of exciton and
biexciton Rabi oscillations15,16 provided evidence that the
relatively high excitation and broad optical bandwidth
needed for qubit rotations also lead to coupling to nearby

states resulting in unintended dynamics and possible errors
in computation. The current study shows entangled states
involving the Zeeman doubletu01l and u10l can be created
and maintained under these conditions.

A quantitative measure of entanglement,17 known as the
entanglement of formationE, is the von Neumann entropy of
the reduced density matrix of either of the two subsystems
for a pure state.18 An earlier experiment, performed at ex-
tremely low excitation level with ultranarrow bandwidth
(nano-eV) laser sources, created weakly entangled states5

with E=0.08. We report here an entanglement ofE=0.7 for
an operation designed to produce the maximal entanglement
of 1. The capability of creating an entangled pair of qubits
with large entropy means that more information can be car-
ried by such a pair of qubits and is, thus, important for quan-
tum information processing based on semiconductor QD’s.

It is noteworthy that the previous demonstration of a
CROT operation15 requires only the dipole coherence while
the creation of an entangled state depends on the nonradia-
tive coherence between the two exciton transitions. These
two different coherence times govern the dynamics of two
distinctive terms in the density matrix used to describe the
quantum system. Full characterization of the density matrix
is essential for a complete understanding of the quantum

FIG. 1. In the presence of a modest magnetic field applied along
the growth direction, two excitons with orthogonal polarizations
can be excited within a single dot. In the excitation picture,G, X,
BX, andTX represent the crystal ground state, the exciton, the biex-
citon and the virtual two-exciton state, respectively. The biexciton
binding energy,D, is much larger than the laser bandwidth. There-
fore, the problem is reduced to a V system enclosed in the box.
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dynamics of the system subject to logic operations. This pa-
per has made a step forward towards such a complete char-
acterization by demonstrating the possibility of measuring
the nonradiative coherence term under the same conditions
required by gate operations.

Quantum beats measured in the homodyne detected dif-
ferential transmission(DT) geometry as well as in the time
resolved photoluminescence19,20 have proven to be a power-
ful spectroscopy tool to study the nonradiative coherence
between electronic superposition states. Quantum beats arise
from two electronic states nearly degenerate in energy that
are simultaneously excited by a laser field with the proper
polarization and sufficient bandwidth. During the light-
matter interaction, the optical coherence is transferred to the
quantum coherence between the coupled states. In the homo-
dyne detection of the DT geometry, the time evolution of the
phase of the coherent superposition of the two states is di-
rectly detected. Most previous studies are performed on bulk
materials, quantum wells, and ensembles of self-assembled
quantum dots, where the decay of the quantum beats is usu-
ally limited by inhomogeneous broadening.20–22 In a previ-
ously reported luminescence detected quantum beat experi-
ment performed on single CdSe nanocrystals, coherence
between the exciton fine structure doublets was studied.23 It
was hypothesized that such coherence was partially main-
tained during population relaxation processes from the ex-
cited states.

The resonant excitation nature of the DT measurement
utilized in this study enables the direct measurement of the
nonradiative coherence time between statesu01l andu10l (re-
ferred to as Raman coherence). The temporal evolution of
the nonradiative Raman quantum coherence was observed as
a damped oscillatory signal with a frequency determined by
the energy splitting of the exciton Zeeman doublet. The Ra-
man coherence time was determined from the decay of the
oscillation envelope and was found to be limited by the life-
times of exciton transitions consistent with the previous
weak field study.5 This consistency between the strong and
weak field behavior highlights a fundamental difference and
a main advantage of an ultimate quantum confined system
offered by a single quantum dot compared to a higher dimen-
sional system such as quantum well. It has been shown by
numerous experiments that the nature and signature of many-
body interactions in quantum wells change as the optical
excitation power is increased.24 The current study indicates
that quantum dynamics in QD’s have been dramatically
changed by the three-dimensional confinement and are well
described by simple atomic models even under logic gate
operation conditions in the strong field regime, therefore,
justifying the choice of quantum dots as a primary candidate
for solid-state based quantum information processing de-
vices.

In a single QD, quantum confinement greatly enhances
the effect of the Coulomb interaction, leading to the forma-
tion of the biexciton state comprised of two orthogonally
polarized excitons. The excitation of one exciton affects the
resonant energy of the other, which corresponds to the char-
acteristic conditional quantum dynamics needed for quantum
computing. In the absence of interaction between two exci-
tons, quantum beats in DT measurements disappear.20 The

biexciton has a binding energys,3.5 meVd much larger than
the bandwidth of the lasers,0.4 meVd as a result of the
strong Coulomb interaction. Therefore it can be safely ig-
nored in the excitation process.25

The problem can be simplified to a three-level V system
coupled to the optical fields shown in Fig. 1. The proper
formalism to describe the quantum dynamics of the V system
is based on the master equation for the density matrix opera-
tors,

i"
dr

dt
= fH,rg + i"Udr

dt
U

relaxation
, s1d

whereH=H0+V=H0−m̂ ·E, the first term corresponds to the
diagonalized Hamiltonian for the eigenstates of the excita-
tion level diagram and the second term describes the coher-
ent coupling of the laser field. The nonzero elements of the
dipole moment operator correspond to the transitions la-
belled in Fig. 1. The last term in Eq.(1) is a generalized
decay operator that accounts for the population decay of dif-
ferent states(the diagonal density matrix terms) and the
dephasing of the optically induced coherence(the off-
diagonal density matrix terms). The solutions to the master
equations in the case of a V system are well understood.26

There are two different types of terms contributing to the
third order nonlinear signal. One results from population
saturation effects, which goes through the perturbation paths
such as

r00,00
s0d →

E1
* Hr00,10

s1d

r00,01
s1d J→

E1Hr10,10
s2d

r01,01
s2d J→

E2
* Hr00,10

s3d

r00,01
s3d J . s2d

These terms include the diagonal terms at the second order in
the perturbation theory. Another class of terms are the so-
called coherent terms which go through the perturbation
paths such as

r00,00
s0d →

E1
* Hr00,10

s1d

r00,01
s1d J→

E1

r10,01
s2d →

E2
* Hr00,10

s3d

r00,01
s3d J . s3d

There are only off-diagonal density matrix terms in the per-
turbation path. The nonradiative Raman coherence is related
to the coherent terms, seen at the second order. It manifests
itself in an oscillatory signal with frequency determined by
the energy splitting between statesu01l and u10l.

The interface fluctuation QD’s are formed in a 4.2 nm
GaAs/Al0.3Ga0.7As layer, and are probed with high spatial
resolution through submicron apertures on an Al mask de-
posited on the sample surface.27 The dot potential tends to be
elongated along thef110g crystal axis which leads to an ex-
citon fine structure splitting with linear optical selection
rules.28 A magnetic field applied in the Faraday geometry of
modest strength( ,0.85 Tesla) restores the circular selection
rules of the exciton Zeeman transitions as indicated in Fig. 1.

In degenerate DT measurements, the pumpfE1std ,v1g
and the probe[ E2std ,v2=v1, delayed from the pump byt]
were derived from the same laser. The pulsed laser was ad-
justed to have a pulse width of,5 ps and bandwidth
,0.4 meV, which is wide enough to cover both exciton Zee-
man states at the magnetic field applied but narrow enough
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to selectively excite single QD’s. Both beams were focused
onto the same aperture on the sample held at 6 K. Two
acoustic optical modulators(AOM) were used to intensity
modulate both beams at,1 MHz. The nonlinear polariza-
tion signal field was then homodyne detected with the trans-
mitted laser beam and sent to a lock-in amplifier. If the laser
frequency is scanned with the delay between the pump and
probe fixed around zero, single exciton resonances can be
mapped out.29 For the current experiments, the laser fre-
quency was tuned to one of the resonances and the delay was
varied to study the dynamics as discussed in details below.

If the polarizations of the pump and probe beams were
chosen to be cocircularly polarized, the beams were coupled
to only one of the Zeeman transitions. The DT signal as a
function of delay was a smooth exponential decay. The decay
constant is the lifetime of the corresponding transition(data
not shown). If, however, the pump and probe beams were
linearly polarized so that both beams were coupled to the
two exciton Zeeman transitions simultaneously, a character-
istic beating signal appeared on top of the exponential decay
as shown in Fig. 2(a). Pump and probe beams with colinear
polarization and orthogonal-linear polarization were used to
obtain the curves with circles and triangles, respectively. An
oscillatory behavior was observed in both polarization con-
figurations with a phase difference between them.

The nonlinear polarization field calculated from solving
Eq. (1) is used in the optical Bloch equations to find the
homodyne detected DT signal for both colinearly polarized
and orthogonal-linearly polarized pump and probe fields. The
population relaxation time of both exciton states isG, and the
Raman coherence time(the decay time of the off-diagonal

termr10,01) is g10,01. Spin relaxation time between statesu01l
and u10l is longer than the time scales of interest here and
therefore is neglected in the current discussion.30–32The DT
signals for the colinear polarizationsDTCLPd and orthogonal
linear polarizationsDTOLPd are calculated as follows:

DTCLPstd ~ f3e−Gt + e−g10,01t cossdtdgQstd, s4d

DTOLPstd ~ f3e−Gt − e−g10,01t cossdtdgQstd. s5d

The sum of the DTCLP and DTOLP is displayed in Fig.
2(b). It fits to an exponential function and yields the popula-
tion relaxation time of the exciton transitions,G−1

=50±3 ps, in agreement with measurements using colinearly
polarized light. The difference of the DTCLP and DTOLP is
displayed in Fig. 2(c) where a cosine function with decaying
envelope is fit to the data. The Raman periodsTRd and the
energy splitting between the Zeeman doublets"dd are related
by TRd=2p. The Raman period,TR, obtained from the curve
fit is ,60 ps, which corresponds to an energy splitting be-
tween the Zeeman states of"d=55 meV. The energy split-
ting can be related to the excitong factor by"d= ugexumBB as
verified in both ensemble and single state measurements,
wheremB is the Bohr magneton, andB is the magnetic field.
The excitong factor, ugexu, is then calculated to be 1.1, com-
parable to previous studies.33 The coherence time between
the Zeeman doublet,g10,01

−1 =66±15 ps, is extracted from the
decay of the envelope. The following relation exists between
g10,01 and the population relaxation rate of the exciton Zee-
man statessGd : g10,01=fsG01+G10d /2g+gpure, where gpure

represents the nonradiative coherence decay rate due to pure
dephasing processes. Consideringg10,01

−1 =66±15 ps andG01
−1

<G10
−1=50±3 ps, we come to the conclusion that the Raman

coherence is limited by the lifetimes of the exciton transi-
tions involved, which is consistent with the previous study in
the frequency domain.5

In the order of increasing complexity, we first treat the
quantum state of the system as a pure state approximately
and quantify the entanglement using the von Neumann en-
tropy. The complete wave function immediately following
the pump pulse can be written asuCl=C0u00l+C+u01l
+C−u10l+C+−u11l, where the two qubits correspond to the
Bloch vectors of two orthogonally polarized excitons. When
the coefficients satisfy the relationC+−=C−C+/Co, the state
is factorizable. Otherwise, the state is an entangled state in
the Bloch vector basis. Since the excitation of the stateu11l
is negligibly small due to the large binding energy of the
biexciton, C+−,0. The single exciton Rabi oscillation
experiment16 is repeated using circularly polarized light to
measure the power corresponding to ap pulse with the shape
and time duration specified earlier. Then, in the experiment
shown in Fig. 2(d), a linear polarized light with twice that
power is chosen. Thus, the pump pulse coupling the ground
state to each exciton Zeeman state has a pulse area,p. The
measured population of the exciton state is 0.77±0.06 under
a p pulse.34Assuming statesu01l andu10l are equally excited
and their population sums up to 0.77, the coefficients for the
wave function following the pump pulse are estimated to be
C0=0.48,C+=C−=0.62,C+−=0, leading to a von Neumann

FIG. 2. (b) Sum and(c) difference of the DTCLP and DTOLP with
the original data shown in(a). Solid lines are theoretical fits to the
data with an exponential function in(b) and a decaying cosine
function in (c). The data shown in(d) is obtained in similar experi-
ments with a higher pump power. The Raman coherence time is
reduced at higher excitation power most likely due to the increased
scattering of the resonantly excited exciton from nearly degenerate
delocalized states(Ref. 16).
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entropy of entanglementE,0.7.18 The chosen pulse area is
designed to produce under idealized circumstances the maxi-
mally entangled Bell statesu01l+ u10ld /Î2 with an entangle-
ment of unity. Quantum dephasing processes, mostly popu-
lation relaxation in the system under current studies, lead to
deviation from the maximally entangled state.

A more accurate analysis describes the quantum state fol-
lowing the pump pulse as a mixed state due to the presence
of dephasing. For a mixed state, the statistical properties of
the mixture can hide the quantum correlations such that even
the distinction between separable and entangled systems be-
comes very difficult. However, in the case of a bipartite sys-
tem, it is possible to compute explicitly the entanglement of
formation once the density matrix describing the quantum

state is known.35 The experimental reconstruction of the full
density matrix is an important problem under current inves-
tigation. For now, we calculate the density matrix describing
the state of the two-bit system following the pump pulse by
solving the density matrix equations with typical dephasing
times( T1=T2=50 ps; in reality,T2 is usually longer thanT1

in the QD’s under the study) and pulse shapes[E
~sechst /Td,T,3 ps] included. The entanglement of forma-
tion using the density matrix calculated at 5 pss10 psd fol-
lowing the peak of the pump pulse is,0.8 s0.7d.
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