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Optically Induced Entanglement
of Excitons in a Single Quantum
Dot

Gang Chen,’ N. H. Bonadeo,'* D. G. Steel,’t D. Gammon,?
D. S. Katzer,? D. Park,? L. J. Sham?

Optically induced entanglement is identified by the spectrum of the phase-
sensitive homodyne-detected coherent nonlinear optical response in a single
gallium arsenide quantum dot. The electron-hole entanglement involves two
magneto-excitonic states differing in transition energy and polarization. The
strong coupling needed for entanglement is provided through the Coulomb
interaction involving the electrons and holes. The result presents a first step
toward the optical realization of quantum logic operations using two or more

quantum dots.

Entanglement is one of the most spectacular
peculiarities of quantum mechanics that con-
trast with classical physics (/). While it can
occur between separate degrees of freedom of
a single particle (2), only interparticle entan-
glement bears the properties of nonlocality
that are essential for quantum information
manipulation (3), such as teleportation, cryp-
tography, and computation (4). Entangled
states involving photons (5) or massive par-
ticles (6—9) have been produced by various
experimental means. In addition, fundamen-
tal quantum logic gates and a number of
quantum algorithms have also been demon-
strated using these systems (10-12).
Recently, semiconductor quantum dot
(QD) systems have been proposed as the
basic building blocks for solid-state—based
quantum logic devices due to their potential
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advantages, including the existence of an in-
dustrial base for semiconductor processing
and the ease of integration with existing de-
vices (/3-15). The rapid technological ad-
vances seem to promise sophisticated engi-
neering of the QD structures with the poten-
tial for the production of scalable coupled-
QD systems (/6, 17). However, neither
entanglement nor any quantum logic opera-
tion has been realized in these systems.

We report the production and detection of
an entangled state involving two excitonic
states localized in a single GaAs QD, demon-
strating an important first step toward the goal
of entangling excitons confined to two or more
semiconductor QDs. Single-QD exciton states
are addressed with high spatial resolution using
optical excitations that promote electrons from
the heavy-hole levels of a single QD (with
projected angular momentum of *3#/2) to the
first excited electronic states (with projected
angular momentum of *+7#/2). An external static
magnetic field is applied in the Faraday config-
uration to split both the hole and electron levels.
It has been shown (/8) that, despite the inter-
acting electron nature of the semiconductor
ground state, the low-lying state of a single
electron and hole excitation is a well-defined

single-particle state and that the exciton is a
well-defined electron-hole pair state with only
mutual attraction. All relevant energy levels and
the two optically allowed circularly polarized
(o, and o_) transitions at frequencies w, and
w_ are shown (Fig. 1A). Two mutually coher-
ent laser fields, o, polarized at frequency (1,
and o_ at frequency ()_, respectively, excite
these two transitions, producing the entangled
state (Fig. 1B). In the excitonic picture, the total
wavefunction can be written as

W)y = C,l0y + C,1-1/2, +3/2)
+C_l+12, -3n) (D

a nonfactorizable wavefunction involving the
[—1/2, +3/2) and |+1/2, —3/2) excitons. Our
notation for single-exciton states keeps track
of the angular momentum of the excited elec-
tron and the hole left behind. The state |0) is
the many-exciton vacuum (crystal ground
state), [-1/2, +3/2) represents the o, (or
spin-up) exciton state where an electron in
the —3#/2 level is promoted to the —#/2 level
(through a o, transition), leaving a hole with
angular momentum of +37%/2. Similarly,
[+1/2, -3/2) represents the o_ (or spin-
down) exciton state.

In order to optically excite a nonfactorizable
wavefunction and produce an entangled state of
two quantum systems, it is known that a strong
coupling is required (/9). In the case of two
excitons in a quantum dot, the coupling is due
to the strong Coulomb interaction (20). This is
best seen from the four-level diagram (Fig. 1C)
in the two-exciton basis (27). While leaving the
exciton vacuum and the single-exciton states
unaffected, it leads to an energy shift of the
two-exciton level |-172, +3/2, +1/2, -3/2)
(represented by ¢ in the absence of this interac-
tion), which becomes either a bound biexciton
state (denoted by b) or a scattering state of two
excitons (denoted by s). The photolumines-
cence of the biexciton state for similar dots in
this study have been reported in (22). Because
of the narrow-band excitation used to excite the
single-exciton states, the b (or s) state is out of
resonance and therefore does not contribute to
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the total wavefunction in Eq. 1. This situation is
analogous to the case of producing entangled
states of trapped ions (23). Without exciton-
exciton interactions, however, level ¢ would
contribute an extra term C,|—1/2, +3/2, +1/2,
~3/2) in Eq. 1 with an appropriate probability
amplitude (C, = C_C,/C,) to produce a fac-
torizable wavefunction.

For our measurements, we use a coherent
nonlinear optical (CNO) spectroscopy tech-
nique that involves two continuous-wave laser
fields arranged in the pump-and-probe geome-
try (24, 25). The resulting signal field produced
by the CNO interaction is homodyne-detected
with the transmitted probe beam. In the weak-
field limit, the signal is proportional to the
imaginary part of the third-order susceptibility
x® [or polarization P®] of the system. The
excitation beams, frequency stabilized to 4 neV,
are independently and continuously tunable, al-
lowing us to explore the QD system in two
ways. The CNO response of the magneto-exci-
tons is first studied using the degenerate re-
sponse (1, = Qrone)- To detect the exciton
entanglement, we use the nondegenerate con-
figuration, where the pump-and-probe fields are
tuned to excite different excitonic transitions.

The QDs used in our experiments are natu-
rally formed by interface fluctuations in a 42 A
GaAs quantum well (with 250 A Al ,Ga,,As
barriers) with growth interruptions and are
probed through submicrometer-sized apertures
(26, 27). The heavy-hole excitons localized in
these QDs show extremely narrow photolumi-
nescence (PL) lines and an atomic-like PL ex-
citation spectrum (27). The CNO response is
dominated by Pauli blocking of electrons (24)
with insignificant pure dephasing. Excitation-
induced dephasing or other many-body effects
has not been observed in these systems, in sharp
contrast with higher dimensional semiconduc-
tor structures. Due to the asymmetry of the
interface island elongation that leads to band
mixing, the optically allowed doublet follows
linearly polarized selection rules in the absence
of an applied magnetic field, and shows a small
fine structure splitting (26). An external mag-
netic field, in addition to splitting all electronic
levels, diminishes the exchange interaction that
causes band mixing, recovering the circular
polarization of the optical transitions (28).

The spectrum of a fully degenerate CNO
experiment is shown (Fig. 2A) at zero magnetic
field using co-linearly polarized pump and
probe, with sharp spectral peaks arising from
single QD excitons, similar to that first reported
in (24). The degenerate CNO response of a
typical QD as a function of the magnetic field is
shown (Fig. 2B). The polarization of both the
excitation beams are o (or ¢_), so that they
jointly excite and map out the corresponding
exciton resonance without providing informa-
tion about exciton-exciton coupling. It shows
that the magnetic field recovers the circular
polarization selection rules of the exciton tran-
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sitions and results in a Zeeman splitting and a
diamagnetic shift of the resonances. The two
excitons are not mixed and are both energeti-
cally and orientationally differentiable under
even a small magnetic field, implying that ex-
change effects are negligible. The nonlinearity
caused by the Overhauser effect (28) is effi-
ciently suppressed by fast modulation of the
beams. Note that both the linewidth and the
signal strength of the o, and the o_ transitions
are comparable within experimental error
(£5%), showing an identical dipole moment
(or oscillator strength) and dephasing rate, as
expected.

To entangle the two magneto-excitonic
states and detect the entanglement, we tune the
o _ polarized “pump” field to excite the lower
energy transition, and measure the CNO spec-
trum as the o, polarized “probe” field excites
the higher energy excitonic transition (com-
pared to the experiment where the higher ener-
gy exciton state is “pumped” and the lower
energy one is “probed,” this configuration
avoids the contribution from the incoherent
spin-flip of the higher energy exciton). As the
theory presented below will show, a unique
interference lineshape seen in the spectrum
identifies a second-order (in the applied optical
fields) coherence between the two excitonic
states induced by the presence of both optical
fields. This coherence implies a well-defined
phase relation between C, and C_ of Eq. 1,
from which we infer the presence of quantum
entanglement between the two excitonic states.

A C
—_+1/2) S #1282
T T 1-1/2) b -1/2,+3/2)
[+ |G,

! / a,

(hw_) i(.'m)v) [+1/2,-3/2) ';’ :
—e——+3/2) G | F124302)
—o-1-32) \/ )

g |
= §
10) 1/2,43/2)  1+1/2,-3/2)
— o= [+1/2)
e —& |-1/2)

C, -— + C, et_r* + C A
—& —& —o  1-32)
W) =Cy|0)+C,|-1/2,+3/2)+ C | +1/2,-3/2)

Fig. 1. (A) Level diagram for heavy-hole exciton
transitions of a GaAs quantum dot under an
external magnetic field. (B) The entanglement
implied by a nonfactorizable wavefunction in-
volving the o_ and the o excitons. (C) The
four-level model for incorporating the Coulomb
correlation into the problem. The noninteract-
ing two-exciton, bound biexciton, and scatter-
ing states of two excitons are represented by t,
b, and s, respectively. o, and o_ represent the
two single-exciton states and g the exciton
vacuum (crystal ground state).

In the absence of the Coulomb interaction,
the two excitonic transitions would be inde-
pendent of each other. In this case, not only is
there no entanglement, there is also no non-
linear signal, because the excitation of the o_
exciton (by the o_ polarized pump beam)
would not affect the o excitonic transition,
to which the o polarized probe beam is
sensitive. The exciton-exciton Coulomb in-
teraction, however, causes only an energy
shift of the two-exciton level (Fig. 1C). Un-
der the condition that both beams are well
off-resonance with the energy-shifted state,
the problem is effectively reduced to three
levels. This gives rise to a nonzero nonlinear
signal, which allows for the study of the
coherent coupling between the o, and o_
excitons. Any contribution from the two-ex-
citon level would lead to reduction of signal
strength. As will be shown later, we observe
no such reduction. Therefore, the total exci-
tonic state of the system after excitation is a
coherent superposition as shown in Eq. 1.

To explain the nondegenerate CNO experi-
ment, the third-order polarization of the exper-
iment (polarization of the o exciton) is calcu-
lated under steady-state conditions using the
density matrix formalism for a three-level sys-
tem in the rotating wave approximation (29)

1624.4 1626 1627.6
Energy (meV)
o—
B
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A 04T
07T

-80  -40 0 40 80 120 160 200
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Fig. 2. (A) High-resolution degenerate (., =
Q,ope) coherent nonlinear measurement through
a 0.5-mm aperture showing sharp spectral lines
from single GaAs QDs at 0 B-field and T = 5 K.
The pump and probe beams are co-linearly polar-
ized. (B) Field dependence of the degenerate non-
linear response of a typical dot, showing a dia-
magnetic shift and Zeeman splitting, Solid and
open circles correspond to the experimental data
where both the pump and probe beam are o_
and o, polarized, respectively. The horizontal axis
denotes the energy detuning from that of the
signal peak at zero field.
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where A, =Q_~w_,A, . =0, ~w,.

The variable v;; represents the dephasing rate
between level i and j, with level 1, 2, and 3
being the ground, o_, and o states, respec-
tively. I is the energy relaxation rate of the
o _ state. The values p., and p._ represent the
dipole of the o and o _ transitions, respec-
tively. The pump field is denoted by E_,
whereas the probe field is denoted by E .
Equation 2 shows two contributions to the
nonlinear signal resulting from different time
ordering in perturbation theory. The first term is
sometimes referred to as the incoherent contri-
bution and arises from reduced absorption of
the o, polarized probe beam following excita-
tion by the o_ polarized pump [the o_ field
reduces the total population of the ground state
in the second-order (E_E") through the o_
transition]. It is incoherent since the phase in-
formation of the pump is lost in E_E* . This
contribution requires no mutual coherence be-

pump: -

3-2-10123 456 78
Probe detuning (2, — w, )T

Fig. 3. Theoretical prediction for the nondegen-
erate experiments with the exciton-exciton
Coulomb interaction considered. The pump is
o _ polarized and fixed at positions indicated by
the arrows. The probe is o, polarized and
scanned across the o, resonance. Curves in (A)
show the incoherent contribution from the
ground-state depletion. Curves in (B) show co-
herent contribution. Curves in (C) show the
total signal. Without the Coulomb interaction,
the nonlinear signal is zero.
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tween the fields. The second term of Eq. 2
comes from the coherent coupling between E
and E_ leading to a coherence between the o,
and o_ excitons. It is created by E” E_to the
second order; a mutual coherence between E_
and E_ is essential (30).

Figure 3 shows this theoretical prediction
of the contribution from each term as well as
the total signal, with the pump frequency
tuned to different positions around the o_
resonance. It can be seen that the incoherent
contribution peaks at the center of o reso-
nance, independent of the pump position, in-
dicating its incoherent nature. Interestingly,
the inclusion of the coherent contribution in-
troduces a dramatic and qualitative change in
the lineshape, and is characterized by the
development of an asymmetry due to inter-
ference between the two terms and the track-
ing of the signal peak with the pump position.
The presence of the interference lineshape
indicates that the coherence between C, and
C_ is not destroyed by dephasing (decoher-
ence). The sign of the signal is quite distinct
from that recently reported in (37).

The experimental results are shown in Fig.
4. The results shown are independent of the
excitation intensity and are confirmed to be in
the x® regime. The nonzero “cross-polarized”
response, which is characterized by an interfer-
ence lineshape similar to that predicted by the-
ory, provides the following important informa-
tion: (i) The two excitons are not independent
and are coupled through the Coulomb interac-
tion, whose main effect is to shift the two-

Degenerate

1632.3 1632.4 1632.5

Energy (meV)

1632.6

Fig. 4. Nondegenerate coherent nonlinear re-
sponse of a single QD. The pump is placed at
the o _ (lower) state with o_ polarization. The
probe is scanned across the o, state (upper)
with o polarization. The results show an in-
terference lineshape identifying the contribu-
tion from the Zeeman coherence, implying an
quantum entanglement of excitons.

exciton level. (ii) It is possible to control the
spin-up exciton using the spin-down exciton,
and vice versa. (iii) The two-exciton coherence
is induced in the second order and detected in
the third order (in the applied optical fields),
implying that the excited wavefunction is in-
deed a coherent superposition of states as de-
scribed by Eq. 1. (iv) This coherence is not
destroyed in the time scale short compared to
the C, and C_ lifetime.

The signal strength of both the degenerate
and nondegenerate response is used to vali-
date the assumption that the two-exciton level
does not contribute to our experiment. Any
such contribution would give rise to a reduc-
tion in nondegenerate signal strength. Full
cancellation of the signal would take place in
the noninteracting case, where the two-exci-
ton level would contribute with a probability
amplitude C, = C_C,/C,. By comparison
with theory, when Eq. 2 is modified to in-
clude the fourth level, the data then shows
that the reduction is indeed negligible within
an experimental error of 5%, which means
that the two-exciton level contributes less
than C, = 5% X C_C,/C,. From the detect-
ed signal strength, we are able to obtain | C, |
=03 *0.05and [C_| = 03 % 0.05. The
two-exciton level probability amplitude,
[C,l, is less than 0.005 (0.1 would make the
total wavefunction factorizable). The value of
|Co| is 0.9. The density matrix for the two-
exciton system is then established, from
which the entropy of entanglement (32), E, is
calculated to be E = 0.08 * 0.02, indicating
quantum entanglement. This number is rela-
tively small compared to what has been
achieved in an ion trap (6) (where an E value
of 0.5 is reported) and reflects the weak-field
condition of our experiment to stay in the x
regime, as appropriate for spectroscopy stud-
ies where Eq. 2 is valid. For entanglement
with C;, = 0 and the eventual application to a
quantum logic device, the experiments would
be done using high-intensity coherent tran-
sient excitations with a pulse area of order .

The nondegenerate response of Fig. 4 is
fully resonant, in the sense that, if either beam is
detuned outside the corresponding transition
line, the signal vanishes. In addition, if we
change the polarization of either or both beams
to oppositely circularly polarized (compared to
that used in Fig. 4), no signal is observable.
These are in contrast with the measurements
performed in quantum wells by Sieh and co-
workers (3/), who showed a red-shift type of
dispersive lineshape attributed to the presence
of two-exciton states. In our experiment, how-
ever, the two-exciton state does not play a role.
Indeed, if the spectra shown in Fig. 4 were to be
attributed to a simple lineshift, it would be a
blue shift, instead of a red shift, as is the case in
(31) under similar experimental conditions.

The coherence we describe resembles the
so-called Zeeman coherence in atomic systems.
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Similar coherence between heavy-hole and
light-hole excitons has been reported in (33).
These are examples of quantum coherence in-
volving a nonradiative superposition of states,
which leads to many novel phenomena such as
the Hanle effect, dark states, lasing without
inversion, electromagnetically induced trans-
parency, and population trapping [see (33) and
references therein]. However, unlike the QD
system, atomic Zeeman coherence does not
necessarily involve two differentiable electrons,
in contrast to the experiment we present here.

Finally, it is critical to note that while the
simple discussion related to Fig. 1 shows the
origin of the entanglement, the discussion is
considerably over-simplified; it completely dis-
regards the possibility that fast dephasing of the
Zeeman coherence could lead to an unobserv-
able effect, even if the single-exciton states
themselves were long-lived. In the language of
NMR, this is saying that a long 7, and T,
associated with the single-exciton states does
not guarantee a comparable 7, for the Zeeman
coherence. The magnitude of the decoherence
rate, vy;; (1/T,), in Eq. 2 can be determined by
comparing the relative strength of the coherent
and incoherent contribution. The dephasing rate
of the radiative coherence was already shown in
(24) to be ~20 ps and is comparable to the
energy relaxation rate, I" (1/T;). This measure-
ment further gives the decay rate of the Zeeman
coherence as ~20 ps, which again is similar to
the energy relaxation rate and shows that the
pure dephasing of the two-exciton coherence is
not significant in QDs. By exchanging the spec-
tral position of the pump and the probe (the
polarization has to be changed accordingly,
too), the relative time scale of incoherent spin
relaxation can also be estimated. As expected,
the Zeeman splitting has reduced this process to
an unobservable level (>100 ps).

In summary, we have inferred from our
measurements entanglement of an excitonic
system in single GaAs QDs and shown the
importance of exciton-exciton Coulomb inter-
action for this observation. Our results are ex-
plained by a three-level model in a two-exciton
basis. The next step, though more challenging,
is to recover the same type of entanglement
between coupled QDs [as proposed, for exam-
ple, in (13, 14)]. This would allow for scaling
the experiment to larger systems.
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Evidence That the Reactivity of
the Martian Soil Is Due to
Superoxide lons

A.S.Yen,* S. S. Kim," M. H. Hecht," M. S. Frant,? B. Murray®

The Viking Landers were unable to detect evidence of life on Mars but, instead,
found a chemically reactive soil capable of decomposing organic molecules. This
reactivity was attributed to the presence of one or more as-yet-unidentified
inorganic superoxides or peroxides in the martian soil. Using electron para-
magnetic resonance spectroscopy, we show that superoxide radical ions (0,")
form directly on Mars-analog mineral surfaces exposed to ultraviolet radiation
under a simulated martian atmosphere. These oxygen radicals can explain the
reactive nature of the soil and the apparent absence of organic material at the

martian surface.

The 1976 Mars Viking Landers performed a
series of experiments in which soil samples
were analyzed for evidence of life. Biological
responses were not detected; however, the
soil samples from the surface as well as from
~10 cm beneath the immediate surface were
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found to be chemically reactive (/). Upon the
introduction of water vapor, oxygen was re-
leased from the soil samples in larger quan-
tities than would be expected from physical
adsorption in equilibrium with the ambient
atmosphere (2). Furthermore, isotopically la-
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