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Evolution of Entanglement Between Distinguishable Light States
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We investigate the evolution of quantum correlations over the lifetime of a multiphoton state.
Measurements reveal time-dependent oscillations of the entanglement fidelity for photon pairs created
by a single semiconductor quantum dot. The oscillations are attributed to the phase acquired in the
intermediate, nondegenerate, exciton-photon state and are consistent with simulations. We conclude that
emission of photon pairs by a typical quantum dot with finite polarization splitting is in fact entangled in a
time-evolving state, and not classically correlated as previously regarded.
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Entangled optical states provide fundamental insights
into the nature of quantum mechanics, and are an essential
resource for advanced quantum information applications
such as scalable linear optics quantum computing [1] and
quantum key distribution over large distances [2]. The
realization of entangled light sources has thus far concen-
trated on the time-averaged relationship between paired
photons. However, quantum correlations can evolve over
the lifetime of a multiphoton state. Here we demonstrate
that states that show classical behavior using standard
measurements in fact show entanglement when resolved
over time. Such entanglement could be efficiently utilized
in quantum logic and security applications.

Entangled photon pairs can be generated by a number of
techniques, including by parametric down-conversion [3],
Cu(l crystals [4], two-photon interference [5], and quan-
tum dots [6-10]. A single quantum dot emits a pair of
photons as it decays radiatively from the initial biexction
(XX) state to the ground state (GS). The decay proceeds via
one of two paths, which are represented in Fig. 1(a) by the
energy stored in the quantum dot as function of time. After
a time tyy spent in the XX state, a biexciton photon Hyy or
Vxx is emitted as the dot decays to the exciton (X) state.
The polarization of the biexciton photon is either horizon-
tal (H) or vertical (V), and corresponds to decay into the
exciton state Xy or Xy, respectively. At this time (¢yy), the
system exists in a symmetric superposition of the exciton-
photon states |HyxyXy) and |VyxXy). The quantum dot
remains in a superposition of Xy and Xy for time delay
7, during which a phase difference develops due to the
energetic splitting S between alternate exciton states.
Subsequently, the exciton photon Hy or Vy is emitted
with the same polarization as that of the earlier biexciton
photon, and the quantum dot reverts to the ground state.
The system now exists as a superposition of orthogonally
polarized photon pair states, with the phase between them
determined by the time delay 7 between the first (biexci-
ton) and second (exciton) photon emission events. The
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final two-photon state is therefore W o (|[HyyHy) +
ST Vyx Vi) /42,

To illustrate the time-dependent nature of the superpo-
sition, consider the biphoton (photon pair) intensity, which
decays exponentially with delay 7, and the phase @, which
evolves linearly with 7 according to ® = S7/h. The rela-
tionship between intensity and phase is shown using polar
coordinates in Fig. 1(b). For a quantum dot with zero
splitting (straight line), the superposition remains in phase
as the intensity decays during an emission cycle. This
results in the observation of a well-defined entangled pho-
ton pair state when integrated over delay 7. In contrast, for
a quantum dot with finite splitting (curved line), the phase
of the superposition rotates as the intensity decays. Thus
averaged over time, instantaneous superpositions largely
cancel out with those at other times with opposing phase,
giving rise to more classical photon pair states. This is the
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FIG. 1 (color online). Schematics of entangled photon pair
generation in quantum dots. (a) Energy of a quantum dot as a
function of time following excitation to the initial biexciton (XX)
state. The state W is marked for times corresponding to emission
of the first and second photons. (b) Biphoton intensity and the
phase of the photon pair superposition for dots with exponential
radiative decay and zero and finite fine structure splitting S as
indicated.
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origin of the reduction in time-integrated entanglement as a
function of splitting [11], and of the propensity to catego-
rize the emission from quantum dots imparting spectral
“which-path” information as classical [12—14].

We will show that it is possible to resolve the hidden
evolution of the entanglement properties as a function of
the time delay 7. Only a few measurements of similar type
have been reported previously, including evolution of en-
tangled atom-photon systems [15,16]. However, in these
experiments evolution is controlled using probe delay or
other parameters, and the final state is an entangled two-
photon state with fixed phase. Integrated over detection
time, such states do not present classical behavior, unlike
those of a quantum dot. In other work, nondegenerate two-
photon interference [17] showed strong maxima and min-
ima resolved in time, despite poor interference averaged
over time. Of course the situation with quantum dots is
quite different, as it is interference between superpositions
of exciton-photon pair states that drives evolution of
entanglement.

The sample used was similar in design to those of
previous experiments [8,9,11], and contains a single layer
of InAs quantum dots, with dot density <1 um~2. The
dots are formed at the center of a 1A GaAs microcavity,
defined by distributed Bragg reflectors consisting of 6 and
18 pairs of A/4 AlyogGaygAs/GaAs layers above and
below, respectively. Apertures of ~3 pum diameter were
fabricated in a metal film on the surface of the sample to
isolate emission from individual dots. The sample was
cooled to ~10 K and excited nonresonantly by a laser
diode with ~100 ps pulses at 80 MHz. The splitting S
was controlled by applying an in-plane magnetic field [18]
and determined by direct measurement of the polarization
dependent photoluminescence (PL) using a CCD camera
[19].

To probe entanglement as a function of time, we mea-
sure the fidelity f* with the maximally entangled state
W = (|HyyHy) + |VxxVx))/~/2, which is the expected
state for a quantum dot with S = 0 [6,9]. The time parame-
ter 7 is the emission delay of the exciton (X) photon
relative to the biexciton (XX) photon, and was selected
by applying a single timing gate to accept only photon
pairs for which 7, = 7 = (7, + w). This region (gate) is
indicated on the predicted exponential decay of the bipho-
ton intensity of Fig. 2(a). The fidelity with ¥ was de-
termined using the relationship f*(7,, w) = [Cg(7,, w) +
Cp(7y, w) — Cc(7,, w) + 1]1/4 [11], which requires the
measurement of the degree of correlation in the rectilinear
(Cr), diagonal (Cp), and circular (C) polarization bases.
Here C= (gff) — g(f)) / (gl(lz) + g(f)), where copolarized and

cross-polarized correlations gI(IZ) and g(f) are determined for

an unpolarized source. This was verified experimentally
within 2% error (carried throughout our analysis) by inde-
pendent measurement of the polarization dependent PL
intensity. The second order cross correlation g(z)(Tg, w)
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FIG. 2 (color online). Recovery of entanglement by time dis-
crimination. (a) Schematic of the time-dependent gate(s) applied
to postselect photon pairs based on the time interval 7. Fidelity
and photon pair intensity are plotted on left and right axes. The
first gate begins at time 7, and has width w. (b) Fidelity f * and
fraction of photon pairs retained after postselection in time
within a gate of width w, beginning at 7 = 7, = 0. Bands denote
measurement errors dominated by Poissonian counting noise.
Dashed horizontal line represents the limit for classical behavior.
(c) Calculated behavior corresponding to (b). Solid curves and
dashed curves represent simple (time-independent) and extended
(time-dependent) treatment of the uncorrelated light contribu-
tion, respectively. (d) Measured natural linewidth of photon pairs
postselected with a 1 and 0.39 ns single gate.

was determined for different gate parameters by measuring
7 for each photon pair using our previously reported ava-
lanche photodiode (APD)-based detection scheme. The
error in f* is dominated by Poissonian counting statistics
[20].

The fidelity f* of the emission from a dot with § =
2.5 = 0.5 peV is plotted in Fig. 2(b) as a function of the
gate width w as square points. The start of the gate is fixed
at 7, = 0, which we define as the modal delay between
biexciton and exciton-photon detection. For a gate width
w = 2 ns, the fidelity f* is measured to be 0.46 = 0.01,
which is below the 0.5 maximum achievable fidelity for an
unpolarized classical state. However, as the gate width is
reduced below ~1 ns, the fidelity begins to increase, up to
a maximum of 0.73 £ 0.05 for the smallest gate width of
w = 49 ps, indicating entanglement. This is a conse-
quence of resolving entanglement before the state has
significantly evolved over time.

We also plot the biphoton intensity measured within the
gate, normalized to the total biphoton intensity for infinite
w, as disks. The curve fits excellently to the predicted 1 —
exp(—w/7yx), revealing an exciton lifetime 7y of 769 =
9 ps. It is clear that large increases in fidelity can be
achieved without a dramatic effect on the intensity of light
collected.

We developed a model to calculate the expected behav-
ior. We begin by writing down the time-dependent form of
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the biphoton density matrix p, derived using a time-domain analysis of the intermediate entangled exciton-photon state

[11]:
1+ ki 0
1 0 1
S
p(m) = 0 0
2kgipyeSh 0

Here, g;(,]%, is the fraction of dot emission unaffected by

spin scattering, gg},)v the first-order cross coherence, and k
the fraction of photon pairs that originate exclusively from
the dot. All these parameters are in general time-
dependent. Photon pair emission in quantum dots is robust
against single photon decoherence, and cross dephasing
between orthogonally polarized photon pairs has been
shown previously to be weak [11]. Thus for the simulations
presented here, we approximate the limit of no cross
dephasing (kgg?v = kg}%), and decoherence is limited
by spin scattering. The fidelity f* (7, w) is computed nu-
merically using a Monte Carlo approach, to incorporate a
Gaussian approximation of the APD jitter observed in
experiment.

The fidelity measured in the limit of large splitting is
used to determine the time-integrated contribution from
polarization uncorrelated light (1 — kg;g%,) [11]. For sim-
plicity, we approximate the fraction of uncorrelated light as
time-independent. The same trend of increasing fidelity
with reducing gate width w is reproduced, as shown by
the solid line in Fig. 2(c).

The fidelity is increased for small gate widths because
the system postselects photons in the time domain that
have a similar phase relationship between the orthogonally
polarized components of the superposition. In the mea-
surements above, the choice of 7, = 0 limits the phase
acquired in the exciton state close to zero, so collected
photons have high fidelity with the symmetric superposi-
tion U*. Similarly enhanced fidelities could be obtained
for other values of 7, with other maximally entangled
states with different phase.

Selection in time equivalently reduces which-path infor-
mation from the polarization splitting S in the energy
domain. This is because the Fourier transform of a trun-
cated exponential decay results in a broad natural linewidth
of the postselected photons. This is shown in Fig. 2(d) by
the Fourier transform of the experimentally measured bi-
photon decay, truncated after emission time delay 7 of 0.39
or 1.0 ns. Time selection could also be implemented by
applying voltages to Stark shift the emission lines away
from the collection wavelengths during the emission cycle.
Such a technique has successfully been applied to improve
the two-photon interference of single photons from a quan-
tum dot [21].

In comparison to direct energy-resolved postselection
[22], resolving in time is more efficient. This is under-
standable as time-resolved postselection targets photons at

—k /(1)

0 2kgle ST
8Hyv 0 0
1
1 - kgify 0
0 1+ kghy

[
the beginning of the decay cycle, where emission intensity

is strongest. In contrast, energy-resolved postselection tar-
gets photons emitted with energies between those of Hy
and Vy, where intensity is minimum.

We note that the efficiency of the time selection tech-
nique can be increased further, giving rise to higher fidelity
entanglement, while rejecting fewer biphotons, for ex-
ample, by applying a second gate, delayed relative to the
first to allow the phase in the exciton state to evolve a
further 277, as shown schematically in Fig. 2(a).

We measure next how the fidelity evolves over time. The
gate width w was fixed at w = 537 ps for § <4 ueV, and
293 psfor § > 4 weV, in order to balance the requirements
of low statistical error and significant fidelity improve-
ment. Figure 3(a) plots the measured fidelity f* with
i+ as a function of the delay 7,. Measurements for differ-
ent splittings between S = 2.5 £ 0.5 and 13.5 = 0.5 ueV
(as marked) are offset vertically for clarity. Striking oscil-
lations of the fidelity are observed, most clearly for the
smallest investigated splitting of § = 2.5 ueV. The oscil-
latory behavior is due to the phase of the superposed state
rotating away from 0, and later returning to 27, which has
maximum fidelity with W*. It is driven by quantum inter-
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FIG. 3 (color online). Experimental and calculated fidelity f*
with the entangled state ¥ as a function of the time between
photons. When f* is minimum, high fidelity with other en-
tangled states is expected. (a) Measured fidelity for a single
quantum dot with different fine structure splitting S as indicated.
Bands denote measurement errors dominated by Poissonian
counting noise. (b) Calculated fidelity corresponding to experi-
mental conditions in (a). Solid lines and dashed lines represent
simple (time-independent) and extended (time-dependent) treat-
ment of the uncorrelated light contribution, respectively.
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ference of orthogonal polarization correlated biphoton
states projected onto the W+ Bell state. Interference be-
tween orthogonally polarized single photon states pro-
jected onto an intermediate polarization results in
analogous oscillations in the intensity of a classical state
[23]. It is important to stress that when f* is minimum,
entanglement still exists in the system but is expected to
have high fidelity with the orthogonal state ¥~ =
(|HyxHy) — [VxxVx))/~/2. Averaging of the evolving
state over the gate time reduces f* at its maximum,
compared to that observed for shorter gate times shown
in Fig. 2(b).

The frequency of the oscillations increases as the split-
ting S increases, accompanied by a reduction in the am-
plitude of the oscillations. The frequency range for which
oscillations weaken is comparable to the measured timing
jitter of FWHM = 577 ps introduced by photon pair de-
tection using silicon avalanche photodiodes. We attribute
the reduction in amplitude to time averaging of the oscil-
lations as the frequency approaches the resolution limit of
our system. For the same reason oscillations cannot be
resolved for the largest S measured of 13.5 ueV.

For delays >1.25 ns, variations of the measured fidelity
are suggestive of an increase in average fidelity for S =
13.5 peV and of deviation from single frequency sinusoi-
dal oscillation for § = 3.6 and 4.8 ueV. However, these
effects are not significant due to measurement errors in-
dicated by bands [20]. Further experiments are required in
order to reveal if such trends are real.

The calculations to reproduce the experimental results
are shown in Fig. 3(b). The solid lines represent the con-
stant uncorrelated light fraction model described above,
with the splitting and gate width parameters corresponding
to those in the experiment. There is convincing agreement
with the experimental data, and the trend of increasing
frequency and reducing amplitude is reproduced well.

Improved agreement between experiment and theory in
Figs. 2(c) and 3(b) is expected by incorporating nontrivial
time dependence of parameters such as background light
fraction, spin-scattering time, and even polarization split-
ting S. Further work is required to investigate these effects.
However, a more realistic variant of the model can be
constructed by including exponentially decaying back-
ground light and a constant spin-scattering time.
Estimation of the background light fraction accounts for
most of the uncorrelated light observed, which suggests a
spin-scattering time of ~8 ns. The corresponding fits are
shown as dashed lines in Figs. 2 and 3 and show similar
agreement to the simple model.

The time-integrated fraction of coherent dot light used in
the model calculations is 0.78, which corresponds to a
fidelity of 0.84 with the time-evolving maximally en-
tangled state W. The experimental and model results are
therefore consistent with the interpretation that the quan-
tum dot always emits entangled light, even if the exciton
level is not degenerate. The entangled state evolves as a

function of 7 which could be compensated for during
measurement using knowledge of the splitting S.

Finally, an efficient way to utilize photons entangled in
time-dependent states is to measure the detection times of
both photons and to estimate the state, then feed back this
information into the quantum information system.
However, direct interactions between qubits entangled in
time delay dependent states could reveal interesting phys-
ics, and might lead to radically different implementations
of quantum logic.

In conclusion, we have shown that quantum dots with
nonzero polarization splitting emit photon pairs into a
time-evolving entangled state. Such entanglement is hid-
den from conventional time-integrated measurement tech-
niques, which previously led to the belief that such dots
generate only classical light. The fidelity of entanglement
is found to be comparable to dots with degenerate exciton
states, and could be utilized in applications adapted for
evolving states. Our research highlights that by selecting
the correct measurement approach, entanglement in differ-
ent, but useful, forms can be extracted from seemingly
classical sources.
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