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Nonlocal biphoton generation in a Werner state from a single semiconductor quantum dot
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We demonstrate the generation of a Werner-like state from a single semiconductor quantum dot. The
tomographic analysis with temporal gating brings us to a systematic understanding of the relation between
the time evolution of quantum correlation and a set of parameters characterizing the exciton states, including
fine-structure splitting and cross-dephasing time. The Werner state relates the Bell’s parameter in the Clauser,
Horne, Shimony, and Holt inequality with a fidelity, which facilitates the evaluation of nonlocality.
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I. INTRODUCTION

The quantum biparticle state is the simplest physical system
that can exhibit profound quantum-mechanical phenomena
such as entanglement between causally independent parti-
cles [1] and nonlocality [2,3]. These properties are at the
heart of quantum information and communication technology,
providing unconditional security [4,5]. For two-qubit pure
states, entanglement and nonlocality are equivalent [6]. In
practice, however, all the systems are inevitably driven into
mixed states because any system is more or less open to its
environment and subject to loss and decoherence. Although the
relation between entanglement, nonlocality, and teleportation
fidelity is not fully understood for general two-qubit mixed
states [7,8], one of the mixed entangled states, the so-called
Werner state [9,10], has been widely investigated because of
its widespread ramifications. For example, there exist bipartite
mixed states that are entangled but do not violate any Bell-type
inequalities [9], and the Werner states can be regarded as
maximally entangled mixed states of two-qubit systems whose
degree of entanglement cannot be increased by any unitary
operations [11]. Moreover, all the entangled Werner states
are useful for teleportation [12]. Therefore, the generation
of Werner states is of significant importance for practical
biphoton sources employed in the field of quantum information
and communication technology.

For quantum photon sources with parametric downcon-
version [13,14], signal and idler photons have an intrinsic
quantum-mechanical correlation. Biphoton states have been
extensively studied with quantum state tomography [15-17],
and the formation of the Werner state was proved by intro-
ducing polarization diffusers [18,19]. On the other hand, for
quantum-dot (QD) photon sources [20], despite their potential
feasibility for quasideterministic operations, biphoton genera-
tion with quantum correlation is not straightforward. Lowering
the symmetry of the exciton confinement potential results in
an anisotropic e-h exchange and brings fine-structure splitting
(FSS) in the bright exciton states [21]. The resultant which-
path information and the time-integrated measurement hinder
quantum correlation by breaking the superposition between
the two decaying paths Hyxx Hyx and VxxVy for the neutral
biexciton (X X°)-exciton (X°) cascading process [22]. To date,
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to suppress the which-path information for a selected QD,
electric [23-25], magnetic [26], and strain [27,28] fields, as
well as spectral [29] or temporal [30,3 1] filtering, were applied;
thence, polarization-entangled [23—30] photon-pair generation
has been achieved. Moreover, the strengthening nonlocality of
the photon pair has also been demonstrated with temporal
filtering [31]. However, biphoton states generated from QD-
based sources are argued basically from the viewpoint of a
state being entangled (or nonlocal) or not, and further details
about the biphoton states against all the physically possible
biphoton mixed states still remain elusive.

In this paper, biphoton states via X X°-X° cascading emis-
sion from a QD are systematically examined on the basis of
an analytical density matrix for the excitonic system given by
Hudson et al. [32]. As aresult, we have established a quantum-
mechanical description of the biphoton state obtained from a
quantum-dot emitter as a Werner state. The Werner state distin-
guishes the obtained biphoton state from the generally allowed
biphoton mixed states and relates the so-called Bell’s S param-
eter to a widely used fidelity. The relation between the biphoton
states and fundamental parameters to determine the underlying
dynamics in the exciton states is also clarified by comparing an
analytically evaluated density matrix with a tomographically
reconstructed matrix by applying temporal gating.

II. DOT EMITTER PREPARATION AND
BIPHOTON-STATE ANALYSIS

As a biphoton emitter, we employed an unstrained GaAs
QD formed on a lattice-matched Alj3Gag7As barrier layer
grown on a GaAs (111)A substrate by droplet epitaxy [33,34].
Based on C3, symmetry of the (111) surface with identical
in-plane covalent bonds, highly symmetric “as-grown” QDs
emitting biphoton states with quantum correlation are demon-
strated [35-38]. Further details on the growth condition and
the sample structure are given elsewhere [33,35]. For optical
characterization, the sample was cooled to 9 K and a 640 nm
pulsed semiconductor laser was used to pump the Aly3Gag 7 As
barrier continuum.

Figure 1 shows the photoluminescence (PL) spectrum of
an isolated GaAs dot. In our samples, QDs typically have
four emission lines, i.e., negatively charged excitons (X ),
neutral biexcitons (X X?), positively charged excitons (X™),
and neutral excitons (X°) in order of increasing energy.
Prior to the biphoton-state analysis using photon correlation

©2015 American Physical Society
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FIG. 1. (Color online) PL spectrum of the isolated GaAs QD at
9 K. Lorentzian fitting is also shown as a red curve. The biphoton state
is generated from the |XX°) — |X° — |Vac) cascading process.
Inset: Detection polarization dependence (in linear basis) of the
emission energy for the X° and X X° lines.

measurements, we have analyzed the PL spectra as a function
of polarization angle, as shown in the insets of Fig. 1, which
reveals that the FSS value is smaller than the linewidth. In
addition, the amplitude of the peak energy difference in the
X X° and X° lines extracted with a sinusoidal fitting [31] was
below the measurement uncertainly of 0.40 pueV. Biphoton
correlation was investigated with a pair of cascadingly emitted
XX° and X° photons by analyzing the coincidence counts
using a time-to-digital converter (TDC). In this study, we have
measured coincidence with 62 polarization configurations, i.e.,
{H,V,D,A,R,L} polarizations for each line, where H, V, D,
A, R, and L indicate projections along the linear laboratory
horizontal, vertical, diagonal (+45° from H), antidiagonal
(—45° from H), right-handed circular, and left-handed circular
polarizations, respectively. Figure 2 shows a typical line
shape of the coincidence counts, and all the unprocessed
data measured with the 36 configurations are shown in the
Appendix (Fig. 6).

To analyze the biphoton state from the QD, density
matrices were tomographically reconstructed from the 36
datasets entailing the maximum likelihood method [15].
The degree of mixedness and entanglement are evaluated
in terms of linear entropy (Sp) [39] and tangle (T) [40],
respectively. These measurements can be calculated explicitly
from the obtained density matrix p as S; = ‘3—‘(1 —Trp?),
and T = [max(A; — Ay — Az — Aq,0)]%, where A; (i =1, 2,
3, 4) is the square root of the eigenvalues in decreasing order
of magnitude of the spin-flipped density matrix operator
R =p(c? ® 07)p*(c? ® 0”), where o” is one of Pauli’s
operators, and the asterisk indicates complex conjugation.
Biphoton states can be displayed in the S;-T plane, as shown
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FIG. 2. (Color online) Upper panel: Typical line shape of our
histogram of the coincidence counts for the X X°-X° cascade. Lower
panel: Integrating ranges for obtaining coincidence counts. The green
stripe covers the entire peak with an integration time of 3.072 ns, and
we refer to it as without gating. Two types of temporal gating, (i)
widening gate (red) and (ii) shifting gate (blue), are employed to
evaluate the time evolution of the biphoton states generated from a
highly symmetric QD. At, is 256 and 384 ps, respectively. The time
origin was determined to the point that provides the highest fidelity to
|®*). Biphoton density matrices are tomographically reconstructed
with 36 datasets for each temporal gating.

in Fig. 3(a), wherein all the physically allowed biphoton states
will be mapped on the white region below the dashed line. In
this plane, (S.,7) = (0,1) represents the maximally entangled
states, while (S;,7T) = (1,0) represents totally mixed states.
First, we analyzed the biphoton state without temporal gating.
In this case, outputs from the TDC were integrated over the
range covering the entire peak (the green stripe in the lower
panel of Fig. 2), and the resultant biphoton state is plotted as
a green square in Fig. 3(a). The state is on the Werner curve
indicated by the solid line. This is a clear manifestation that
the biphoton state emitted from the QD belongs to the Werner
state. Another important consequence of this analysis is that,
assuming the biphoton state is the Werner state, one can
readily see that the state is entangled for S; < 8/9 and further
violates the local hidden variable model for §; < 1/2 [17]. In
the present case, we have Sy = 0.436 (<1/2) and T = 0.382.
Thus, we can conclude that the generated biphoton state from
the present QD is nonlocal, which is consistent with a direct
demonstration of violating the Clauser, Horne, Shimony, and
Holt (CHSH) version of Bell’s inequality [3] without any
fields or filtering [35].

III. TIME EVOLUTION OF DENSITY MATRIX

The present highly symmetric QD emitter provides bipho-
ton states endowed with a high degree of entanglement and
nonlocality even without temporal gating. This achievement
sheds light on the dynamics underlying the intermediate
exciton states, such as coherent evolution of the state vector and

205437-2



NONLOCAL BIPHOTON GENERATION IN A WERNER ...

1.0
N
N (a)
0.8 :
\
k) 0.6 i
2 \
f_“ 0.4 \
AN
0.2 N
0.0 <3

00 02 04 06 08 1.0
Linear Entropy

1.0 1.0 7
(b) (c)
> 08— 0.8
2 08
o
—
T 06 © 06—
Ll o) i
&5 &
04 04
) ] =
£
= 02 0.2
0.0 - 0.0 -
T T T 1 T T T 1T T
00 05 10 15 20 00 05 10 15 20

Gate 1, At (ns) Gate L, At (ns)

FIG. 3. (Color online) Time evolution of the biphoton mixed
state from a QD mapped on the S.-T plane. The Werner state
is denoted by a solid line. (a) Experimentally obtained states via
quantum tomography with 36 polarization bases are shown by
red (blue) circles employing the widening (shifting) gate. A green
square exhibits the biphoton state without temporal gating. The
corresponding time evolution of the biphoton state in terms of (b)
linear entropy and (c) tangle is shown by solid lines. The horizontal
axis in (b) and (c) is At, (t,) for the widening (shifting) gate.

the relaxation processes involved. With a finite delay between
a pair of XX%-X° photon generations and the FSS (denoted
by §), the possible biphoton pure state from the emitter is
expressed as a Bell state, |®1) = %(|HH) + |V V)), with a

relative phase of exp(i St/h) gained in the dwell time ¢ in the
intermediate exciton state. The probability of generating the
state from the QD emitter with an exciton lifetime of 7,, at a
time between ¢ and ¢ + dt, is given by %exp(—t/r,)dt [32].
Therefore, the biphoton state generated in a time duration of
[tg.t + At,] is

to+AL,
b= / - exp(—1/7,)Ppure(t)dt, ey
!

g r

where Ppue(?) is the density matrix for the pure biphoton
state generated at time ¢. This is the fruitful extension
from a steady-state density matrix [32], with which we
can explore the time evolution of the generated biphoton states
in conjunction with exciton dynamics. To construct the general
biphoton density matrix, we first consider the effects of spin
scattering and background (uncorrelated) light by taking a
convex combination of the g and totally mixed (uncorrelated)
state of }1] ® I, where I indicates the identity operator of
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a single qubit. The ratio of spin scattering (characteristic
time t,) to radiative recombination and the fraction of
photon pairs stemming from the QD k define the weight
of p as p =k/(1 + t,/7,). The parameter k specifying the
background contribution will be redefined later. To describe
the general biphoton mixed state from the QD including
relaxation processes, 1/t, in the exponential functionin Eq. (1)
should be extended properly, so that the population with
copolarized components (| H H) and |V V')) decay with arate of
1/t + 1/7,, and decoherence takes place through the further
introduced parameter 7y in the off-diagonal elements of the
matrix to characterize the cross dephasing [32,41]. Thus, we
obtain the density matrix for the biphoton mixed state with the
rectilinear bases of |HH),|HV),|VH),|VV) as

1+ p 0 0 2pl*/ly
[ o 1-=p o0 0
=7l o 0 1-p 0 @
2[710/10 0 0 1+ P
where
te+ ALy 1
Iy = / _e—l(l/fr-&-l/m)dt’ 3)
ty Tr
te+At, 1
L :/ L ity ising, (g
t Tr

8

If |I./Ipl=1, hence S=0 and p'=k/(1+ /15 +
T, /tgyv) = p (or equivalently 7, /Tyy = 0), the biphoton state
p reduces to the Werner state and is mapped on a solid line in

the S, -T plane in Fig. 3(a) for0 < p’ < p < 1. To analyze the
time evolution of the biphoton states from the QD, two kinds
of temporal gating, i.e., (i) a widening gate with a constant
time increment and (ii) a shifting gate with a fixed width, were
employed in a complementary manner. Temporal gatings used
for reconstructing the biphoton density matrices are illustrated
in the lower panel of Fig. 2. To probe the coherent evolution,
since the phase rotates as the monitoring time increases, the
widening gate can be more sensitive. On the other hand, a
shifting gate is preferable to evaluate the relaxation dynamics.
An example of the time evolution of the density matrix is
illustrated in Fig. 4.

In Fig. 3(a), the experimentally reconstructed biphoton
states with the temporal gating are summarized as red (blue)
circles for the widening (shifting) gate. The error bars in
each point were estimated by taking into account the error
propagation in analytically calculating S; and T [42]. By
narrowing the gate width, the biphoton state moves toward the
maximally entangled state (S; = 0) along the Werner curve.
With the narrowest gate of 256 ps width, we have S; = 0.219
and T = 0.664. For the shifting gate, the biphoton state
evolved with time along the Werner curve to a totally mixed
state (S, = 1) with an increase in the weight of the mixed
state component. This finding indicates that cross dephasing
is comparatively slower than the radiative lifetime (p’/p >~ 1)
and that the phase rotation e/5'/" contributes rather weakly to
Eq. (4) (§ = 0), which suggests that § < h/At, = 1.7 peV.
The time evolution of the biphoton state is also displayed in a
more explicit way for both temporal gatings in terms of S; and
T in Figs. 3(b) and 3(c), respectively. The shifting gate shows

205437-3
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FIG. 4. (Color online) Density matrices (real part) representing two biphoton states obtained at #, = 0 and 1920 ps for the shifting gate.

stronger degradation with time because of real-time probing
of the mixedness and dephasing, and thus the biphoton state
is updated without considering the history. To calculate the
density matrix, a fraction of photon pairs exclusively from
the QD k in p is required. For the analysis using temporal

gating, since the k depends on the adopted gating condition,
we introduce an alternative time-independent parameter d
to specify the ratio of uncorrelated (background) count rate
to the single rate for the QD emission at zero time delay,
which is related to k as k = [S(tl,S(l]JZ) )]2, where S(t1,1,) =

S, )+d(h—11)
ff exp(—t/t,)dt.

By comparing the experimentally obtained biphoton states
using independently measured parameters of t, = 560 ps
and 7,, = 2.8 ns for the identical dot, we have found that
(S,tuv,d) = (0.36 £ 0.06 neV,2.3 £ 0.5 ns,0.008 £ 0.004)
presents the best agreement with the experimental observation
in Figs. 3(a)-3(c). Basically, these parameters were obtained
to reproduce the upper and lower bounds for the biphoton
state with the shifting and widening gates in Fig. 3(a), and
the overall behavior in Figs. 3(b) and 3(c). Since the density
matrix has full information on the biphoton state, we can
deduce the fundamental parameters to characterize the exciton
dynamics by analyzing the matrix as a function of the delay
time between X X° and X° photogeneration.

IV. TIME EVOLUTION OF FIDELITY

In Fig. 5, the fidelity f of the experimentally obtained
biphoton states to the maximally entangled state |®%) is
examined. The fidelity is calculated using f = (1 + Cy/v +
Cpya + Cgr)/4 for the two temporal gating conditions,
where Cp,y, Cp,a, and Cg/p are correlation functions in
the rectilinear, diagonal, and circular basis, respectively. The
overall behavior agrees well with (®*|p|®T) =[1+ p +

2p'Re(l./1y)]/4 using the identical parameters in Figs. 3(b)
and 3(c) (solid lines), which indicates that the analytical
method presented in this paper is quite useful to attain a com-
prehensive understanding of the biphoton state from the QD.
The Werner state relates the Bell’s S parameter in the CHSH
inequality with f [43], which assures that the biphoton states

in the Werner state are nonlocal if f > 0.78. Instead of the
direct verification of the violation of Bell’s inequality in earlier
works [31,35], biphoton mixed states in the Werner state offer
a simple criterion to evaluate the nonlocality. Note that even for
a zero gate width limit, the fidelity is below unity. This is due to
residual nonzero mixedness givenby S; ~ (=2p*/p”? — p> +
3)/3. To realize ideal biphoton pure sources with S; >~ 0, we
need 7, /7, >~ 0, 7, /Ty =~ 0, and k =~ 1. For this, shortening
of 7, by introducing the Purcel effect [44] with background-
free QDs and stabilizing spin states in the intermediate |X°)
state will be crucial.

1.0 l l
0.8
—
> 0.6 - T At
= g
(]
T 0.4
= .
"N
0.2 - —
l L
g shifting gate
0.0 [ [
0 1 2 3
Gate £, At (ns)
FIG. 5. (Color online) Fidelity f to the |®1)= if

(|HH) + |VV)) for the experimentally obtained biphoton statezs
with the widening (red circles) and shifting (blue squares) gates.
Error bars represent one standard deviation. Analytically calculated
fidelity employing identical parameters as in Fig. 3 is also displayed
as solid lines for each gating condition. f ~ (1 + p)/4 + p*/2p’ for
zero gate limit.
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FIG. 6. Photon correlation functions around zero time delay for the 36 polarization configurations used to evaluate the time evolution of

the biphoton state. Coincidence counts were accumulated for 10 min.

V. CONCLUSIONS

In conclusion, we have demonstrated that the biphoton state
generated from a QD via a biexciton-exciton cascade can be
well described as a Werner state. The Werner state shows a
continuous variation from a nonlocal to local (but entangled)
state, and finally to the classical one, which indicates the
decreasing weight of the Bell state in the Werner state with
a XX°-X° delay time. While the violation of the CHSH
inequality should be experimentally verified to show the
nonlocality for a general biphoton mixed state, one can readily
conclude, for the Werner state, that it is nonlocal if the fidelity
is larger than 0.78, just as we ensure the entanglement when
the fidelity exceeds 0.5.
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APPENDIX: UNPROCESSED COINCIDENCE COUNTS

In this Appendix, we present additional information on the
unprocessed coincidence counts for 36 polarization configura-
tions used in the analysis of the biphoton states emitted from
the GaAs QD (Fig. 6 ).
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