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Entanglement is one of the key features of quantum information
and communications technology. The method that has been used
most frequently to generate highly entangled pairs of photons1,2

is parametric down-conversion. Short-wavelength entangled
photons are desirable for generating further entanglement
between three or four photons, but it is difficult to use parametric
down-conversion to generate suitably energetic entangled pho-
ton pairs. One method that is expected to be applicable for
the generation of such photons3 is resonant hyper-parametric
scattering (RHPS): a pair of entangled photons is generated in a
semiconductor via an electronically resonant third-order non-
linear optical process. Semiconductor-based sources of entangled
photons would also be advantageous for practical quantum
technologies, but attempts to generate entangled photons in
semiconductors have not yet been successful4,5. Here we report
experimental evidence for the generation of ultraviolet entangled
photon pairs by means of biexciton resonant RHPS in a single
crystal of the semiconductor CuCl. We anticipate that our results
will open the way to the generation of entangled photons by
current injection, analogous to current-driven single photon
sources6,7.

The material we used in this study was copper chloride (CuCl)
single crystal. Because CuCl has a large bandgap (,3.4 eV), it is
suitable for generating photon pairs in the short wavelength region
near ultraviolet. Furthermore, the material has large binding ener-
gies for the exciton (,200 meV) and biexciton (,30 meV). These
characteristics have made CuCl one of the most thoroughly inves-
tigated materials on the physics of excitons and biexcitons (ref. 8
and references therein). In particular, the ‘giant oscillator strength’
in the two-photon excitation of the biexciton results in a large
increase in RHPS efficiency, which is advantageous for our experi-
ment. In fact the RHPS in CuCl has been observed since the 1970s
(refs 8, 9 and ref. 10 and references therein). Figure 1a schematically
shows the RHPS process in resonance to the biexciton state. The
two pump (parent) photons (frequency q i) resonantly create the

biexciton, and are converted into the two scattered (daughter)
photons (qs , qs 0 ). The biexciton state (G1) created in this process
has zero angular momentum (J ¼ 0), so we expected the polariza-
tions of the daughter photons to be entangled so that their total
angular momentum is also zero. With this expectation in mind, we
note that polarization correlation between two classical pump
beams has been known since the early 1980s (ref. 11). In practice,
instead of the oversimplified picture in Fig. 1a, we must consider the
exciton-polariton picture; the RHPS obeys the phase-matching
condition that takes into account the polariton dispersion relation8.
The RHPS in this case is also called two-photon resonant polariton
scattering or spontaneous hyper-Raman scattering. In this process,
shown in Fig. 1b, the biexciton is created from a pair of parent
photons (polaritons, more accurately). The sum of the parent
photons’ energies matches the biexciton energy. The biexciton
progressively coherently decays into two polaritons, the sum of
whose photon energies, as well as the sum of momenta, is conserved
as that of the biexciton. Although the RHPS in CuCl has been
known for decades, the possibility of generating entangled photons
by this process was theoretically pointed out only lately12. In
addition, a large parametric gain via the biexcitonic resonance in
CuCl was reported recently13. Similar stimulated parametric scatter-
ing of polaritons has also been observed in semiconductor micro-
cavities, even at high temperatures14.

In the present experiment, we used a vapour-phase-grown thin
single crystal of CuCl. Figure 2 presents the schematic drawing of
our experimental set-up and Fig. 3 shows the spectrum of light
emitted from the sample. The large peak at the downward arrow in
Fig. 3 is the Rayleigh scattered light of the pump beam that was
tuned to the two-photon excitation resonance of the biexciton. The
two peaks indicated by LEP and HEP (lower and higher energy
polaritons) on either side of the pump beam originate from the
RHPS. The RHPS is very efficient (a few orders of magnitude higher
than that of typical parametric down-conversion): We got of the
order of 1010 photons s21 sr21 by using pump light of ,2 mW. A
pair of photons, one from LEP and the other from HEP, is emitted
into different directions according to the phase-matching con-
dition, so we placed two optical fibres at appropriate positions
and led each photon within the pair into two independent mono-
chromators followed by two photomultipliers (PMTs). A time-
interval analyser recorded the time interval (t) between the detected

Figure 1 Schematic diagram of the resonant hyper-parametric scattering (RHPS) via

biexciton. a, Two pump (parent) photons of frequency qi are converted to the two

scattered (daughter) photons (qs, qs
0 ). b, The polariton dispersion drawn in two

dimensions of momentum space. The biexciton decays into two polaritons that satisfy the

phase-matching condition so that both energy and momentum are conserved. The red

curve on the polariton-dispersion surface indicates the states on which the phase-

matching condition can be satisfied.
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photons. As shown in Fig. 4, we confirmed that the signal was
significantly enhanced at t ¼ 0, indicating that we detected the
time-correlated photon pairs generated from one biexciton. The
other peaks at t – 0 are caused by uncorrelated pairs of photons
emitted from independent biexcitons excited by the train of pump
pulses. We expected the main peak at t ¼ 0 also to contain
practically the same amount of uncorrelated component originat-
ing from two biexcitons excited by a single pump pulse. Thus, in the
analyses described below, the uncorrelated component has been
subtracted from the measured signal.

As mentioned above, the photon pair is expected to have
polarization entanglement such that the two-photon polarization
state jWl is expressed as:

jWl¼
1ffiffiffi
2

p ðjL1R2lþ jR1L2lÞ

¼
1ffiffiffi
2

p ðjH1H2lþ jV1V2lÞ

¼
1ffiffiffi
2

p ðjD1D2lþ j �D1 �D2lÞ

ð1Þ

where Li, Ri, H i, Vi, Di and �Di represents the states for left-circular,
right-circular, horizontal, vertical, þ458 and 2458 polarizations of
one of the daughter photons (indicated by i ¼ 1,2), respectively.
Hereafter, we omit the indices i for simplicity. For the first check of
the entanglement of equation (1), we measured the time-correlated
coincidence traces for the combinations of linear polarized detec-
tions, as shown in Fig. 5. The result showed that the coincidences at
t ¼ 0 were significantly enhanced for HH, VV, DD and �D �D
polarizations, but not for HV, VH, D �D or �DD in accordance with
(1). Furthermore, by measuring the signal for $16 combinations of
detection polarizations in H, V, L, R, D, and �D; we performed
maximum-likelihood quantum state tomography15 to obtain the
density matrix r̂ of the two-photon polarization state. Figure 6
presents the real and imaginary parts of r̂ thus reconstructed. We

see that r̂ has significant amplitudes at jHHlkHHj, jVVlkVVj,
jHHlkVVj and jVVlkHHj. Because the off-diagonal components,
jHHlkVVj and jVVlkHHj, represent the coherence between jHHl
and jVVl states, the result was that the generated photon pair
held the quantum entanglement with good coherence. In fact,
assuming that the two-photon state is a maximally entangled
state:

jWl¼
1ffiffiffi
2

p ðjHHlþ eivjVVlÞ ð2Þ

we obtained fidelity F ; kWjr̂jWl¼ 0:83: This value surpasses the
classical limit F ¼ 0.5, indicating the quantum entanglement of
the two-photon polarization state.

We now consider the degree of entanglement observed in our
experiment. Although the observed values of fidelity surpassed the
classical limits, they nevertheless were not extremely high. To survey
the characteristics of our measured state further we calculated the
linear entropy S L and the values of tangle T to evaluate the degrees
of disorder and entanglement, respectively16,17. The values calcu-
lated from the obtained density matrix (Fig. 6) were S L ¼ 0.22 and
T ¼ 0.65, respectively, indicating that the purity, as well as the
degree of entanglement of our state, was somewhat degraded. One
possible reason for the partial degradation of entanglement is our
experimental geometry; it is known that the light scattered at finite
angles from the pump beam is partially polarized9, and thus the

Figure 3 Emission spectrum of the CuCl crystal at 4 K. The photon energy of the pump

light (3.1861 eV) is indicated by the downward arrow. The peaks indicated by LEP and

HEP are the lights emitted via the RHPS. The peaksM L andM T, which are not used in our

experiment, are resonant biexciton luminescence leaving longitudinal and transverse

excitons, respectively.

Figure 4 Photon correlation histogram between the photons emitted via the RHPS without

polarization analysers. The central peak at t ¼ 0 is a result of the emission of photon

pairs from a biexciton. The side peaks originate from uncorrelated pairs of photons

emitted from independent biexcitons that different pump pulses generate.

Figure 2 Experimental set-up to measure the photon correlation of the RHPS. A

sample (CuCl thin crystal) was mounted in the cryostat, and its temperature was kept

at ,4 K. The sample was illuminated by the second harmonic light of the picosecond

mode-locked Ti:sapphire laser (pulse width ,8 ps, repetition rate 80MHz). The

photons scattered via the RHPS were collected by the lenses into the two optical fibre

bundles. The two sets of polarization filters, each of which consists of a quarter-wave

plate and a linear polarizer, are put in front of the fibre bundles. The collected

photons are filtered by the two independent monochromators and are detected by the

two photon-counting PMTs. The correlation of single pulses from the PMTs are

recorded by the time-interval analyser with temporal resolution ,300 ps. The

emission spectrum was observed by the charge-coupled device (CCD) camera. PC (1)

and PC (2) are computers. SHG, second-harmonic generation; LBO, lithium borate.
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output state differs from the maximally entangled state. However,
the expected degree of entanglement, taking into account the effect
of our geometry, is T ¼ 0.99, which is still higher than the observed
value. At present, it is not clear whether the additional degradation
of entanglement is intrinsic to the RHPS process or was instead
caused by another experimental condition. A study to resolve this
question is under way.

Thus, we have succeeded in generating entangled photon pairs
through RHPS in a semiconductor crystal. To the best of our
knowledge, the wavelength (,390 nm) of our entangled photons
is the shortest ever realized experimentally. With the use of such
entangled photons with short wavelengths, it will be possible to
achieve quantum imaging with resolutions much better that in the
current technology, which is constrained by the classical diffraction

limit3,18–20. We also envision using these entangled pairs to generate
entanglement between three or four photons in succeeding para-
metric down-conversion.

So far, a few attempts to generate entangled photons in semi-
conductors have been reported. One method is to obtain entangled
photons by using cascade photon emission from a biexciton via an
exciton in a semiconductor quantum dot4. Using this approach,
those authors succeeded in observing photon pairs that were
correlated classically in time and polarization, but no quantum
entanglement has been observed. One of the main reasons for the
lack of success is the splitting of exciton states into two polarized
states, as induced by the asymmetry of the quantum dot shape4,5. In
our scheme, however, the sample is a single crystal without such
asymmetry. Furthermore, our scheme uses the decay of biexcitons
into two exciton-polaritons that are slightly off-resonant from the
exciton state. Thus, the two photons are emitted almost concur-
rently from the biexciton without going through the real exciton as
an intermediate state. This is another advantage of our scheme,
because it eliminates any decoherence that it might otherwise suffer
during the long-lived exciton state. A
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Fuel cells directly and efficiently convert chemical energy to
electrical energy1. Of the various fuel cell types, solid-oxide fuel
cells (SOFCs) combine the benefits of environmentally benign
power generation with fuel flexibility. However, the necessity for
high operating temperatures (800–1,000 8C) has resulted in high
costs and materials compatibility challenges2. As a consequence,
significant effort has been devoted to the development of inter-
mediate-temperature (500–700 8C) SOFCs. A key obstacle to
reduced-temperature operation of SOFCs is the poor activity of
traditional cathode materials for electrochemical reduction of
oxygen in this temperature regime2. Here we present Ba0.5Sr0.5-
Co0.8Fe0.2O32d(BSCF) as a new cathode material for reduced-
temperature SOFC operation. BSCF, incorporated into a
thin-film doped ceria fuel cell, exhibits high power densities
(1,010mWcm22 and 402mWcm22 at 600 8C and 500 8C, respect-
ively) when operated with humidified hydrogen as the fuel and
air as the cathode gas. We further demonstrate that BSCF is
ideally suited to ‘single-chamber’ fuel-cell operation, where
anode and cathode reactions take place within the same physical
chamber3. The high power output of BSCF cathodes results from
the high rate of oxygen diffusion through the material. By
enabling operation at reduced temperatures, BSCF cathodes
may result in widespread practical implementation of SOFCs.

The primary function of the cathode in a fuel cell based on an
oxygen-conducting electrolyte is to facilitate the multistep electro-
chemical reduction of oxygen4:

1=2 O2 ðgasÞ þ 2e2 ðcathodeÞ!O22 ðelectrolyteÞ ð1Þ

In a single-chamber fuel cell, the cathode must furthermore be
inactive towards oxidation of fuel, and operation at reduced
temperatures is essential to minimize undesirable gas-phase reac-
tions2 (Supplementary Fig. 1). In the present work, we use BSCF as a
new cathode material and demonstrate excellent performance in
both dual-chamber and single-chamber configurations at tempera-
tures lower than 600 8C. This material, a cubic perovskite (Sup-
plementary Fig. 2) in the BaCoO32d–SrCoO32d system, was first
developed as a high-temperature (.800 8C) oxygen permeation
membrane material5,6. Unlike typical cathodes, the A-site cation of
BSCF perovskite is an alkaline-earth species rather than a rare-earth
element.

We first measured the polarization resistance of BSCF by
two-electrode impedance methods using symmetric
BSCFjelectrolytejBSCF cells, where the electrolyte was ,1-mm-
thick 15 mol% samaria-doped ceria (SDC). As is standard in this
field, we use the term area specific resistance (ASR) to describe all
resistance terms associated with the electrode, whether they occur at
the gas–cathode interface, within the bulk of the cathode, or at the
cathode–electrolyte interface. Data were collected under a uniform
air atmosphere, both with (three-electrode) and without (two-
electrode) a reference electrode; the three-electrode configuration
allowed direct measurement of the half-cell voltage with and with-
out an applied direct current. The cathode ASR (Fig. 1a) was
determined from raw impedance plots as indicated in Fig. 1b,
where the high-frequency offset is due primarily to the electrolyte
resistance and the radius of the complete arc to the cathode
resistance. The ASR, as determined by both techniques, was
remarkably low: 0.055–0.071Q cm2 at 600 8C, and 0.51–0.60Q cm2

at 500 8C. Furthermore, the measured value dropped from
,0.60Q cm2 to ,0.27Q cm2 at 500 8C under an applied current
of 0.14 A cm22. Cells fabricated using silver alone as the cathode
showed ASR values ,1,000 times larger (Supplementary Fig. 3),
demonstrating that silver paste, used to attach silver mesh leads,
served only as a current collector. The ASR of the BSCF cathode
reported here is substantially lower than that of other single-phase
perovskite cathodes measured under similar conditions, and com-
parable to that of the best composite systems7–10.

The performance of the BSCF cathode in a conventional, dual-
chamber fuel cell was then investigated, again using SDC as the
electrolyte. A thin (20 mm) electrolyte layer was supported on a 700-
mm-thick Ni þ SDC anode, with a 10–20-mm-thick BSCF cathode
layer deposited on the opposing side, after first depositing an
additional porous interlayer of SDC (,5mm in thickness). Air
was supplied to the cathode chamber and humidified H2 (3% H2O)
to the anode chamber. Peak power densities of ,1,010 mW cm22

and 402 mW cm22 were obtained at respectively 600 8C and 500 8C
(Fig. 2a). These values are more than twice those measured in our
laboratory for a similar cell but with SSC þ SDC as cathode
(Supplementary Fig. 4). In addition to the polarization curves,
the cell resistances under open-circuit conditions were measured at
various temperatures by impedance spectroscopy. The electrode
polarization resistance (the sum of anode and cathode ASRs) is only
about 0.021Q cm2 at 600 8C, and 0.135Q cm2 at 500 8C (Fig. 2),
amounting to just 14% and 26% of the resistance of electrolyte at
these respective temperatures (Supplementary Fig. 5). It is note-
worthy that composite SDC þ BSCF cathodes, although still very
active for oxygen electroreduction, yielded lower power densities
than simple BSCF cathodes.

The trilayer fuel cell was further operated in a single-chamber
configuration with a propane þ O2 þ He mixture in a 4:9:36
volumetric ratio as the feed gas, and a total flow rate of
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