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dramatically when considering absolute returns as a measure of
volatility. Here we see that the transformed price data behave
differently from their counterpart derived from the input series,
and exhibit H = 0.85 which is a sign of strong persistence in
volatility. The exponent is again very close to the scaling found
for empirical data®.

As these scaling properties are absent in the external driving force,
they are generated by the interaction of economic agents with
heterogeneous beliefs and strategies in our simulated market. Can
we explain the emergence of power laws in these simulations? A
closer investigation reveals that the alternation between tranquil
and turbulent periods comes about through the changes of agents
between groups. In particular, in periods of high volatility we also
find a large fraction of agents in the noise trader group. Theoretical
analysis shows that a critical value for the number of noise traders
exists where the system loses its stability. Volatility is above average
when the fraction of noise traders comes close to this critical point,
or even increases beyond it, for some time. However, the ensuing
destabilization is only temporary, and turbulent phases are over-
come quickly by endogenous mechanisms: large deviations from the
fundamental value are seen as profit opportunities by fundamen-
talists whose operations then tend to stabilize the market again. This
temporal instability is similar to mechanisms found recently in
various models in physics where this phenomenon has been
denoted on-off intermittency’ . As the possibility of temporal
destabilization (with ensuing bursts of volatility) exists for an open
set of parameter values, the qualitative outcome of our model seems
to be extremely robust. This has been confirmed by simulations with
many different parameter sets (data not shown), which all led to
endogenous emergence of power-law tails and temporal depen-
dence of volatility, albeit with varying coefficients o and H. O
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Quantum-mechanical interference between indistinguishable
quantum particles profoundly affects their arrival time and
counting statistics. Photons from a thermal source tend to
arrive together (bunching) and their counting distribution is
broader than the classical Poisson limit'. Electrons from a thermal
source, on the other hand, tend to arrive separately (anti-bunch-
ing) and their counting distribution is narrower than the classical
Poisson limit**, Manipulation of quantum-statistical properties
of photons with various non-classical sources is at the heart of
quantum optics: features normally characteristic of fermions—
such as anti-bunching, sub-poissonian and squeezing (sub-shot-
noise) behaviours—have now been demonstrated®’. A single-
photon turnstile device was proposed®® to realize an effect similar
to conductance quantization. Only one electron can occupy a
single state owing to the Pauli exclusion principle and, for an
electron waveguide that supports only one propagating transverse
mode, this leads to the quantization of electrical conductance: the
conductance of each propagating mode is then given by G, = €*/h
(where e is the charge of the electron and h is Planck’s constant;
ref. 9). Here we report experimental progress towards generation
of a similar flow of single photons with a well regulated time
interval.

When a light-emitting p—n junction is driven with a high-
impedance constant-current source, injection of electron—hole
pairs can be regulated to below the classical shot-noise limit and
light with sub-shot-noise intensity fluctuations can be generated'’.
This is possible because the inelastic scattering of electrons in a
highly dissipative resistor can suppress the current noise by means
of the Pauli exclusion principle'""?, and the Coulomb repulsive
interaction between electrons in a p—n junction can suppress the
electron injection noise by way of the collective Coulomb blockade
effect'>™"°. In these squeezing experiments with a macroscopic p—n
junction, however, only large numbers of photons (of the order of
~10®) can be regulated owing to a small single charging energy.

It has been demonstrated in mesoscopic physics that an ultra-
small tunnel junction regulates the electron transport one by one
owing to a single charging energy that is large compared to the
thermal background energy'®™'®. If such a single-electron control
technique could be extended to simultaneous control of electron
and hole in a p—n junction, a single photon would be regularly
emitted, one by one®.

Our single-photon turnstile device utilizes simultaneous
Coulomb blockade for electrons and holes in a mesoscopic
double barrier p—n junction (Fig. 1a). The structure consists of an
intrinsic central quantum well (QW) in the middle of a p—n
junction and the n-type and p-type side QWs isolated by tunnel
barriers from the central QW. The lateral size of the device is
reduced to increase the single charging energy ¢*/2C;, where C; (i
is n or p) is the capacitance between the central QW and the i-side
QW. At a certain bias voltage V;, the conditions for electron
resonant tunnelling are fulfilled, and the mth electron can tunnel
into an electron sub-band in the central QW. When the mth electron
tunnels, the Coulomb repulsive interaction between electrons shifts
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Figure 1 Operation and fabrication of our single-photon turnstile device. a, The
operational principle of our device. When a junction voltage satisfies the electron
resonant-tunnelling condition (V' = V), a single (mth) electron tunnels into the
central QW, and the increased Coulomb repulsive interaction between electrons
prohibits subsequent electron tunnelling. Throughout the process, the hole
tunnelling remains off resonant. When the junction voltage is switched to the
hole resonant-tunnelling condition (V' = V/, + AV), a single (first) hole is allowed to
tunnel, but further hole tunnelling is prohibited owing to the decreased Coulomb
attractive interaction between electrons and holes. Throughout this process, the
electron tunnelling remains off resonant. The junction voltage is periodically
modulated between these two resonant conditions so that a single electron
and a single hole are injected per modulation period to produce a single photon.
b, Scanning electron micrograph of typical etched post structures. The diameters

the electron sub-band energy to above the Fermi level of the n-side
QW, so the (m + 1)-th electron tunnelling is inhibited. In our
single-photon turnstile device, the number of electrons in the
central quantum well is m = 10 at an operating bias condition. At
this bias voltage, the hole resonant-tunnelling condition is not
satisfied (the Fermi level of the p-side QW is higher than the hole
sub-band energy level of the central QW), so there is no hole in the
central QW. Then the bias voltage is increased to V, + AV to satisfy
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Figure 2 The electrical characteristics of the single-photon turnstile device. a, The
modulation-frequency dependence of the direct current in the 600-nm turnstile
device. A fixed a.c. amplitude of 72mV is superposed on the three different d.c.
voltages, V' = 1.545, 1647 and 1550 V. The background direct (leakage) current,
which is independent of the modulation frequency, has been subtracted. The
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of the devices range between 200 and 1,000nm, and the height of the posts is
~700nm. The junctions are located 600 nm from the top, near the bottom of the
post structure. In the experiment, electrical connection is made to only one of
these posts. ¢, Schematic of the experimental set-up. The fabricated single-
photon turnstile device (SPTD) was installed in the mixing chamber of a dilution
refrigerator at ~50 mK. The device was biased with both a d.c. and an a.c. voltage
source. Photons generated from the device were focused through a collimating
lens pair onto the surface of a single photon counting detector based on a solid
state photomultiplier (SSPM). The temperature of the SSPM was maintained at
6.5 K with good thermal isolation. The time delay between the rising edge of the
modulation input and the photon detection event was measured using a time
interval counter.

the hole resonant-tunnelling condition. If a single hole tunnels into
the hole sub-band of the central QW, the negative charge of this well
is decreased by one and the subsequent hole tunnelling is inhibited
owing to the decreased Coulomb attractive interaction between
electrons and holes. By periodically modulating the bias voltage
between Vjand V, + AV, we can inject periodically a single (mth)
electron and a single (first) hole into the central QW (Fig. 1 of
Supplementary Information). If the tunnel time and the radiative

I/f = 26 =

Slope (10-19 C)
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measured current agrees with the relation / = nef (solid lines), where e is the
electron charge and n =1, 2 and 3. b, The slopes //f in the current-frequency
curve versus d.c. bias voltage. The slopes //f are quantized and form plateaux at
multiples of e, indicating the operations at/ = ef, 2ef and 3ef.
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recombination time of an electron—hole pair are much shorter than
the pulse duration, one (and only one) photon is emitted for every
modulation period.

A GaAs/AlGaAs three-QW structure sandwiched by n-type and
p-type AlGaAs bulk layers was grown using a molecular beam
epitaxy technique. Post structures with diameters of 200—1,000 nm
were made by electron-beam lithography followed by metal evapo-
ration, lift-off, and BCl;/Cl, electron cyclotron resonance plasma
etching. A scanning electron micrograph of typical etched posts is
shown in Fig. 1b. The surface of the device was passivated with
sulphur in ammonium sulphide ((NH,),S) solution, and encapsu-
lated by silicon nitride film'". The structure was covered with hard-
baked photoresist and the top of the post was exposed by O, plasma
etching. Finally, electrical connection was made to each one of the
posts independently. The top semi-transparent metal served as the
p-type contact from which an emitted photon is detected, and the
n-type contact was formed in the substrate.

The device was installed in a dilution refrigerator with base
temperature of ~50mK, and was biased with a d.c. and an a.c.
voltage source (Fig. 1c). A direct current flowing through the device
was measured as a function of d.c. bias voltage with a square wave
a.c. modulation voltage. The emitted photon from this device was
detected by a Si solid-state photomultiplier (SSPM). This detector
features a high quantum efficiency of ~88%, a high multiplication
gain of ~30,000, a fast response time of ~2 ns and no multiplication
noise”. The detector was installed on the mixing chamber of the
dilution refrigerator, but the temperature was held at 6.5 K with
good thermal isolation.

We measured the d.c. current—voltage characteristics and
observed a well-defined resonant-tunnelling current peak with
very small background current; this indicates that surface (leakage)
current is well suppressed, in spite of the very small size of the post,

by the above-mentioned passivation process (Fig. 2 of Supplemen-
tary Information). Measurement of the photons generated by this
device indicated that the internal efficiency of photon emission
from an electron-hole pair is =33%.

When an a.c. modulation voltage was applied to the device in
addition to the d.c. bias voltage, we observed that the direct
current increased linearly as a function of the modulation fre-
quency, f. Figure 2a shows the measured current as a function of
a.c. modulation frequency, with a fixed a.c. amplitude of 72 mV at
three different d.c. bias voltages for a device with a diameter of
600 nm. The measured current (I) was in close agreement with the
relation I = ef, I = 2ef and I = 3ef (solid lines), when a frequency-
independent background current was subtracted. This background
current varies from device to device, and ranges from 0.5 to 6.5 pA.
In Fig. 2b we evaluate the slope I/f from the current versus frequency
curves and plot it as a function of the d.c. bias voltage. We find that
the slope increases discretely, creating plateaux at I/f = ne, where
e = 1.6 X 107" C is the charge of an electron and n = 1, 2 and 3.

The locking of the current at multiples of the modulation
frequency (I = nf) suggests that the charge transfer through the
device is strongly correlated with the external modulation
signal'**®. At the first current plateau at [ = ef, a single (mth)
electron and a single (first) hole are injected into the central QW per
modulation period, resulting in single-photon emission. At the
second current plateau at I = 2ef, two (mth and (m 4+ 1)-th)
electrons and two (first and second) holes are injected into the
central QW per modulation period, resulting in up to two-photon
emission (Fig. 3 of Supplementary Information). Similarly, at the
third current plateau at I = 3ef, three electrons and three holes are
injected per modulation period, resulting in up to three-photon
emission. This multiple charge operation becomes possible because
of the relatively broad inhomogeneous linewidths of the n-side and
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Figure 3 The photon emission characteristics of the single-photon turnstile
device. a, Histogram of the measured time delay between the rising edge of the
modulation input and the photon detection event at the first plateau (/ = ef). The
solid line at the top indicates the external a.c. modulation voltage. As a single
electron is injected at V/y and a single hole is injected at V, + AV, a photon is
emitted after the rising edge of the pulse. The dashed line is an analytical solution
(see text). The finite photon counts during the off-pulse period are due to the dark
counts of the Si SSPM. b, Results of a Monte-Carlo numerical simulation for the
photon emission probability versus the time delay at the first plateau (/ = ef). ¢
Measured histogram of the time delay at the second plateau (/ = 2ef). The
distribution is broader, as two electrons and two holes are injected, and up to
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two photons are generated per modulation period. The two dashed lines are the
theoretical solutions (see text). The sharp cut-off of photon emission after the
falling edge of the modulation input is due to the decay of the hole population due
to simultaneous electron-hole recombination and reverse hole tunnelling. d, As
b, but for the second plateau. e, Measured histogram of the time delays for a
larger-area device (diameter, 1.4um) at a higher temperature (4K), where the
Coulomb blockade effectis absent. The recombination time is shorter in this case
(~5ns) due to higher carrier density at the operating condition. f, Monte-Carlo
numerical simulation result for this case of a modulated classical light-emitting
diode.
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p-side QWs. The experimental results were well reproduced by
Monte-Carlo numerical simulations with a finite resonance line-
width (data not shown).

To observe the temporal correlation between the modulation
input and photon emission, we measured the time delay from the
rising edge of the modulation input to the photon detection event at
the first current plateau (I = ef ) and at the second current plateau
(I = 2ef). The probability of a single electron—hole pair injected to
the central QW of the turnstile device being detected as a photon in
the detector was ~1 X 10™* owing to a poor optical coupling
efficiency between the two devices in the present set-up. However,
the detection quantum efficiency does not affect the time correla-
tion characteristics. Histograms of the measured time delay with 10-
MHz modulation frequency are shown in Fig. 3a (for I = ef) and
Fig. 3¢ (for I = 2ef). The photon emission probabilities have peaks
near the rising edge of the modulation input. The rapid increase
of the photon emission probability is associated with the hole
tunnelling time (7, = 4ns), and the slow decay of the photon
emission probability corresponds to the electron—hole recombina-
tion lifetime (7,;, = 25 ns: due to both radiative and non-radiative
processes). The photon emission probability in Fig. 3a decays to a
non-zero value during the on-pulse due to photons generated by
background current. The ratio of the counts contained in the peak
to those contained in the non-zero background is ~3:1, consistent
with the ratio of the turnstile current to the background current in
this device. The second and faster decay for I = 2ef (Fig. 3c)
represents the decay of the hole via backward tunnelling and
electron—hole recombination. The associated lifetime for this
decay is (7, ' 4+ 7,")"'. The dashed lines show the analytical
solutions using these parameters.

The experimental results, as well as the analytical traces, are well
reproduced by Monte Carlo numerical simulations, as shown in
Fig. 3b (I = ef) and Fig. 3d (I = 2e¢f). The fact that the photon
emission probability decreases during the duration of the on-pulse
is a unique indication that the number of holes injected during an
on-pulse is restricted to either one or two due to the Coulomb
blockade effect (Fig. 4 of Supplementary Information). Figure 3e
shows the experimental result for a larger-area device at a higher
temperature of 4 K, where the Coulomb blockade effect is absent. In
this case, arbitrary numbers of holes are allowed to tunnel into the
central QW during an on-pulse, and so the resulting photon
emission probability should increase monotonically with a time
constant 7, to the steady-state value. This result is well-reproduced
by the simulation (Fig. 3f).

The experimental results reported here provide evidence for the
long-sought generation of regulated streams of single photons (and
n-photons) where the time interval between single photons is
regulated to beyond the Poisson limit. If the un-regulated back-
ground photons were suppressed and the collection efficiency was
improved, such a non-classical photon source could provide an
efficient source for future quantum information technologies, and
could also be a useful tool for fundamental tests of quantum
mechanics. U
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Because of its open hydrogen-bonded structure, ice shows many
structural changes between different crystalline forms under high
pressure. Crystallographic studies of these transitions have been
pursued largely by neutron scattering, which allows the positions
of the hydrogen atoms to be identified"”. Such studies have
previously been extended to pressures of up to 20 GPa, which is
however insufficient to permit the investigation of ice X, a
‘symmetric ice’ in which the protons are thought to reside
midway between the oxygen atoms®~. So far, information about
ice X has therefore come from indirect methods such as infrared®’
or Brillouin® spectroscopy. Here we show that single-crystal X-ray
diffraction is able to reveal the signature of hydrogen-bond
symmetrization. The 111 reflection can be assigned to the hydro-
gen atoms alone, and we can measure it up to 170GPa in a
diamond anvil cell. This diffraction line (normalized against the
intensity of the 222 line, which is due mostly to oxygen atoms)
indicates that the proton centring in ice X occurs from about 60 to
150 GPa; at this latter pressure the intensity increases sharply,
signalling a further structural change. At lower pressures, we see
ice VII ordering in a sequence of spatially modulated phases
between 2.2 and 25 GPa, which suggests an analogy with the
incommensurate phases of the frustrated Ising model’.

We use the single-crystal X-ray diffraction technique with the
high brilliance of the European Synchrotron Radiation Facility to
measure the structural properties of ice VII in a diamond anvil cell
at very high pressure, as described previously for solid hydrogen'.
Ice VII is the stable form of ice at ambient temperature above
2.2 GPa, but its detailed nature remains unknown, with possible
multisite disorder of both the oxygen and hydrogen atoms’. The
single crystal was grown by looking optically at the solid—fluid
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