
varied11, but also as the magnetic ®eld is imposed for ®xed x (ref.
17). The anisotropic ®eld effect re¯ects the anisotropy of other
physical properties, such as the magnetic penetration depth and
coherence length. Thus, the persistence of the effect above Tc would
naturally be due to superconducting ¯uctuations or incoherent
pairing, which also display this anisotropy in the normal state. Such
¯uctuations exist in models postulating a Bose±Einstein conden-
sation of pre-formed pairs at Tc in the underdoped copper
oxides12±14. M
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Maxwell's equations successfully describe the statistical
properties1,2 of ¯uorescence from an ensemble of atoms or
semiconductors in one or more dimensions. But quantization of
the radiation ®eld is required to explain the correlations of light
generated by a single two-level quantum emitter, such as an atom,
ion or single molecule3±6. The observation of photon antibunch-
ing in resonance ¯uorescence from a single atom unequivocally
demonstrated the non-classical nature of radiation3. Here we
report the experimental observation of photon antibunching
from an arti®cial systemÐa single cadmium selenide quantum
dot at room temperature. Apart from providing direct evidence
for a solid-state non-classical light source, this result proves that a
single quantum dot acts like an arti®cial atom, with a discrete
anharmonic spectrum. In contrast, we ®nd the photon-emission
events from a cluster of several dots to be uncorrelated.

The physics of photon antibunching is easy to understand: if a
two-level atom emits a photon at time t � 0, it is impossible for it to
emit another one immediately after, because it is necessarily in the
ground state. The next photon can only be emitted after a waiting
time, which, under weak excitation conditions, is determined by the
spontaneous emission time. The result is that there is a dead-time
between successive photon-emission events, and the generated
photon stream, in the absence of other sources of ¯uctuation, is
sub-poissonian1. Photon antibunching is easily washed away with
increasing number of atoms. Conversely, we can consider strong
photon antibunching as evidence that the source of the radiation
®eld is a single anharmonic (for example, two-level) quantum
system: if the spectrum of the emitter is harmonic or there is
more than one anharmonic emitter, then the detection of the ®rst

Figure 1 Photoluminescence image of CdSe/ZnS nanocrystals on a glass plate. Image

was acquired by raster scanning the particle-covered glass plate through the laser focus

(l � 488 nm, FWHM was 300 nm) and collecting the photoluminescence onto a single-

photon-counting avalanche photodiode. This 256 3 256 pixel image (4.9 ms per pixel)

represents an 5 3 5 mm2 ®eld of view.
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photon at t � 0 will no longer guarantee that the whole system is in
its (radiatively inactive) ground state immediately after t � 0.

Photon correlation measurements on single quantum dots (QDs)
were carried out by combining a Hanbury±Brown±Twiss photon
coincidence set-up with a confocal scanning optical microscope
(CSOM). All measurements were carried out at room temperature.
To the best of our knowledge, this is the ®rst QD experiment that
goes beyond ®rst-order optical coherence measurements1.

Figure 1 shows a typical confocal image (5 3 5 mm) of CdSe/ZnS
nanoparticles on a glass plate. Each bright spot corresponds to the
luminescence from either a single CdSe/ZnS quantum dot or a
cluster of several dots. However, it is important to note that the
smallest spot size (,300 nm) is de®ned by the resolution of the
CSOM. As can be seen, bright spots with different sizes are visible
and the smallest spots appear to blink `on' and `off ' during the
course of a scan7. This behaviour is thought to be the result of QD
ionization, which will be discussed in more detail below.

The measured raw data photon correlation signals from a cluster
of several QDs and a single CdSe/ZnS quantum dot are shown in
Fig. 2. The single QD data shows a minimum of coincidence counts
n(t) around a pair separation time of t � 0, and an exponential
increase of n(t) for negative and positive values of t. This is a clear
signature of non-classical photon antibunching1,3. In contrast, the
photon correlation signal of the CdSe/ZnS cluster is ¯at. In this case
many independently radiating QDs contribute to the signal.

Quantum dots are fairly complicated arti®cial atoms. Even for an
isolated QD, the optical transitions have non-trivial signatures such
as spectral diffusion and relatively large non-radiative broadening8.
To model our photon correlation experiment, we use a simple three-
state model for the QDs. We assume that the excited electron±hole
pair relaxes incoherently before spontaneously emitting a photon:
this relaxation process between the two excited states is much faster
than other relevant rates9. In addition, we have introduced a fast,
elastic dephasing rate for the coherences between the ground and
excited states. Using the quantum regression theorem, we derive an
expression for the normalized second-order correlation function1

g �2��t� � h : I�t�I�t � t� : i=hI=�t�i2
(where : : indicates normal order-

ing and I(t) is the measured intensity) in the weak-laser excitation
regime

g �2�
�t� � 1 2 e 2 �¡�Wp�t: �1�

Here ¡ is the electron±hole recombination rate and Wp is the
effective pump rate into the radiatively active upper state. The fast
dephasing of the emitting transition has no effect on g(2)(t) of a
single QD. In contrast, for an ensemble of dots, the bosonic
bunching effect decays with the dephasing time, which is estimated
to be at least 10 ps using the narrowest observed linewidths8. This
result indicates that with the time resolution of our experiment
tres � 420 ps, we should expect to ®nd uncorrelated photon count-
ing events for an ensemble of dots (that is, g �2��t� � 1). The

experimental observations discussed earlier are fully consistent
with this prediction. We remark that the measured n(t) follows
the autocorrelation g(2)(t) in the limit where the reciprocal of the
average counting rate is much longer than the monitored time
range. As this is always the case for our measurements, we calculate
g(2)(t) by normalizing n(t) to the long time average of 60 counts per
channel.

The single QD data are ®tted by g �2��t� � 1 2 ae 2 t=td with decay
time td � 1=�¡ � W p� and a being ®t parameters. The factor a is
introduced to take care of the stray-light background and residual
biexcitonic effects. We obtain td � 32 6 2 ns which directly deter-
mines the single electron±hole pair lifetime under our experimental
conditions (¡ q Wp). This value is of the same order of magnitude
as independent lifetime measurements on ensembles of QDs. The ®t
also gives an estimate of g �2��0� � 0:47 6 0:02, which is a clear
signature of non-classical photon antibunching from a single
anharmonic quantum system.

The QD photoluminescence intensity versus time was recorded
with an integration time of 2 ms per bin and typical scan durations
of 5 to 30 min. Figure 3a and b shows the photoluminescence
intensity time trace of a single CdSe/ZnS quantum dot in the long
time range. An irregular and multi-level intensity emission is
observed for the chosen size of the time bins. The background
level of 3,000 counts s-1 is visible around 151 s in Fig. 3b where the
CdSe quantum dot is in an `off ' state. This turning `on' and `off '
behaviour (blinking) has been interpreted in terms of an Auger
ionization model7,10. In the case where two electron±hole pairs are
excited in the QD, the recombination energy (,2.14 eV) of the ®rst
pair can be used to eject either the electron or the hole from the
second pair into a deep trap of the surrounding matrix. A CdSe
quantum dot ionized in this way is predominantly non-emissive,
that is, in an `off ' state7. The bright state, that is, the `on' state, is
recreated either by recapturing the ejected carrier or through a
second Auger process. The fast Auger rate is therefore not only
responsible for the blinking of the QDs but also reduces the exciton-
to-biexciton transition amplitude, making the virtual amplitude in
the biexciton state small. However, one would still expect to ®nd
g �2��0� . 0 due to residual biexciton luminescence.

Figure 4 shows the calculated classical intensity autocorrelation
function G�2��t� � hI�t�I�t � t�i=hI�t�i2 for the time trace of Fig. 3.
The signature of blinking at this timescale is the bunching behaviour
(G�2��0� . 1). Clearly, the photon-bunching due to QD blinking can
be described classically and has to be distinguished from the photon
antibunching observed in the short time range (0±200 ns), which is
due to the quantum nature of the emitter. The fact that the photon
pair distribution remains ¯at for 100 ns < t < 150 ns is a good
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two different timescales. a, 250-second time range with 62.5 ms per bin. b, Expanded
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indication that blinking does not occur on the timescales of interest
for photon antibunching.

Prior measurements on single QD photoluminescence and
absorption have demonstrated the existence of discrete QD
resonances8. However, just as the observation of discrete absorption
lines in an atomic vapour cannot be taken as an evidence that the
observed system consists of a single atom, these experiments, at least
in principle, cannot rule out the existence of several QDs. In
contrast, photon correlation measurements, such as the one
reported here, provide a reliable method for deciding whether or
not the observed system is a single anharmonic quantum emitter. In
addition, owing to interactions with the lattice, a nanostructure that
acts like an anharmonic emitter at cryogenic temperatures can be
indistinguishable from a higher-dimensional system at room tem-
perature. We have demonstrated that a CdSe quantum dot behaves
as an anharmonic emitter even at room temperature. Our results
constitute a ®rst step in the study of quantum optical phenomena in
semiconductor QDs. Demonstration of quantum dynamics in
semiconductors at room temperature could lead to applications
in quantum information processing and computation. M

Methods
Sample preparation

The CdSe/ZnS (core/shell) quantum dots were synthesized following high-temperature
organometallic methods described in the literature11±13. The resulting nanoparticles were
capped with the organic ligand trioctylphosphine oxide (TOPO) and had a distribution
with an average diameter of 4.1 nm and a r.m.s. (root mean square) width of 0.33 nm (8%
size distribution). The single QD samples were prepared by spin-casting 30 ml of a 0.5 nM
solution of the QDs dissolved in hexanes onto a bare glass coverslip, which resulted in a
mean separation of the QDs of approximately 1 mm.

Experimental set-up

Optical pumping was performed using circularly polarized light of the 488-nm line of a
continuous-wave Ar+ laser, generating electron±hole pairs in the excited states of the CdSe
quantum dots. The exciting light was focused by a high numerical aperture (NA is 1.3)
oil-immersion objective to a near-diffraction-limited (full-width at half-maximum
(FWHM)) spot approximately 300 nm in diameter at the glass±sample interface. In order
to minimize the generation of two electron±hole pairs simultaneously we used a low
excitation intensity of about 250 W cm-2. Typically, a QD was excited approximately every
1±10 ms (ref. 14), whereas the photoluminescence decay time is of the order of 30 ns. Thus
the probability of generating two electron±hole pairs was small. The photoluminescence
from the QD was collected by the same objective and ®rst passed through the excitation
laser beam splitter and then through a holographic notch ®lter to block scattered laser
light. The light was then split with a 50/50 non-polarizing beam splitter and the resulting
two photon beams were focused onto the active areas of two single-photon-counting
avalanche photodiodes (SPAD).

Measurement

Photoluminescence images of the nanocrystals were obtained by scanning the QD-covered
glass plate through the laser focus and recording the number of counts with one of the
SPADs. To measure the photon statistics of a selected QD (or a cluster of QDs), the glass
plate was positioned where a single bright spot of typically 300 nm in diameter (resolution
limited) was observed in the photoluminescence image. The number of pairs of photons
n(t) with arrival-time separations of t was measured using the two SPADs for
t < tmax � 200 ns. The pulses from the two SPADs were used to start and stop a time-to-
amplitude converter (TAC) where the time delay between the start and stop pulses (to
within tres) was converted to a voltage amplitude. The SPADs exhibited the same counting

rate. An electronic delay (53 ns) was introduced in the stop channel in order to check the
symmetry of the n(t) signal and to avoid the effect of noise for small voltages in the TAC.
The output pulses were fed into a multichannel analyser. To reduce the background
contribution and therefore decrease the amount of uncorrelated light in the n(t)
measurement, the multichannel analyser was enabled only during the `on' periods, that is,
when the signal level was above a certain threshold.
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Considerable effort is being devoted to the fabrication of nano-
scale devices1. Molecular machines, motors and switches have
been made, generally operating in solution2±7, but for most device
applications (such as electronics and opto-electronics), a maximal
degree of order and regularity is required8. Crystalline materials
would be excellent systems for these purposes, as crystals com-
prise a vast number of self-assembled molecules, with a perfectly
ordered three-dimensional structure9. In non-porous crystals,
however, the molecules are densely packed and any change in
them (due, for example, to a reaction) is likely to destroy the
crystal and its properties. Here we report the controlled and fully
reversible crystalline-state reaction of gaseous SO2 with non-
porous crystalline materials consisting of organoplatinum mole-
cules. This process, including repetitive expansion±reduction
sequences (on gas uptake and release) of the crystal lattice,
modi®es the structures of these molecules without affecting
their crystallinity. The process is based on the incorporation of
SO2 into the colourless crystals and its subsequent liberation from
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