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By phase manipulation of a short laser pulse, it is possible to selectively generate ultracold excitons in a
two-photon process while quenching the multiphoton excitation of hot electrons and holes. We show how
this technique allows us to suppress the heating of n � 1 orthoexcitons in Cu2O at high density. Using a
laser pulse having an energy of a few�J and duration of 100 fs, we are thus able to produce a cold exciton
gas up to a density of 1015 cm�3.
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Phase and amplitude optical pulse shaping based on
Fourier plane manipulation has been developed during
the last decade [1] and applied to the control of optical
transition in atomic or molecular gases [2,3] and large
organic molecular systems [4,5]. The use of tailored pulses
in condensed media is a challenging problem because of
the fast dephasing processes at hand and the complexity of
a situation where many transitions can occur simulta-
neously. In this Letter, we report on the demonstration of
the coherent quantum control of excitons by elementary
electronic excitation of semiconductors, using tailored
femtosecond pulses.

The selected system is Cu2O, a material in which ex-
citons are a fascinating subject of study. The n � 1 ex-
citons of the yellow series have a large binding energy
(� 150 meV), making them particularly stable against
thermal or collision dissociation. Their radiative recombi-
nation is forbidden in the dipole approximation, conferring
them a long lifetime [6]. Because of the electron-hole
exchange interaction, the n � 1 excitons split into an
optically inactive, singly degenerate ��2 paraexciton and
triply degenerate ��5 dipole forbidden orthoexciton.
Yellow n � 1 excitons in Cu2O are therefore prime candi-
dates for the observation of quasiequilibrium Bose-
Einstein condensation (BEC) [7,8].

There are several effects which make it difficult to reach
BEC of orthoexcitons by photo-excitation. If one produces
orthoexcitons by nonresonant optical pumping, in the
band-to-band continuum or in the phonon-assisted exci-
tonic absorption edge below the band gap, one readily
obtains a high density of the gas with a high degree of
quantum degeneracy. However, there is also a concomitant
heating of the gas, so that the ratio ��=kBT approaches 0
only asymptotically, preventing a large fraction of orthoex-
citons to condense in the ground state [9] (� is the internal
chemical potential of the excitons). The excess energy of
the initially created electron pairs or excitons leads to an
effective temperature of the excitons higher than the lattice
temperature. Resonant two-photon excitation [10] avoids

the transfer of excess energy at creation, and with short
pulses one can directly generate a low density of excitons
into a super cooled state below the lattice temperature and
thus prepare excitonic particles into a state with high phase
space occupation before thermalization [11]. At densities
below 1012 cm�3, this ensemble of super cooled excitons
can keep the acquired two-photon coherence over 250 ps
[12]. Unfortunately, at a higher density excitation, a sudden
heating of the gas is observed as shown below, the origin of
which has remained a subject of controversy.

The technique of coherent quantum control with tailored
pulses allows to clarify the mechanism responsible for this
heating of excitons at intense excitation. We demonstrate
that it is possible to suppress it to a large extent by simple
manipulation of the optical pulses.

To understand the heating mechanism we refer to Fig. 1,
where only the relevant exciton states coming into play are
shown. Ascending arrows show incoming photons which
give their energy to the crystal during the excitation pro-
cess. As discussed below, a three-photon band-to-band
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FIG. 1 (color online). Schematic description of the optical
processes involved in the experiments. The infrared pulses tuned
to two-photon resonance of 1s orthoexcitons directly excite 1s
excitons near a zero kinetic energy and free electrons and holes
via band-to-band continuum transition. The inset shows the
probing scheme of exciton Lyman transitions.

PRL 100, 233001 (2008) P H Y S I C A L R E V I E W L E T T E R S week ending
13 JUNE 2008

0031-9007=08=100(23)=233001(4) 233001-1 © 2008 The American Physical Society

http://dx.doi.org/10.1103/PhysRevLett.100.233001


transition which produces free electron-hole pairs can be
identified as the lowest order process which transfers extra
energy to the excitons. When coupling into excitons, these
carriers release their binding energy in the form of kinetic
energy that is shared between excitons during collisions,
raising their temperature. This heating process becomes
more and more important at higher laser intensities, I,
since the rate of production of hot electron-hole pairs is
proportional to I3.

The following measurements support our interpretation.
An infrared pulse tuned to the spectral region correspond-
ing to the Lyman transition n � 1 to n � 2 measures the
density of excitons and their temperature. The density of
excitons present in the crystal is extracted from the mag-
nitude of the integrated absorption line of this Lyman
transition, the temperature from its line shape. The 1s-2p
transition is described by the following equation:
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where E1s-2p, �1s-2p and �b are the 1s-2p transition en-
ergy, dipole moment and background dielectric constant.
Therefore, if the transition dipole moment is known, one
extracts the exciton density n1s. The dipole moment for the
Lyman 1s� 2p transition is calculated by direct trans-
position of the hydrogen atom case, as discussed in
Ref. [13]. The temperature measurement rests on the fact
that the transition obeys a Boltzmann line shape reflecting
the difference of effective mass of the exciton in the n � 1
and n � 2 states, as illustrated in Fig. 1.

The experimental scheme is shown in Fig. 2. A naturally
grown single crystal of Cu2O with a (100) plane and a
220 �m thickness is mounted in a liquid He cryostat and
kept at 4.2 K. Both the pump pulse used to create n � 1
orthoexcitons by two-photon transition and the probe pulse
used to measure the n � 1 to n � 2, 3,. . . Lyman series
transition are derived from the same regenerative amplified
Ti:sapphire laser. By frequency down conversion with OPA
systems, one produces tunable pulses of a 100 fs duration

in the required spectral region (�1:016 eV for the pump;
�116 meV for the probe). The pump pulses are introduced
to a pulse shaper in a 4f configuration with paired grating
and a liquid crystal spatial light modulator (SLM) [1]. We
obtain exciton Lyman signals by measuring the differential
transmission spectra with and without pump irradiation.
Details of the experimental setup and the procedure of
Lyman spectroscopy can be found in Refs. [11,13,14].

Figure 3(a) shows the midinfrared absorption spectrum
for two different IR laser pump intensities. The 1s-2p
(116 meV) and 1s-3p (129 meV) terms of the Lyman series
are clearly observed at low density [11]. The increase of
exciton temperature at high intensity is responsible for the
growth of the tail on the higher energy side of the 1s-2p
exciton line. As can be seen in Fig. 3(b), this broad high
energy tail grows with I3, showing that the hot excitons are
indeed created in a three-photon process. Another possible
mechanism of heating would be the inelastic collision of
excitons [7,8]. However, in the present experimental
scheme, the production rate of hot carriers through such
an Auger process is unlikely since it would be proportional
to I4.

The problem is to reduce this unwanted three-photon
contribution without reducing the production rate of cold
excitons by two-photon absorption. This can be achieved
by coherent control of the multiphoton transitions involved
by tailoring the phase and amplitude of pulses into a
desired condition as was demonstrated in atomic systems
[2,3]. Using a phase-modulated optical pulse having un-
changed power spectrum and energy, the two-photon tran-
sition rate to the discrete orthoexciton state remains
unchanged while the three-photon transition probability
to the band-to-band continuum is greatly reduced.

For short pulse two-photon excitation of a two-level
system separated by an energy @!0, the two-photon tran-
sition probability in the absence of near resonant inter-
mediate states can be written as [3]
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FIG. 2 (color online). Experimental setup.
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FIG. 3 (color online). (a) Typical differential midinfrared
transmission spectra in the region of exciton internal transitions
of Lyman series for low (0:81 mJ=cm2) and high densities
(1:81 mJ=cm2). (b) Pump power dependence of the signal moni-
tored at the high energy tail [123 meV; downward arrows in (a)].
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where "�!� � A�!� exp�i��!�	 is the electric field of the
excitation pulse in frequency domain, and A�!� and ��!�
are the spectral amplitude and phase, respectively. The
multiphoton transition rate is cast in a form that highlights
the superposition of many transition paths with appropriate
phase components to the final state. It shows that an
excitation pulse of central frequency at !0=2 can effec-
tively cycle optimally all photons even if the bandwidth of
the laser is much larger than the considered transition. This
is immediately apparent for a Fourier transform-limited
pulse (for which the spectral phase of the pulse is flat)
because each photon with a defect of energy !�!0=2 �
� can pair with a simultaneous photon of excess energy �
to fulfill the energy conservation law [15].

In most cases, if one modifies the spectral phase of the
pulse, one loses this advantage. For instance if one impres-
ses a linear chirp to the pulse (quadratic phase shift),
photons with an energy !0=2� � have no matching part-
ner of frequency !0=2� � coincident in time. There are,
however, special phase-manipulated pulse shapes, which
have the same two-photon transition probability as the
Fourier transform-limited pulse but a greatly reduced
three-photon transition rate. One example is a pulse having
a flat spectral phase with an abrupt � phase shift at !0=2.

To demonstrate the property of the � phase shifted pulse
in the two-photon process, we monitor the signal at the
peak of the 1s-2p orthoexciton transition energy
(116.5 meV) that is proportional to the cold 1s orthoexciton
density generated by the two-photon excitation as a func-
tion of the phase step frequency position [Fig. 4(a)]. The
two-photon transition rate is decreased due to destructive
interference between the different transitions paths, except

in a narrow frequency region around �� 0,where it
reaches the value of a Fourier transform pulse with perfect
constructive interference.

Next, we examine the effect of the � phase shifted pulse
on the three-photon process. We perform the same experi-
ment except that we set the detection energy to the high
energy tail of the 1s-2p orthoexciton line at 122.5 meV
[Fig. 4(b)]. At this probe energy, only hot excitons gener-
ated by the three-photon process contribute to the signal.
When the step � phase shift position is tuned to the center
frequency of the laser pulse (� � 0), the three-photon
transition rate is strongly reduced. This is in agreement
with the theory, since the interference effect between tran-
sition paths is suppressed for a multiphoton transition with
a broad final state distribution [3]. In this case the transition
rate depends only on the temporal waveform of the exci-
tation pulse. Because our tailored pulse has a double
humped temporal shape with a reduced peak intensity, it
significantly reduces the three-photon transition rate.

As we can see from Figs. 4(a) and 4(b), by changing the
� phase step position �, we can easily control the relative
contribution of the two types of transitions. At �=�!� 0,
(� phase shifted pulse) the three-photon transition is
strongly suppressed and the two-photon transition domi-
nates. At �=�! � 
0:3, the two-photon transition is
quenched. �! is the FWHM bandwidth of the power
spectrum of the pulse.

Figure 5 shows the differential absorption spectra at a
probe delay of 5 picoseconds under an excitation with a �
phase shifted pulse (�=�!� 0) and with a transform-
limited (TL) pulse. At low density excitation, both spectra
contain signals corresponding to cold 1s orthoexcitons
directly generated via resonant two-photon absorption. At
high density excitation, the spectra of the TL pulses reveal
the presence of hot excitons, while the spectra with the �
phase shifted pulse reveal only cold excitons with a density
of 1015 cm�3.

Finally, we discuss the optimum conditions to generate
and accumulate cold excitons by resonant two-photon
transition with tailored pulses. As we have shown, the
recipe is to keep a perfect constructive interference of the
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FIG. 4 (color online). Differential absorption signal as a function of the � phase step frequency position for cold excitons
(a) monitored at the peak of the 1s-2p orthoexciton transition energy (116.5 meV) and hot excitons (b) monitored at high energy
side (122.5 meV).
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transition paths to optimize two-photon transition but with
a decreased peak height of the pulse to suppress the three-
photon transition to the band-to-band continuum. For TL
pulses, we expect a better contrast for cold excitons using a
longer pulse duration. The limit of the pulse duration to
obtain perfect interference is determined by the exciton
homogeneous linewidth. According to recent high resolu-
tion spectroscopy, n � 1 orthoexcitons have a linewidth of
the order of 1 �eV [16]. From our numerical simulation,
the optimum condition for the TL pulse corresponds to a
duration of several tens of ps. In practice, however, it is
rather difficult to obtain clean manipulated pulses with
such a pulse duration. An alternative method to suppress
unwanted hot carrier generation is to apply to the TL pulses
a sinusoidal phase modulation with a short period.

In conclusion, using phase-manipulated pulses we dem-
onstrated that it is possible to select the desired multi-
photon transition in semiconductors. We exploited this
coherent control to suppress exciton heating of orthoexci-
tons in Cu2O. A supercold exciton gas with a density up to
1015 cm�3 was obtained at a lattice temperature of 4.2 K.
Further careful optimization of the excitation pulse shape

and a reduction of the lattice temperature below 1 K could
lead to a quasisteady state quantum degenerate exciton gas
at a density of 1016 cm�3. The conditions for BEC of a
dilute Bose gas of excitons would be then realized.
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FIG. 5 (color online). Differential absorption spectra of the
probe beam at a time delay of 5 picoseconds with a � phase step
frequency of �� 0 (lower curves) and with the transform-
limited (TL) pulses (upper curves with broad features).
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