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Photoionization cross section of 1s orthoexcitons in cuprous oxide
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We report measurements of the attenuation of a beam of orthoexciton polaritons by a photoionizing optical
probe. Excitons were prepared in a narrow resonance by two photon absorption of a 1.016 eV, 54 ps pulsed
light source in cuprous oxide (Cu2O) at 1.4 K. A collinear, 1.165 eV, 54 ps probe delayed by 119 ps was used
to measure the photoionization cross section of the excitons. Two photon absorption is quadratic with respect
to the intensity of the pump and leads to polariton formation. Ionization is linear with respect to the intensity
of the probe. Subsequent carrier recombination is quadratic with respect to the intensity of the probe, and is
distinguished because it shifts the exciton momentum away from the polariton anticrossing; the photoionizing
probe leads to a rise in phonon-linked luminescence in addition to the attenuation of polaritons. The evolution
of the exciton density was determined by variably delaying the probe pulse. Using the probe irradiance and the
reduction in the transmitted polariton light, a cross section of (3.9 ± 0.2) × 10−22 m2 was deduced for the probe
frequency.
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I. INTRODUCTION

Ionization can be used to investigate exciton structure and
dynamics. Photoionization also has possible importance as
a probe of exciton Bose Einstein condensates [1] prepared
by two photon absorption and as a probe of the exciton
density [2]. The exciton photoionization cross section can
be used to design exciton-exciton scattering and two photon
absorption experiments which are free of interference from
photoionization.

A cuprous oxide yellow 1s orthoexciton is an excellent
quantum system for studies of photoionization since: 1) it
shares a Rydberg-like structure with hydrogen [3] and
positronium [4]; 2) it is relatively stable to radiative decay
[5]; 3) there is extensive interest in strongly interacting
conditions [6–10]; 4) nonlinear optical methods can be used to
prepare the excitons [1,11,12]; and 5) the polariton (a mixed
exciton/photon) state can be studied selectively [13]. Exciton
photoionization was inferred from photoconductivity in the
organic semiconductors anthracene [14,15], tetracene [16],
and p-terphenyl [17], although the electronic structures of
these materials differ significantly from that of cuprous oxide.

In the experiments reported here photon pairs from a
1.016 eV pump pulse were combined through a narrow
resonance in a cuprous oxide single crystal to produce
propagating 2.0335 eV (609.71 nm) orthoexciton polaritons.
Preparing the excitons via two photon absorption ensures they
are in a well defined, nonthermal state. Conservation laws
forbid exciton decay outside the polariton regime.

Previous studies of two photon absorption in cuprous
oxide hinted at the existence of a photoionization process.
The process was masked, however, by: 1) third harmonic
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generation [1,18], 2) Auger exciton-exciton annihilation [6],
and 3) identical pump and probe photons.

To distinguish between these processes we propagate, in
addition to the 1.016 eV pump pulse, a temporally and
energetically distinct 1.165 eV probe pulse (Fig. 1) along the
same crystal axis. The purpose of the probe pulse is to ionize
excitons generated by the pump pulse. This contrasts with
Terahertz spectroscopy of Lyman transitions [1,19–22], where
the electron and hole typically remain bound. The probe pulse
is not directly absorbed in the absence of the pump.

We measure the time averaged, transmitted quadrupole
exciton-polariton population, which only samples those ex-
citons permitted to decay by the selection rules [23,24]. The
probe beam strongly attenuates the quadrupole orthoexciton
polaritons. Furthermore, this attenuation depends on the
temporal positioning of the probe pulse. Auger recombination
is excluded through the use of a probe photon which does not
produce excitons. χ (3) processes are also ruled out when the
pump and probe are temporally separated.

Inelastic scattering processes are always accompanied by
elastic scattering [25]. In addition to ionization, inelastic
processes can include various final states, such as excited
excitons [21,26]. To our knowledge the cross section for
photon-polariton scattering has not been studied theoretically
although polariton-polariton scattering has been considered
[27]. As a simple model, we regard the exciton as a hydrogenic
atom for which the ionization cross section of the 1s state is
given by [3]
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FIG. 1. Energy level diagram illustrating two photon absorption
of the pump, exciton ionization by the probe, nonradiative elec-
tron/hole recombination, phonon-linked luminescence, and exciton-
polariton sum frequency.

Here h is Planck’s constant, a0 = 0.79 to 1.11 nm is the exciton
Bohr radius [22], μ = 4 × 10−31 kg is the reduced effective
mass [28], c is the speed of light, hν is the photon energy, and
Ry = 97 meV is the exciton Rydberg energy [28]. At the probe
photon energy the measured cross section is (3.9 ± 0.2) ×
10−22 m2, which is larger than the range for the hydrogenic
atom model of 1.3 to 2.7 × 10−23 m2 (depending on the value
of the Bohr radius) and, in addition, about 7.5 times larger
than the reported values for p-terphenyl [17] and anthracene
[15]. The cross section is only (5 ± 2) × 10−26 m2 in tetracene
[16]. The cross section determined here only applies to
excitons in the population sampled through polariton coupling,
which is highly collimated in the forward direction; it includes
all processes caused by the probe beam which diminish the
size of that population.

II. METHODS

A. Pump/probe scheme

Figure 2 is a diagram of the apparatus. The frequency-
tripled output of a mode-locked Nd:YAG laser is used to pump
an optical parametric amplifier (OPA). The full width half
maximum (FWHM) pulse duration is (5.4 ± 0.5) × 10−11 s,
which is determined by sum-frequency cross correlation of the
pump and probe in β-barium borate. It is assumed to be the
same for both pulses. The repetition rate is 10 Hz.

At the two-photon resonance energy of 1.016 eV (1220 nm),
the spectral bandwidth of the linearly polarized idler output of
the OPA has a FWHM of 9.28 meV, far broader than the
linewidth of the orthoexciton polariton [1,29,30]. The two
photon absorption of this laser was previously characterized
[11]. We note that two photon sum-frequency generation in
cuprous oxide (which is centrosymmetric) operates differently
from the mechanism of second harmonic generation in
noncentrosymmetric materials [31]. Sum frequency generation
is permitted for the case of electric quadrupole and magnetic
dipole active states [32], the orthoexciton polariton corre-
sponding to the former [33]. The 1.165 eV (1064 nm) probe
beam is obtained directly from the Nd:YAG laser and, after
passing through a delay line, is joined with the pump beam in
a 50:50 nonpolarizing beam combiner, with half the combined
beam proceeding to the sample with normal incidence.

B. Samples

High quality samples are required to produce polariton sum-
frequency generation. For this work, a high purity synthetic
crystal was grown using the floating zone method [34]. Copper
vacancies and cupric oxide inclusions were further minimized
by annealing. The primary sample was grown from 0.99999
purity Cu in air, at 4.5 mm/hour with 7 RPM counterrotation.
It was cut with [111] faces and annealed at 1045 ◦C for 5 days
with a 5 ◦C/minute ramp rate. The final sample thickness
after polishing was 3.988 mm. The data shown in Fig. 10 are
from an additional sample with [100] faces that was grown at
3.5 mm/hour and annealed for only 3 days. The thickness was
0.24 mm. This sample was previously reported in Ref. [34],
which describes the details of the growth process. Note that
polarization selection rules apply to [100] pump propagation
and that the greater thickness of the [111] sample leads to
stronger two photon absorption. Neither sample is perfectly
phase pure.

C. Measurement

A near-field 0.52 mm radius aperture was used to select
the center of the beam so that the sample was illuminated
approximately uniformly, which also assists in the alignment.
The sample was submerged in superfluid helium at 1.4 ±
0.5 K. The orthoexciton-polariton sum frequency beam was
measured in transmission and averaged across laser shots with
an Andor 303 mm focal length Czerny-Turner spectrograph
and DU420A-BEX2-DD thermoelectric cooled CCD camera.
The second half of the combined beam was monitored, after a

FIG. 2. Experiment diagram. The laser beam is split internally. The branch shown at the top is converted to third harmonic by cascade sum
frequency generation (THG) and then sent to an optical parametric amplifier (OPA). The OPA idler beam is tuned to half the 1s orthoexciton
energy. The other branch is delayed. The beam branches recombine, with half passing through the cuprous oxide sample and the other half
applied to a β-barium borate (BBO) crystal or a power meter in the reference arm.
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FIG. 3. Exciton photoionization. The proportion of the transmit-
ted polaritons removed increases linearly with the number of incident
probe photons.

matched aperture, using a power meter or a β-barium borate
sum frequency generator, slightly phase mismatched for each
of the three sum frequencies. A spectrometer was used to
measure the sum frequencies.

III. RESULTS

The presence of the probe beam resulted in a substantial
reduction in the observed exciton-polariton sum frequency
(Fig. 3).

A. Spectra

Based on a Gaussian model, the polariton peak in the
spectrum was at 2.0335 ± 0.0002 eV for a lattice temperature
of 1.4 ± 0.5 K, independent of probe beam scattering (Fig. 4).
The shape of the exciton-polariton spectrum showed no
change during probing. Temperature dependence has been
investigated [36]. The linewidths were resolution limited.
Measurements were typically collected in a lower resolution
mode, which improved statistics. Light was detected more
efficiently by opening the spectrometer entrance slit, thereby
increasing the sensitivity of the instrument. The resulting
decrease in the instrument resolution did not allow for the
exciton temperature to be measured by fitting the phonon-
linked luminescence spectrum. In this case the polariton
brightness L was determined by integrating from 2.029 to
2.038 eV. The phonon-linked luminescence was integrated
from 2.016 to 2.026 eV.

An average heating of the sample by the laser was ruled out
as a cause of the reduction in polaritons detected by varying
the laser pulse rate. No change in the scattering cross section
was observed (Fig. 5). If the laser pulses resulted in an average
heating of the sample, the intensity of the signal would fall
below the expected linear dependence at high pulse rates.

B. Experimental cross section calculation

As the number of probe photons in each pulse increased,
the proportion of the polaritons that were removed increased
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FIG. 4. Exciton-polariton spectrum, with pump beam only and
with both pump and probe beam. A spectral line from a neon lamp
is used to confirm calibration (Ref. [35]). The neon brightness is not
comparable. The linewidths are resolution limited.

linearly (Fig. 3); here Ni is the number of incident photons
in the probe laser pulse and L is the wavelength-integrated
exciton-polariton sum frequency intensity with the probe beam
on or off. For a working area A, the cross section (Fig. 6) is

σ = A
Ni

(
1 − Lon

Loff

)
= (3.9 ± 0.2) × 10−22 m2. (3)

The pump energy for the data shown in Figs. 3, 6, and 7 is
23.8 μJ per pulse. The probe pulse is delayed 119 ± 1 ps to
ensure pump absorption is complete and spontaneous exciton
decay is minimal. Since the probe pulse arrives after the pump
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FIG. 5. Polariton intensity vs laser pulse rate showing that the
signal increases linearly.

245203-3



FRAZER, CHANG, POEPPELMEIER, AND KETTERSON PHYSICAL REVIEW B 89, 245203 (2014)

 0

 500

 1000

 1500

 2000

 2500

 0  1  2  3  4

C
ro

ss
 S

ec
ti

on
 (

pm
2 )

Probe Beam Irradiance (TW/m2)

FIG. 6. Photoionization cross section values associated with
Fig. 3. The average value is marked with a dashed line.

pulse, there is no significant error due to temporal overlap of
the pulses. Systematic error due to emission detected before
the probe pulse was kept small. Short term stabilities for the
pump and probe beams were 95 and 98%, respectively.

C. Phonon-linked luminescence

The carriers produced via photoionization recombine
to produce phonon-linked luminescence, which increased
quadratically with the probe beam intensity (Fig. 7), because
the binding rate is proportional to the product of the carrier
densities. This is evidence of a double photoionization assisted
two exciton decay, which requires a total of six absorbed
photons. In Fig. 7, the phonon-linked luminescence is reported
as a ratio of the measurement with both the pump and the probe
to a measurement with the pump alone.

Third harmonic generation [18] from the probe beam can
also produce phonon-linked luminescence. However, no three
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FIG. 7. Phonon-linked luminescence. The luminescence in-
creases quadratically (curve) with the number of incident probe
photons. This quadratic behavior is a result of the post-ionization
decay chain of two excitons.
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FIG. 8. Probe pulse delay. The amount of exciton ionization at the
probe pulse arrival time indicates the relative exciton density at that
time. A sample of error bars is shown for clarity. The curve represents
pumping with a Gaussian temporal profile followed by Auger decay.

photon sum frequency generation in the sample was observed
by direct detection.

Phonon-linked luminescence is not directed in a beam
because recombined excitons have random momentum. There-
fore the phonon-linked luminescence was much weaker than
the (directed) exciton-polariton signal. Excitons which cannot
contribute to the polariton signal, such as the paraexciton state,
may contribute to the quadratic increase in phonon-linked
luminescence as they are ionized.

D. Dynamics

If the ionization pulse arrived before the pump pulse, no
ionization occurred (Fig. 8). If the ionization pulse arrived after
the pump pulse, the apparent photoionization cross section
decreased rapidly owing to dispersion [13] (and the resulting
spread in exciton group velocities) and Auger decay [2,6,8] of
the exciton polaritons. A density dependence indicating Auger
decay was demonstrated previously under similar conditions
[11]. The rise time is explained by the temporal structure of
the laser pulses, not by a change in degenerate spin state [23].
The pump pulse was 25 μJ with a long term standard deviation
of 1 μJ. The probe pulse, which is subject to divergence owing
to the additional path length used to generate the delay, was
116 μJ with a long term standard deviation of 35 μJ.

E. Pumping

The magnitude of the polariton signal depends on the
spectrum of the photons in the pump beam, but the cross
section was independent of the mean pump photon energy.
The state pumped by two photon absorption is presumed to be
independent of the pump photon energy and spectral phase,
provided there is absorption [30].

The pump spectrum center was adjusted using the OPA
(Fig. 9). No change in the cross section was found in the
small region where there is absorption. The bars indicate
laser standard deviation linewidth, not uncertainty. Pump
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FIG. 9. Exciton-polariton intensity detected as a function of two
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spectra were determined by second harmonic generation using
a β-barium borate crystal. The upper curve is a Gaussian
fit. For the lower curve, which includes the probe beam,

 0

 100

 200

 300

 400

0 π/2 π 3π/2

P
ol

ar
it

on
 L

 (
A

rb
it

ra
ry

)

Pump Polarization Angle from [010] (Radians)

Pump
Both

FIG. 10. For [100] incidence, scattering versus the polarization
of the pump photon. The curves show the absorption selection rule
[23] with and without the probe pulse. The difference between the
data produced using only the pump beam and the data produced with
both a pump and a probe beam is consistent with ionization of a fixed
proportion of the excitons by the probe beam.
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FIG. 11. For [111] incidence, photoionization is essentially inde-
pendent of the polarization of the pump photon.

only the amplitude is fitted; the other parameters remain
the same. The peak pump photon energy lies below half
the polariton energy, but the discrepancy can be explained
by systematic uncertainties. A resolution-limited polariton
spectrum is shown. In all other measurements reported here,
the optimal pump photon energy is used.

F. Selection rules

The selection rules for two photon absorption have been
previously investigated [23,24]. The photoionization cross
section did not vary in a statistically significant manner with
the polarization of the pump or probe beams. Figures 10
and 11 show no significant change in the cross section as a
function of pump laser polarization for [100] and [111] beam
propagation, respectively. The curves in Fig. 10 do not quite
reach zero as expected [23,24] due to random error in the
background subtraction or small systematic errors in crystal
orientation and polarization. Figure 12 shows no change in
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FIG. 12. Proportion of the polariton signal removed versus probe
polarization. The measurements are consistent with a constant cross
section. This example is for [111] incidence.
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cross section with the polarization of the probe beam for [111]
propagation.

There has been extensive interest in cooling excitons to form
a Bose-Einstein condensate. Phase and polarization methods
of reducing heating of the exciton gas owing to third harmonic
generation have been developed [1,18]. The results suggest
the photoionization process cannot be manipulated through
polarization. Phase manipulation is not expected to be useful
because the Bohr radius of excitons is very short compared
to the wavelength of photons used in typical experiments.
Photoionization heating of the exciton gas is best minimized by
keeping the pump irradiance low or spatially separating it from
the excitons being studied. On the other hand, photoionization
absorption will be a simpler, if destructive, alternative to
Lyman spectroscopy for imaging exciton gases [1,19–22].

IV. CONCLUSIONS

It is shown that 1s yellow orthoexciton polaritons prepared
by two photon absorption can be attenuated by probe pho-
tons. This attenuation arises from ionization of the exciton
component of the propagating polariton. The resulting carriers

produced luminescence through phonon emission. By studying
the relative temporal positioning of the pump and probe pulse,
features associated with polariton dynamics [13] are obtained.
Absorption of near infrared light in excited cuprous oxide
might possibly be useful for energy capture in a normally
transparent region of photovoltaic [37–40] or photocatalytic
devices [41–44].
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