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Cavity effect on a biexciton in a CuCl microcavity
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We studied the population and coherence dynamics of a biexciton in a planar CuCl microcavity. We developed
a time-resolved two-photon polarization spectroscopy technique, by which we extracted the population dynamics
of the biexciton even when the biexciton was spectrally overlapped with the lower cavity polariton. The observed
lifetime of the cavity biexciton in the weak-coupling regime was much shorter than that of a bare CuCl thin film
without a cavity, which directly demonstrates cavity enhancement of the radiative decay rate of the biexciton. The
cavity enhancement originates from the hybridization of the unbound two-cavity-polariton state to the biexciton
wave function by the biexciton-cavity coupling. By comparing the population and coherence decay curves of the
biexciton, we found that the coherence of the cavity biexciton was limited by the radiative population decay.
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Recently, biexcitons (BXs) in semiconductor materials
have attracted attention as promising quantum light sources
for quantum information technology applications. Entangled
photon pair generation has been experimentally demonstrated
using the cascade radiation from BXs with a total angular
momentum J = 0 [1-4]. The generation of squeezed light
via BX cascade has also been proposed theoretically [5].
Theoretical works [5-7] have suggested that the use of cavity
enhancement in the coupling of BXs and photons is essential
in order to improve the photon generation efficiency and the
degree of squeezing. In a cavity quantum dot system, a bright
source for entangled photon pairs using the BX cascade has
already been demonstrated experimentally [4].

In cavity quantum electrodynamics for the exciton-cavity
coupled system, there are two regimes, which depend on
the magnitude of the exciton-cavity coupling energy hgg,
the exciton (EX) dephasing rate hyg, and the cavity photon
decay rate hiyc. When hgg is sufficiently larger than both
hyg and hyc, the strong-coupling regime is realized [8].
In the strong-coupling regime, single EXs and single cavity
photons are strongly hybridized, forming cavity polaritons.
This formation drastically changes the optical spectrum, for
example the reflectivity spectrum, around the EX resonance
by replacing a single peak with doublet peaks separated by
the vacuum Rabi splitting 2hgg [9]. On the other hand, in the
weak-coupling regime, i.e., igeg < hyg, hyc [8], the optical
spectrum is almost the same as a bare sample without a cavity,
while the radiative decay rate and efficiency are modified, as a
cavity effect [10-12]. For the BX-cavity coupled system, the
strong- and weak-coupling regimes are also defined in the same
way as for the EX-cavity coupled system. Therefore, similar
optical properties are expected, which depend on whether the
condition hgp < hyg, hyc or hgg > hyp, hyc is satisfied,
where hgp denotes the BX-cavity coupling energy and Ayp
represents the BX dephasing rate.

At present, there have been few reports on the experimental
observation of BXs in a planar cavity. Earlier works have
reported the formation of BXs in a cavity by observing the
pump-probe (PP) spectrum [13—15]. Recently, the strong- and
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weak-coupling regimes for BX-cavity coupled systems have
been discussed in terms of the change in the four wave mixing
(FWM) [16-18] and PP spectra [17,19] as a function of the
cavity detuning. For the strong-coupling regime, split peaks
arising from the strong hybridization of the BX and cavity
photons have been successfully demonstrated [16]. On the
other hand, in the case of experiments in the weak-coupling
regime [17-19], measured FWM and PP spectra have shown
that the BX in a cavity is an almost bare BX, while the temporal
FWM response has been much faster than a bare BX [17,18],
implying that the BX-cavity coupling strongly enhances the
radiative decay rate of the BX in a planar cavity. However, the
FWM generally probes the dephasing process, not the radiative
decay process. The transient PP signal probing the transition
between the cavity polaritons and the BX gives the lifetime of
the cavity polaritons [17,19]. Therefore, cavity enhancement
in the radiative decay rate for the BX has not yet been observed
directly as a change in the lifetime.

In this paper, we report on the lifetime and the dephasing
process of a BX in a planar CuCl microcavity. The lifetime
was obtained by developing a time-resolved two-photon
polarization spectroscopy (TR-TPPS) technique. The original
TPPS was developed for studies of the dispersion relations
of a polariton and a BX in bulk samples by measuring the
transition energy of each state [20]. Here, we have applied the
detection scheme of the BX in the TPPS to TR spectroscopy.
With the TR-TPPS technique, we separate the optical response
originating from the BX-LP transition between the BX and the
lower polariton (LP) from that originating from the LP-ground
state (LP-G) transition and thus successfully observe the
lifetime of the BX. The lifetime and the spectrum observed
by the TR-TPPS indicate that the BX in the CuCl microcavity
is weakly coupled to the cavity photons through the cavity
polaritons. The measurement of a shorter lifetime of the BX in
the microcavity as compared to that of a CuCl thin film directly
demonstrates the cavity enhancement in the radiative decay
rate. Moreover, by directly comparing the decay profiles of the
TR-TPPS and the FWM signals, we find that the dephasing rate
of the BX in the cavity is limited by the radiative decay rate.

The microcavity in this work was the same CuCl micro-
cavity as in our previous report [18]. The cavity structure
consisted of a A/2-long Fabry-Perot cavity sandwiched by
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FIG. 1. (a) Illustration of the polarizations of the pump, probe,
and assist pulses incident on the sample. (b) Polarization selection rule
for a four-level system. |g) and |BX) represent the ground state and
the BX, respectively. |LP; =1) are the LP states having orbital angular
momenta of 1. (c) Diagram of the excitation by the pump pulse.
The linearly polarized pump pulse excites the BX and populates the
J = £1 LPs equally. (d) Schematic drawing of experimental setup
for the TR-TPPS.

distributed Bragg reflector mirrors consisting of eight (ten)
pairs of HfO,/SiO, layers for the top (bottom) mirror grown
on a sapphire substrate. The quality factor of the cavity was
0O ~ 300. A 50-nm-thick CuCl active layer was placed at the
node of the electric field at the center of the cavity so that
we were able to tune the EX-cavity coupling as described
below. The angle-resolved reflection spectra at a temperature
of 10 K, which can be seen in Ref. [18], showed that the
EX-cavity coupling energy for the Z3; EX was hgg = 20 meV
and the cavity detuning A = Ex — Ec = —88 meV, where
Er and E¢ are the Z3 EX energy and the photon energy at
the cavity resonance for the normal incident angle 6 = 0°,
respectively. The zero cavity detuning was realized at the
incident angle 6 ~ 24°. The large negative cavity detuning
of the sample at normal incidence allowed us to investigate
the cavity detuning effects of the dephasing rate of the BX in
the cavity by changing the incident angle of the pump pulses
around 6 ~ 24°. For more details on the characterization of
our CuCl microcavity, see Ref. [18]. Note that the Z3 exciton
corresponds to the split-off-hole exciton and that the Z; exciton
is the lowest-energy excitonic state in the CuCl crystal [21].
In the TPPS measurement, two beams are used for probing
the BX. One beam, referred to as the assist beam, is set to
be o circularly polarized and the other, referred to as the
probe beam, is vertically polarized, as illustrated in Fig. 1(a).
When the sum of the photon energies of the two beams is
resonant with the BX, a transition path from the ground state
to the BX exists by absorbing a o™ polarized photon from the
assist beam and the o~ component of the vertically polarized
probe beam, as shown in Fig. 1(b). Thus, the creation of the
BX changes the polarization state of the probe beam passing
through the sample [20]. Therefore, in TPPS, the BX is probed
by detecting the change in the polarization state of the probe
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beam. To apply TPPS to TR spectroscopy, we introduced a
horizontally polarized pump pulse, as shown in Fig. 1(a). Then,
with the time delay 7 from the pump pulse, the assist and probe
pulses were simultaneously introduced to the sample. The o™
and o~ components in the horizontally polarized pump pulse
excite the two LPs with angular momenta J = %1, as well as
the BX, when the LP-G transition is spectrally overlapped with
the BX-LP transition, as seen in Fig. 1(c). However, the linearly
polarized pump pulse populates both of the LPs equally and
they do not contribute to the change in the polarization state
of the probe pulse. Therefore, by detecting the pump-induced
change in the polarization state of the probe pulse as a function
of 7, we can extract the population dynamics of the BX
from the pump-induced signals dominated by the LPs in the
microcavity.

The TR-TPPS experiment was carried out under the trans-
mission geometry shown in Figs. 1(a) and 1(d). The source of
the pump, assist, and probe pulses was the second harmonic
light of a femtosecond mode-locked Ti:Sapphire laser. The
central photon energy of the incident optical pulses was tuned
to 3.186 eV, which corresponds to the two-photon resonant
energy of the BX in a CuCl bulk crystal. The bandwidth of
the pulses was set to be ~16 meV and the temporal duration
was ~100 fs. Figure 1(d) shows the experimental setup for the
TR-TPPS measurement. The optical pulse was divided into
pump, probe, and assist pulses by two beam splitters (BSs). The
polarizations of the pump and probe pulses were horizontal
and vertical, respectively. The assist pulse was o circularly
polarized. The pump pulse was chopped by an optical chopper
with frequency 200 Hz for the lock-in detection. The three
pulses were focused again to the same spot on the sample,
which was mounted on a sample holder kept at 3.3 K in a
cryostat. Each beam spot had a Gaussian profile with a full
width at half maximum (FWHM) of ~100 um. The three
pulses were approximately parallel; the angle between the
pulses was set to be as small as 0.5°, as shown in Fig. 1(a).
The incident angle 9, i.e., the mean incident angle of the three
pulses to the sample normal, was set to be 6 ~ 27°. The power
density of the pump pulse was set to be ~100 nJ/cm?/pulse.
The intensities of the probe and assist pulses were ~5 and
20 nJ/cm?/pulse, respectively. The polarization state of the
probe pulse was analyzed by measuring the intensity difference
of the o+ and o~ components using a quarter-wave plate
(QWP), a polarizing beam splitter (PBS), and a balanced
photodiode detector. The output signal from the balanced
detector was fed into a lock-in amplifier synchronized to the
chopping frequency of the pump pulse. Thus, we obtained
the TR-TPPS signal as a function of . We also observed
the TR-TPPS spectra, for which we put a tunable spectral
filter consisting of a double-pass (zero-dispersion) diffraction
grating after the pulse source. The FWHM of the filtered pulse
was estimated to be ~ 2.7 meV. We obtained the TR-TPPS
spectra by scanning the photon energy of the filtered pulse
while the time delay was fixed to be zero.

The FWM experiment was carried out under a transmission
geometry similar to the TR-TPPS experiments. We used the
two pulses in the TR-TPPS setup for the excitation. One was
the pump pulse with horizontal polarization and wave vector
k. The other was the probe pulse with wave vector k,, which
was vertically polarized. The intensity of both pulses was set
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FIG. 2. (a) TR-TPPS spectra for linearly and circularly polarized
excitations at zero time delay. (b) Results of TR-TPPS measurements
for the linearly and circularly polarized excitations in the microcavity,
together with the BX in the 50-nm-thick CuCl film and a fitting curve
with a decay time constant of 85 fs. (¢) Decay profiles of the TR-TPPS
signal for linear excitation and the FWM signal along 2k, -k, together
with a decay curve with a decay time constant of 85 fs. (d) Dependence
of the two-photon dephasing rate Aypg on the incident angle 6.

to ~100 nJ/cm?/pulse. We detected the FWM signal along
2Kk;-k; as a function of t.

Figure 2(a) shows the TR-TPPS spectra at zero time delay
when the pump pulse was set to be in ot polarization (red
open circles) and linear polarization (black circles). For the
pump in the circular polarization, the transition to the BX
is forbidden, while the J = 1 LP is excited. In this case, the
TR-TPPS signal is dominated by the pump-induced population
difference of the J = £1 LPs. Therefore, the TR-TPPS signal
in the o polarized pump originates from the LP and the peak
position at 3.184 eV corresponds to the energy position of
the LP at the incident angle 8 ~ 27°. The TR-TPPS spectrum
exhibits a Gaussian-like shape with a FWHM of ~15 meV.
This spectral shape is attributed to that of the pump pulse,
because the spectral width is close to that of the incident laser
pulse (~16 meV) and is slightly narrower than the linewidth
of the LP spectrum (~20 meV), which is estimated from the
linear reflection spectrum [18].

In contrast, for the linearly polarized pump, the TR-TPPS
spectrum drastically changed; it exhibited a shifted peak
position (3.186 eV), narrower linewidth, and weaker signal
intensity. The linearly polarized pump pulse creates the same
amount of J = +£1 LPs. The equal population of the LPs
does not affect the polarization of the probe pulse and has
no contribution to the TR-TPPS signal. However, the linearly
polarized pump also creates the BX population via two-photon
absorption (TPA). As a result, it induces a change in the
absorption of the o~ component in the probe pulse that
creates the BX in combination with the o assist pulse.
Thus, the TR-TPPS signal reflects the population change
of the BX induced by the linearly polarized pump pulse.
Generally, a quantum state created by one-photon absorption
is more effectively populated than that of TPA under the same
excitation intensity. Therefore, the change in the probe pulse
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under the linearly polarized excitation for the BX, which is
created by TPA, is weaker than that of the circularly polarized
excitation for the LP.

According to a theoretical analysis of the original TPPS
[20], the TPPS signal is generated by the third-order non-
linear susceptibility . Therefore, the measurement of the
probe intensity passing through the sample gives Im(j®),
and the spectrum is equivalent to the TPA spectrum. In
general, the TPA spectrum around two-photon resonance can
be approximated by a Lorentzian function as Im(%®) o
Im(mx where A represents the two-photon tran-
sition moment between the BX and the ground state. Epy,
E, and hypg denote the BX energy, the laser photon energy,
and the two-photon dephasing rate of the BX-G transition,
respectively. In our experiment, which detects the differential
signal caused by the pump pulse, the TR-TPPS spectrum for
the linear excitation can be described by the difference of the
two Lorentzian spectra with and without the pump pulse. The
experimentally observed spectrum exhibits a Lorentzian-like
shape, as shown in Fig. 2(a). Therefore, the TR-TPPS signal
originates from the pump-induced change in the transition
moment A of the BX. The peak position of the spectrum
(3.186 eV) represents the two-photon resonant energy of the
BX. Therefore, the BX energy in the cavity is estimated to
be Epx = 6.372 eV, which is in agreement with the value
evaluated in our previous report [18]. We also estimated from
the FWHM value of the peak to be iiygg ~ 7 meV. On the other
hand, from the FWM experiment in Fig. 2(c), we obtained
the two-photon dephasing time of the BX in the cavity as
T, ~ 170 fs, which can be calculated to be Aygg ~ 7.7 meV.
The estimated two values agree reasonably with each other.
Therefore, the agreements found in the energy position and
the linewidth of the BX strongly support the interpretation
that TR-TPPS for the linearly polarized excitation successfully
probes the BX in the microcavity even when the BX-LP
transition is spectrally overlapped with the LP-G transition.

The temporal profiles of the TR-TPPS signal as a function
of t are presented in Fig. 2(b). In the figure, as well as the
data for the linearly and circularly polarized pump cases,
we plot the result for a bare BX in a 50-nm-thick CuCl
film, which is the same as that of the active layer in our
microcavity. As mentioned above, the TR-TPPS signal for
the circularly polarized pump probes the temporal response
of the LP population. The decay profile of the TR-TPPS for
the circularly polarized pump was almost the same as the
pump pulse profile, indicating the short lifetime of the cavity
photons in our low Q cavity, which results in the short lifetime
of the LP around the cavity resonance. On the other hand, for
the linearly polarized excitation, we observed an exponential
decay profile, which arises from the population decay process
of the BX in the cavity. We estimated the lifetime 7’¢p of the
BX in the cavity to be T¢p ~ 85 fs using a single exponential
fit. The value of Tcp gives a radiative decay rate Al'cp ~
7.7 meV. In the thin film without the cavity, we could also
observe an exponential decay signal. The decay time constant
T gp of the bare BX was evaluated to be Ty g ~ 270 fs with a
single exponential fit and gave a radiative decay rate Ail'gp ~
4.9 meV. The radiative decay rate of the BX in the cavity is
considerably larger than that of the bare BX. This increase in
the decay rate and the single peak observed in the TR-TPPS
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spectrum in Fig. 2(a) directly indicate that the BX in the cavity
is weakly coupled to the cavity photons; the observed increase
in the decay rate originates from the cavity enhancement in
the radiative decay rate for the BX. We note here that the
lifetime Tygp ~ 270 fs of the bare BX in the 50-nm thin
film is much shorter than the BX lifetime ~30 ps reported
for a bulk sample with a thickness of a few um [22]. We
have measured the thickness dependence of the lifetime of the
bare BX for samples having thicknesses ranging from 50 to
200 nm. The result shows that the lifetime of the bare BX
was almost proportional to the sample thickness. One of the
possible reasons for the short lifetime of a BX showing a linear
thickness dependence is that the propagation time of the BX
between the sample surfaces dominates the lifetime, referred
to as the wall collision process, which has been demonstrated
in the thickness dependence of the EX lifetime in CuCl thin
films [23]. Nevertheless, our important finding here is that the
lifetime of the BX in the cavity is considerably shorter than
that of the bare BX, indicating the experimental evidence of
the cavity enhancement in the radiative decay for the BX.

Figure 2(c) presents the decay profiles of the TR-TPPS for
linear excitation and the FWM response in the cavity. The
FWM signal was observed along 2k;-k,, where the signal
decay time in the positive T regime gives the two-photon
dephasing time 7, of the BX. The decay time constants of
the TR-TPPS and the FWM signals coincide with each other,
indicating that the dephasing time reaches the radiation limit
T, =2T\cp (T» ~ 170 fs) because twice the decay time of the
FWM signal gives the dephasing time. The radiation limit of
the dephasing time suggests that the radiative process plays a
major role in the dephasing process and other effects, such as
phonon scattering, do not contribute to the dephasing process.

In cavity systems, it is well known that a high Q cavity
with a small mode volume V for the cavity photon enhances
the radiative decay rate of a quantum state, referred to as
the Purcell effect [24]. In planar cavities for the EX systems,
theoretical works have pointed out that the radiative decay rate
in an ideal cavity is a few times larger than that of a bare sample
[12]. On the other hand, in a realistic cavity, the rate is expected
to be smaller than that of a bare EX. In particular, for a A /2
node cavity, the rate is predicted to be extremely small [11].
In our experiment, we found that the decay process of the BX
in the cavity was governed by the radiative decay enhanced
by the BX-cavity coupling, although our cavity was a A/2
node cavity with low Q. Therefore, our experimental findings
suggest that the physical mechanism of the cavity effect of the
BX in a cavity is different from that of the EX-cavity coupled
system and thus also that of the Purcell effect.

For the BX-cavity coupled system, recent theoretical
studies have treated a cavity BX as a two-particle state [5,7,25].
In those, the wave function of the cavity BX is described
as |CB) = app |BB) +axx |XX) 4+ axc |XC) +acc |CC),
using a superposition of the bare BX |BB), the unbound
two-exciton state |XX), the one-exciton-one-cavity-photon
state |XC), and the two-cavity-photon state |CC). Here, we
neglect the spin degree of freedom for simplicity, and q;
denotes the probability amplitude of a state |i). When the
EX-cavity coupled system is in the strong-coupling regime, the
cavity BX is renormalized as |CB) = agg |BB) + app | P P),
where |P P) represents the unbound two-cavity-polariton
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state [5,7,25]. Therefore, the BX-cavity coupling gives the
hybridization of the two-cavity-polariton state to the cavity BX
wave function. This means that the BX in a cavity is coupled to
the cavity photons indirectly through the cavity polaritons, and
indicates that the two-cavity-polariton state strongly affects the
lifetime of the BX in a cavity.

In our cavity, the EX-photon coupling energy for the Z;
EX is hgrp = 20 meV, which is close to the bare-BX binding
energy A Egx =32 meV. This energy relation gives a condition
of Egx ~ 2ELp around zero detuning. Therefore, we infer that
the two-cavity-polariton state hybridizing to the BX in our
cavity is mainly composed of the unbound two-LP state. As
shown in Fig. 2(b), the LP in our cavity exhibits an extremely
short lifetime, suggesting that the two-cavity-polariton state
also shows an extremely fast decay, which results in the
shorter lifetime of the BX in the cavity than the bare BX.
Consequently, the radiative decay rate of the BX in the cavity
is larger than that of the bare sample. In addition, recently,
theoretical calculations have shown that entangled photon pairs
are most efficiently generated with a condition of Egx ~ 2Ep,
when the BX cascade in a planar cavity is used for the
generation [6,7]. Thus, we guess that the energy relation in
our cavity also contributes to the successful enhancement in
the radiative decay rate of the BX.

Finally, we briefly comment on the incident angle 6
dependence of the two-photon dephasing rate hypg of the BX
in the cavity obtained by the FWM measurement. The data are
plotted in Fig. 2(d). The dependence of hypg is equivalent
to that of the radiative decay rate hl'cp of the BX on 6
when we assume hygg = hl'cp (T» = 2T¢p). Figure 2(d)
shows that hypg slightly decreases with increasing 6. In the
EX-cavity coupled system, larger 6 generally gives larger
positive detuning [26], which increases the composition of
the EXs in the LP, and yields the LP a slower population decay
time [27]. As mentioned above, in our cavity, the population
decay of the LP affects the BX lifetime through the BX-cavity
coupling. Therefore, the observed dependence on 6 originates
from the change in the radiative decay of the LP, which
hybridizes to the BX as the two-LP state by the BX-cavity
coupling.

In conclusion, we developed a time-resolved two-photon
polarization spectroscopy technique for estimating the lifetime
of a BX in a microcavity. Using this technique, we successfully
observed the BX even when the BX-LP transition was
overlapped with the LP-G transition, which shows that the
developed technique is a powerful tool for studying the BX
population dynamics. The observed lifetime of the BX in
the cavity was much shorter than that of the bare BX in
the thin film, which demonstrated the cavity enhancement in
the radiative decay rate for the BX-cavity coupled system,
suggesting that the BX is coupled with the cavity photons
through the LPs. We found that the dephasing process of
the BX in the cavity was solely governed by the radiation
limit. The BX-cavity coupled system will be useful for
developing high efficiency quantum light sources based on
semiconductors.
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