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We report on dynamical interference between short-lived Rabi oscillations and long-lived coherent
phonons in CuCl semiconductor microcavities resulting from the coupling between the two oscillations.
The Fourier-transformed spectra of the time-domain signals obtained from semiconductor microcavities by
using a pump-probe technique show that the intensity of the coherent longitudinal optical phonon of CuCl
is enhanced by increasing that of the Rabi oscillation, which indicates that the coherent phonon is driven by
the Rabi oscillation through the Frohlich interaction. Moreover, as the Rabi oscillation frequency decreases
upon crossing the phonon frequency, the spectral profile of the coherent phonon changes from a peak to a
dip with an asymmetric structure. The continuous wavelet transformation reveals that these peak and dip
structures originate from constructive and destructive interference between Rabi oscillations and coherent
phonons, respectively. We demonstrate that the asymmetric spectral structures in relation to the frequency
detuning are well reproduced by using a classical coupled oscillator model on the basis of dynamical

Fano-like interference.
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Dynamical coupling between two states provides a rich
variety of ultrafast phenomena [1,2]. Fano interference
resulting from the interaction between discrete and con-
tinuum states shows asymmetric spectral profiles as the
spectroscopic signatures of atoms, semiconductors, and
nanomaterials [3,4]. The dynamical behavior of the Fano
interference in various materials has been reported [5—10].
On the other hand, it is well known that an anticrossing
appears in the spectrum when two resonance states with
sufficiently slow relaxation rates as compared with a
coupling rate are strongly coupled. When quantum beats
[11] and Bloch oscillations [12] are coupled to coherent
longitudinal optical (LO) phonons, these phonons are
significantly enhanced and coupled modes appear [13-16].
Here, quantum beats and Bloch oscillations originate from
quantum interference between two excited states under
simultaneous excitation by ultrashort laser pulses.
Moreover, phonons impulsively generated by ultrashort
laser pulses are referred to as coherent phonons, which have
coherence in time and space [17,18].

In contrast to the coupling phenomenon between two
discrete states with slow relaxation rates, we consider that
it is an intriguing subject to investigate the dynamical
coupling between the fast-relaxing and slow-relaxing dis-
crete states. Since Rabi oscillations (ROs) with fast
relaxation rates in semiconductor microcavities [19-21]
are also quantum oscillations resulting from quantum
interference between two polariton states, the exciton
components of these polaritons are expected to couple to
coherent LO phonons (CPs) with slow relaxation rates
through the Frohlich interaction.
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We can represent the coupling between the fast-relaxing
RO and the slow-relaxing CP in the semiclassical picture by
two coupled transient states in which the energy widths are
related to the relaxation rates (Fig. 1). The excited state in
this picture is the fast-relaxing oscillation that has a broad
energy band, which is similar to a continuum state. When
this state couples to the excited state with a sharp energy
band, we speculate that the Fourier-transformed (FT)
spectra of the time-domain signals will have an asymmetric
profile, similar to the frequency-domain spectrum of the
common Fano interference.

In this Letter, we report the first observation of the
dynamical coupling and interference between fast-relaxing
ROs and slow-relaxing CPs in CuCl semiconductor
microcavities. The oscillatory signals obtained in the
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FIG. 1. Schematic diagram of coupled oscillator model con-
necting a fast-relaxing RO (broad spectrum) and a slow-relaxing
CP (sharp spectrum). 7€ and 7w indicate the RO and CP energies,
respectively; I'ro and ycp are the RO and CP relaxation rates,
respectively (I'rg > 7cp)- When the RO and CP are resonant in
energy, they couple through the Frohlich interaction between the
LO phonons and the excitonic components of the RO.
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microcavities by using a pump-probe technique demon-
strate that the amplitude of the CP oscillation is enhanced
by increasing that of the RO, which indicates the generation
of a RO-driven CP. Moreover, it is found that the spectral
profile of the CP mode drastically changes with the RO
frequency, which implies dynamical Fano-like interference.
We discuss the spectral change of the CP mode by
comparing it with a classical coupled oscillator model [22].

The spectral profiles for Fano interference are discussed
using classical equations of motion for coordinates asso-
ciated with the discrete and continuum states, which is
called a classical Fano oscillator model [22]. The interfer-
ence between the broad and sharp excited states of two
oscillations in this study is treated as classical equations
for coupled oscillations by extending a classical Fano
oscillator model. When the polarization Q associated with
the excitonic component of a RO couples linearly to the
polarization g of a CP through the Frohlich interaction with
coupling constant C, the equations for coupled oscillations
are given by [22]

d’Q Y

W+2FROE+QZQ+CQZFQ,
d’q dq
W+2ycpa+w2q+CQ:Fq. (1)

Here, Q and w are the undamped angular frequencies of the
RO and CP, respectively, I'rg and ycp are the relaxation
rates of the RO and CP, and F and F, are the driving
forces for the generation of the RO and CP. The relaxation
rate of the RO, which is faster than that of the CP,
corresponds to the inverse of the coherence time between
two polariton states. The damped angular frequencies are
given by Qpg = /Q? — Tz and wep = /@* — y&p. We
assume that the coupling constant is very small (C < ®€),
and that the pump pulse excites only a RO, and succes-
sively the RO generates a CP: F  6(t) and F, =0,
where §(7) is the Dirac delta function. The total oscillatory
polarization f(7) generated by the coupling between the RO
and CP is represented by [23]

(1) = fro(t) + frot+cp(?), (2)

where fro and fro.cp indicate the forced oscillatory
polarization of the RO driven by F, and the weakly
coupled oscillatory polarization between the RO and CP,
respectively. fro.cp comprises the oscillatory polarizations
of the RO and CP with a phase shift. Hereafter, we refer to
fro+cp as the “coupled CP”” The time evolution of f(¢)
exhibits the transient interference between the RO and the
coupled CP. This transient interference will cause changes
in the FT spectrum of f(r).

The schematic structure of the CuCl microcavity fab-
ricated is shown in Fig. 2(a) [31,32]. In a fabricated CuCl
microcavity on a (0001) Al,O5 substrate, a cavity layer is
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FIG. 2 (color online). (a) Schematic of the CuCl microcavity
structure with DBRs. (b) Transmission spectra of the CuCl
microcavity for various incident angles at 10 K. The dashed
vertical lines denote the energies of the Z; and Z,, excitons:
E;3)(Ez12)) = 3.202(3.268) eV. The blue dotted line repre-
sents the laser pulse spectrum for which the center energy was
tuned to the energy midway between the LPB and MPB.
(c) Incident angle dependence of peak energies of cavity polariton
modes in the CuCl microcavity (open circles) and calculated
dispersion relationship of the cavity polaritons (solid curves). The
dashed curve gives the dispersion relationship of the cavity
photon. The estimated Rabi splitting energies for the Z3 and Z, ,
excitons are 26 and 34 meV, respectively.

sandwiched between a top distributed Bragg reflector
(DBR) with 4 periods and a bottom DBR with 4.5 periods.
The layers constituting DBRs consist of dielectric materials
PbCl, and AlF; with layer thicknesses of 1/4. The cavity
layer (thickness L.,, = 4) consists of a CuCl active layer
(thickness L, = 4/8) sandwiched by AlF; spacer layers.
Here, 1 = A.,/n,,, where 1., is the resonant wavelength of
the Z5 exciton of CuCl in vacuum (4., = 387 nm) and n,, is
the background refractive index [33]. The quality factor of
the fabricated microcavity is approximately 160, which
results in relaxation rates for the ROs that are faster than
4 ps~!. The Rabi splitting energy of the CuCl microcavity
can be made approximately equal to the CP frequency by
varying the active layer thickness. The angle-resolved
transmission spectra were obtained at 10 K using a 32-cm
single monochromator combined with a charge-coupled
device camera [23].

The transmittance spectra of the CuCl microcavity
observed at various incident angles of white light are
shown in Fig. 2(b). Three peaks varying with the incident
angle originate from the coupling between the cavity
photon and the Z; (Z;,) exciton [31,32]. These peaks
indicate the cavity polariton modes, which are the lower
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polariton branch (LPB), the middle polariton branch
(MPB), and the upper polariton branch (UPB), in order
of increasing energy. The peak energies of the cavity
polariton modes are plotted as a function of incident
angle in Fig. 2(c). The three solid curves represent the
dispersion relationship of the cavity polariton fitted to the
experimental results using a phenomenological 3 x 3
Hamiltonian. In the fabricated microcavity, the energy
difference between the MPB and LPB can be controlled
over a range that includes the LO phonon energy of CuCl
(hwcp = 26 meV, wep/27x = 6.3 THz) [33] by varying the
incident angle of pump pulses in a pump-probe technique,
while that between the MPB and UPB does not decrease
across the LO phonon energy. Then, we focus on the ROs
between the MPB and LPB in the CuCl microcavity.

The oscillatory polarization due to the RO and CP
generated by pump pulses modulates the complex dielec-
tric function, which causes a temporal change in the
transmissivity or reflectivity. In this study, we adopted an
experimental method for observing the anisotropic
change in the transmissivity, which is sensitive to the
longitudinal oscillatory polarization [18]. Time-domain
signals of the CuCl microcavities were measured at 10 K
by a transmission-type electro-optic sampling method
[18] with second-harmonic pulses of the mode-locked
Ti:sapphire pulse laser delivering about 60-fs pulses [23].
The center of the laser pulses was tuned to about
3.209 eV, which was the central energy between the
LPB and MPB, as shown in Fig. 2(b). The power
densities of the pump and probe pulses were kept at
approximately 0.1 and 0.01 pxJ/cm?, respectively.

The transient oscillatory signals from the CuCl micro-
cavity obtained at various incident pump angles are shown
in Fig. 3(a). Two oscillatory components are observed: a
strong oscillation with a short relaxation time and a weak
oscillation with a long relaxation time. To identify these
strong and weak oscillations, we divided the oscillatory
signals into two time regions (before and after 1.0 ps) and
performed the time-partitioned Fourier transformation. The
time-partitioned FT spectra of the two oscillatory signals
observed at 15° pump incidence are shown in Fig. 3(b). For
the time-partitioned FT spectrum of the oscillatory signal
before 1.0 ps, the broad band results primarily from the RO
between the MPB and LPB. The sharp peak at approx-
imately 6.3 THz observed after 1.0 ps is attributed to
the CP component after the RO relaxation. To clarify the
coupling between the two oscillations, we investigated the
relationship between the intensities of the RO and CP
components for various incident pump angles, as plotted in
Fig. 3(c). The square of the product of the transmission
intensities at the LPB and MPB, (T;pgTypg)?, Which is
evaluated by multiplying the transmittance spectra by the
spectral profile of laser pulses in Fig. 2(b), is also shown.
The incident angle dependence of the RO intensity is
almost consistent with that of (7 pgTypg)? [34,35]. This
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FIG. 3 (color online). (a) Oscillatory signals in the CuCl
microcavity at various incident pump angles obtained at 10 K.
(b) Time-partitioned FT spectra of oscillatory signals observed at
incident pump angle of 15°. The black and red curves indicate the
time-partitioned FT spectra of the oscillatory signals before and
after 1 ps, respectively. The dotted vertical lines indicate the LO
phonon frequency of CuCl (wcp/27) and the frequency (Aw/27)
corresponding to the energy difference between the MPB and
LPB. (c) Incident angle dependence of intensities of the RO
(squares) and CP (triangles) components in the time-partitioned
FT spectra before and after 1 ps, respectively. The open circles
show the square of the product of the transmission intensities at
the LPB and MPB [(Typg Typg )1

result indicates that the RO originates from the quantum
interference between the LPB and MPB. Furthermore, the
RO and CP intensities have a similar dependence on
incident pump angle, which demonstrates that the CP
oscillation is driven by the RO. When the RO frequency
is close to the CP frequency, Qro ~ @cp, it is expected that
the CP intensity will be enhanced [13-16]. However, the
actual enhancement factor occurring around 11° is very
small. This small enhancement factor results from the rapid
dephasing of the RO due to the small quality factor and the
weak coupling between the RO and CP. The coupling
constant is explained by taking account of the spatial
structures of polarizations due to the excitons and CPs
confined in the CuCl active layer. Moreover, a dip appears
at an incident angle above the small peak at 11°. Although
this asymmetric dip and peak structure might suggest Fano
interference between the RO and CP, further investigations
are required to confirm the origin of the dip.

The time-partitioned FT spectra shown in Fig. 3(b)
indicate that the RO band is dominantly observed before
1.0 ps and the CP component survives well after the RO
relaxation. As mentioned above, we speculate that the
transient interference between the fast-relaxing RO and
coupled CP will modify the FT spectra. To reveal this
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(a) FT spectra of oscillatory signals for incident pump angles of 15°, 11°, and 9° observed at 10 K. (b) FT spectra

of f(z) calculated at Qro /27 = 4.0, 6.3, and 8.5 THz. The Fano parameter ¢ estimated by fitting the superposition of a Fano line shape
and a Lorentz function to each FT spectrum is shown as a reference, where the red broken line indicates the fitted curve. (c)—(e) Image
plots of CWT of oscillatory signals observed at 15°, 11°, and 9°, respectively. (f)—(h) Image plots of CWT of f(r) calculated at
Qro/27 = 4.0, 6.3, and 8.5 THz, respectively. The vertical dashed line indicates the LO phonon frequency of CuCl, wcp/27.
(i)~(k) Temporal variations of fro (red line), frorcp (blue line), and f(7) (black line) at Qro/27 = 4.0, 6.3, and 8.5 THz.

modification due to the transient interference, we per-
formed a Fourier transformation of the oscillatory signals
over the entire time range [Fig. 4(a)]. For increasing
incident pump angle, the frequency of the RO band
decreases upon crossing the CP frequency, which drasti-
cally changes the entire spectral profile. The coupled CP
mode peaks over the broad RO band for Qrg > @cp
and dips for Qro < @wcp. In particular, for Qrg ~ @cp,
the coupled CP mode has an asymmetric structure over the
broad RO band. To reproduce the spectral profile of the
coupled CP mode over the RO band, the FT spectra of f()
in Eq. (2) are calculated for various detuning frequencies
between the RO and CP corresponding to the incident
pump angle [Fig. 4(b)]. In this calculation, the values of
['Ro and ycp can be estimated from the experimentally
obtained FT spectra: ['yg = 8.5ps~! and ycp = 0.25ps™!.
The coupling constant is estimated by comparing the
calculated FT spectra with the experimentally obtained
FT spectra, which yields v/C/2z = 0.4 THz. The calcu-
lated FT spectra agree well with the experimental results.
This agreement demonstrates that dynamical Fano-like
interference occurs between the two discrete states with
fast and slow relaxation rates. Moreover, it is clear that the
spectral structure can be controlled by varying the detuning
frequency between the RO and CP.

Next, we performed the continuous wavelet transforma-
tion (CWT) of the oscillatory signals to reveal the dynami-
cal interference between the RO and the coupled CP [36].

Figures 4(c)-4(h) show the image plots of CWT of the
observed oscillatory signals and f(¢) calculated by Eq. (2).
At 15°, corresponding to Qro < wcp, a dip at wcp/27
appears around 0.7 ps, which indicates that the coupled CP
mode is suppressed by transient destructive interference
from the RO [7]. In contrast, the coupled CP mode is
observed for 9°, corresponding to Qgg > wcp, Which
indicates constructive interference. Moreover, at 11°, cor-
responding to Qro ~ wcp, a peak and a dip around wcp/27
are observed, which reflects the asymmetric structure of
the coupled CP. To clarify the origin of destructive and
constructive interference, the time evolution of fro and
froscp 1s compared in Figs. 4(i) and 4(k). When the
amplitudes of fro and fro,.cp are nearly the same, frq
oscillates in phase with fro,cp for Qro > wcp, but
oscillates out of phase when Qrg < wcp. This indicates
that the phase difference between fro and fro,cp causes
the peak and dip structures in the spectrum of the coupled
CP mode. In particular, for Qg ~ @cp, the phase difference
between fro and fro,cp shown in Fig. 4(j) is approx-
imately z/2; therefore, the asymmetric structure of the
coupled CP mode appears clearly, as shown in Fig. 4(a).
Thus, the asymmetry of the coupled CP mode originates
from the phase difference between the RO and the
coupled CP.

In summary, we have investigated the dynamical cou-
pling and interference between a RO and a CP in a CuCl
semiconductor microcavity. The time-domain signals
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observed in the microcavities demonstrate that the CP is
driven by the RO through the dynamical coupling between
the two oscillations. Furthermore, when the RO frequency
is decreased below the CP frequency, the spectral profile of
the coupled CP mode drastically changes from a peak to a
dip with an asymmetric structure. The asymmetric structure
originates from the dynamical Fano-like interference
between the short-lived RO and the long-lived coupled
CP with a phase shift. This dynamical Fano-like interfer-
ence is expected to play an important role in the dynamical
coupling between two states, such as a steady state and a
transient state in quantum devices.
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