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ABSTRACT: Polaritonic photonics is one of the key technologies for future quantum-
based information and communication. Here, we demonstrate strong evidence of
vibrationally dressed exciton polaritons formed in a single-crystal planar cavity of 5,5″-
bis(biphenylyl)-2,2′:5′,2″-terthiophene (BP3T) at room temperature. Under optical
pumping, the BP3T crystals exhibit longitudinal multimode lasing at the primary and
secondary vibronic progression bands based on Fabry−Peŕot (F-P) resonation
between side facets of the planar cavity. Each gain-narrowed vibronic band
extraordinarily split into multiple peaks at excitation fluence around the lasing
threshold, accompanied with time delay up to several tens of picoseconds, which is
unexplainable for conventional photon lasing. Although those lasing characteristics are
primarily interpreted as a regime of exciton-polaritons (EPs), the energy versus
wavenumber plots of splitting spectra are well-explained by coupling with cooperative
vibrations of the ordered BP3T molecules.
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After amplified spontaneous emission (ASE) and lasing
have been demonstrated for a variety of organic crystals

under optical excitation,1−10 electrically pumped lasing has
been first demonstrated in an organic light-emitting field-effect
transistor (OLEFET) with a thiophene/phenylene co-oligomer
(TPCO)11 and subsequently in an organic light-emitting diode
(OLED) with distyrylbenzene (DSB) derivatives.12 In the
former OLEFET device, a thin planar single crystal of 5,5″-
bis(biphenylyl)-2,2′:5′,2″-terthiophene (BP3T, the molecular
structure is shown in Figure 1a) has been used as an active
medium, which is capable of transporting both holes and
electrons with high mobilities.13

Along with superior lasing characteristics owing to thermal
stability, high quantum yield, and large refractive index,14−16

BP3T and other TPCO single crystals have shown unique light
amplification behaviors, indicating cooperative processes under
optical pumping conditions, as follows: (i) Unusually split
lasing spectra with longitudinal multimodes have been
observed in Fabry−Peŕot (F-P) oscillating conditions.17 (ii)
Pulse-shaped emissions accompanied with time delay from
several tens to several hundreds of picoseconds with respect to
the excitation pulse origin have been observed at excitation
fluence around the lasing threshold.17,18 This unusually long
delay time has been interpreted as build-up time of
macroscopically correlated emitters in analogy with super-
radiance (SR) or superfluorescence (SF).19−23 (iii) Excitation
beam area dependences of gain-narrowing threshold fluence

have been observed, which can be related to superfluorescence
phenomena.18,24,25 (iv) Mirrorless lasing based on stimulated
resonance Raman scattering (SRRS) has been observed in
BP3T and other TPCO single crystals, suggesting a formation
of coherent molecular vibrations.26,27

Although those unusual light amplification behaviors have
been phenomenologically well-investigated for TPCO single
crystals, their detailed descriptions have not been well
established. Exciton polaritons (EPs) are one of the reliable
candidates for those cooperative light emissions as reported for
inorganic and organic semiconductor microcavities.28−31

Polariton lasing, which has been reported also for organic
materials,32 occurs at lower threshold fluence than that of
photon lasing based on the stimulated emission (SE) process.
Polaritonic behaviors of organic materials have been reported
almost for microcavity structures; however, they demand
combining fragile organic layers and a pair of distributed Bragg
reflectors (DBRs). Recently, it has been reported that EPs can
be formed in single-crystal and microstructured organic
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semiconductors even without external cavities at room
temperature, and they are attracting interests as cavity-free
polaritonic devices.33,34 Such cavity-free EPs have been also
reported for nano/microstructures with lead halide perovskites,
which enable lasing even at CW excitation.35,36 Besides the
formation of EPs, another unique quasi-particle named “vibro-
polariton” has been also reported for organic materials, which
are formed by strong coupling between molecular vibronic
quanta and cavity photons.37 Moreover, vibrationally dressed
exciton polaritons (VDEPs) have been theoretically demon-

strated,38 suggesting that molecular vibronic modes play a key
role in the formation of EPs.39

Here, we report experimental evidence of cooperative
emission attributed to VDEPs in self-organized planar cavities
of single-crystal BP3T at room temperature. The obtained F-P
mode lasing characteristics under optical pumping are
investigated by time-resolved photoluminescence (PL) meas-
urements and discussed in detail using energy versus
wavenumber (E−k) plots. Extraordinary splitting spectra at
vibronic progression bands accompanied with long time delay
are attributed to the lower branch of EPs coupled with the
intramolecular vibration modes of the BP3T molecule. The
observed time delay is interpreted as a build-up duration of
VDEPs via cooperative cooling brought by coherent molecular
vibrations.

■ RESULTS

Optically Pumped Lasing in Single-Crystal BP3T.
Single-crystal TPCOs have been conventionally grown via
physical vapor transport (PVT) based on sublimation under a
temperature gradient in inert gas flowing conditions.6,10,12

However, BP3T single crystals prepared by the PVT method
possess curved crystal edges, not ideal to achieving lasing in F-
P oscillating modes. Therefore, here we grew BP3T crystals by
slight modification of solution growth40,41 to obtain large and
well-shaped single crystals as representatively shown in Figure
1a. According to the X-ray diffraction analysis,18 the crystal
surface is assigned to the (001) plane of the monoclinic form
(a = 7.526 Å, b = 5.786 Å, c = 59.997 Å, β = 92.818°, space
group: P21/c)

42 where all the molecular axes of BP3T stand
perpendicular to this plane as shown in Figure S1 in the
Supporting Information.
The pair of parallel crystal side facets, the length between

which is typically on a submillimeter scale, function as F-P
mirrors providing a planar single-crystal resonator. As seen in
Figure 1a, the emitted light is only observed at the crystal
contour edges, indicating that the fluorescence is thoroughly
confined in the two-dimensional cavity and no crystal defect is
observable. Figure 1b shows absorption and PL spectra
observed for a single-crystal BP3T exhibiting several bands
corresponding to vibronic progressions of the π−π* electronic
transition between the highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO)

Figure 1. Photoluminescence characteristics of single-crystal BP3T.
(a) Molecular structure of BP3T and fluorescence microscopy image
of a BP3T single crystal obtained by a modified solution growth
process. (b) PL and absorption spectra taken from a BP3T single
crystal showing vibronic progressions in 0−0, 0−1, and 0−2 transition
bands. (c) PL spectra observed for a BP3T single crystal below and
above the light amplification threshold, showing gain-narrowed lasing
peaks at the 0−1 and 0−2 bands in the latter condition. (d) Excitation
density dependences of integrated PL intensity for the 0−1 and 0−2
bands. Their nonlinear increase onsets indicate lasing threshold
fluences of 432 and 240 μJ/cm2 for the 0−1 and 0−2 bands,
respectively.

Figure 2. Fabry−Peŕot lasing and polariton dispersion. (a,b) High-resolution PL spectra taken above the lasing threshold fluence for the 0−1 and
0−2 bands, respectively. (c) E−k dispersion plots estimated from lasing spectra shown in panels (a) and (b). The plots are fitted with LPB
dispersion (ELPB) by coupling between excitons (Eex) and cavity photons (Eph) showing a Rabi splitting energy (ℏΩ).
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as shown in Figure S2 in the Supporting Information. Three
prominent PL bands at 2.35, 2.15, and 2.02 eV are assigned to
the 0−0, 0−1, and 0−2 transitions, respectively. Figure 1c
shows PL spectra observed for a BP3T single crystal under
optical pumping using a Nd:YAG pulsed laser. The stripe-
shaped excitation beam is focused on the crystal surface being
perpendicular to the parallel side facets so that only the F-P
lasing is detected in this direction. The 0−1 and 0−2 bands are
amplified into gain-narrowed peaks at 2.16 and 2.00 eV,
respectively, when the excitation fluence is increased beyond a
certain threshold. From excitation density dependences of
integrated PL intensity shown in Figure 1d, the threshold
fluence was determined to be 432 and 240 μJ/cm2 for the 0−1
and 0−2 peaks, respectively. Note that the gain-narrowing
threshold is meaningfully lower for the 0−2 transition, which is
related to the contribution of VDEPs in the lasing process as
mentioned later.
As respectively shown in Figure 2a,b, high-resolution PL

spectra taken above the threshold fluence clearly indicate lasing
oscillations for both the 0−1 and 0−2 transitions. From the
observed longitudinal multimode intervals (ΔE) and measured
cavity length (L), the group refractive index (ng) values are
estimated to be 5.3 and 3.7 for the 0−1 and 0−2 bands,
respectively, according to ng = hc/(2LΔE) where h is the
Planck constant and c is the speed of light. The obtained ng
values are high enough for efficient light confinement in the
planar cavity of BP3T, and the sufficient finesse in the F-P
lasing spectra enables us to analyze EP and VDEP character-
istics using E−k plots in the subsequent sections.
EP Characterization. Although the F-P lasing spectra in

Figure 2a,b are obtained from the same excited position of the
measured single crystal, their spectral features are meaningfully
different: the mode intensities distribute in a Gaussian
envelope in the 0−1 transition band while those in the 0−2
transition show extraordinary splitting into mainly three sub-

bands. The former spectral envelope is typical for amplified
spontaneous emission (ASE) as well as exciton−polariton
emission. On the other hand, the latter splitting with a band
width narrower than the thermal broadening at room
temperature suggests the existence of resonance other than
the F-P oscillation. In order to characterize those spectral
origins, E−k plots are derived with k = 2πng/λ where k is the
wavenumber in the direction of F-P oscillation, i.e.,
perpendicular to the side facets of the BP3T single crystal.
From the relation between ng and k, k is expressed as k = πhc/
(LλΔE). Thus, the E−k dispersion is obtained from the
ΔE values at each multimode peak wavelength λ for both in
the 0−1 and 0−2 lasing bands as shown in Figure 2c. This
methodology has been utilized to evaluate EP characteristics
for spontaneous emissions from organic single-crystal nano-
wires.43

In order to evaluate EP characteristics, the exciton energy
(Eex) is generally determined from the 0−0 absorption peak,
which overlaps with the 0−0 PL peak. In the present case of
the BP3T single crystal, however, the 0−0 absorption and PL
peaks are Stokes-shifted as shown in Figure 1b due to
molecular rearrangement in the excited crystal. This Stokes
shift energy varies depending on the crystal quality and defects,
and the self-absorption effect makes it difficult to precisely
determine Eex. Therefore, we adopted the Eex value of 2.376 eV
at a mid-position between the absorption and emission peaks
as an averaged value. The energy dispersion of cavity photons
(Eph) is obtained from Eph = (ℏc/np)k where ℏ, c, and np are
Dirac’s constant, speed of light, and phase refractive index of
the BP3T single crystal, respectively. Energy dispersions (EUPB

and ELPB, respectively) of the upper polariton branch (UPB)
and lower polariton branch (LPB) can be derived as a result of
strong coupling between the excitons and cavity photons,
according to the following equation

Figure 3. Time-resolved PL spectroscopy in the 0−2 band. Excitation fluence dependence of PL spectra (a) and integrated PL intensities (b). (c)
Color maps of time-resolved PL intensities in the 0−2 band at varied excitation fluences. The horizontal axis of each map is graduated in photon
energy from 1.98 to 2.04 eV. (d) Time profiles of integrated and normalized PL intensities as a function of excitation fluence.
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= + ± − + ℏΩE E E E E
1
2

( )
1
2

( ) ( )UPB,LPB ex ph ex ph
2 2

(1)

where ℏΩ is the Rabi-splitting parameter corresponding to the
coupling strength between excitons and cavity photons.
Consequently, the E−k dispersion plots are well-fitted as
dispersion curves of ELPB as shown in Figure 2c. Light emission
from UPB is not observable because the population in UPB is
promptly relaxed to the exciton reservoir within sub-pico-
seconds.44 The resulting fitting parameters are np = 2.11 and
ℏΩ = 1.74 eV. The obtained np is a reasonable value for TPCO
crystals,18 and the ℏΩ values estimated for four BP3T single-
crystal samples range in 1.54−1.74 eV. Note that the obtained
ℏΩ is one order of magnitude larger than the exciton energy
width, which is roughly ∼100 meV as estimated from Figure
1b, indicating that the excitons are strongly coupled with the
cavity photons confined in the single-crystal BP3T. It has been
reported that the molecular orientation can strongly enhance
the exciton−photon interaction in organic microcavities.45 The
uniaxial alignment of transition dipole moments perpendicular
to the cavity plane of the BP3T crystal must be an optimal
configuration for the strong coupling with the cavity photons
in the transverse magnetic (TM) mode.
Time-Resolved Measurements. For further investigation

of lasing characteristics, time-resolved PL measurements were
performed under the F-P oscillating condition for the single-
crystal BP3T. Figure 3a shows excitation density dependences
of PL spectra taken in the 0−2 transition region. Since the
spectroscopy resolution is lower and the cavity length (L = 295
μm) of the sample crystal used here is much larger as
compared to those in Figure 2, the lasing spectral finesse is

worsened by power broadening in particular at higher
excitation fluence. However, its band width of ∼20 meV
indicates evident gain-narrowing and the fluence dependence
of integrated PL intensity clearly demonstrates the lasing
threshold as shown in Figure 3b. Figure 3c,d respectively
shows the corresponding color maps and time-decay profiles of
time-resolved PL intensities integrated and normalized in the
measured photon energy range. Around the lasing threshold
fluence at 144 μJ/cm2, the 0−2 PL band starts gain-narrowing
and the time profile spreads over 0−150 ps with a maximum
intensity around 60 ps with respect to the time origin of the
excitation pulse as shown in Figure 3d. When the fluence is
increased at 182 μJ/cm2, the time duration becomes narrow
and the maximum intensity appears further delayed at 77 ps.
With increasing fluence at 229 and 288 μJ/cm2, the time
profiles become more pulse-shaped while the delay time is
getting shorter. Since a typical rising time of optically pumped
lasing is a few picoseconds, this delay time is much longer than
that expected for photon lasing based on the SE process. Note
that the PL spectra in Figure 3a are unusually split into
multiple bands at 182 and 229 μJ/cm2. When the fluence is
increased to 288 μJ/cm2, the splitting spectrum merges to a
single band with typical gain spectral width for photon lasing at
room temperature while the lasing spectral finesse is worsened
by power broadening. Those observed spectral splittings
accompanied with time delay suggest a contribution of
VDEPs as discussed later.
The fluence-dependent time-resolved lasing features with

unusual splitting and time delay are typically observed for the
0−2 band while those of the 0−1 band obtained for most of
the single-crystal BP3T samples are different as shown in

Figure 4. Lasing spectra and VDEP dispersions. (a,b) Lasing spectra showing unusual deformation and splitting in the 0−1 and 0−2 bands,
respectively. (c) E−k plots and calculated energy dispersion for the 0−1 band spectrum shown in panel (a). The E−k plots are fitted by coupling of
vibrationally dressed exciton with LPB according to eq 2. (d) E−k plots and calculated energy dispersion for the 0−2 band spectrum shown in (b)
where vibrationally dressed excitons with secondary vibration modes are included as shown in eq 3.
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Figure S3 in the Supporting Information. Independent of
excitation fluence around the lasing threshold, the 0−1 spectra
appear with a single band at 2.14−2.18 eV and their time-
resolved profiles are almost unchanged without long delay
time.
VDEP Characterization. Such a difference between the 0−

1 and 0−2 bands might be primarily ascribed to a higher
Franck−Condon factor for the 0−2 transition (see Figure
1b,c), which gives rise to more effective coupling of the 0−2
excitons with cavity photons. However, the lasing spectra of
some samples exhibit unusual deformation or splitting for both
the 0−1 and 0−2 bands as shown in Figure 4a,b. The lasing
oscillation of the 0−1 band has a wavered intensity envelope
while that of the 0−2 band prominently splits into four peaks.
Their E−k dispersions calculated for the 0−1 and 0−2 bands
are plotted in Figure 4c,d, respectively. Both dispersion plots
are not simply fitted by ELPB according to the coupling between
excitons and cavity photons. Corresponding to their spectra
features, the E−k plots of the 0−1 band exhibit an anti-
crossing split and those of the 0−2 band are dispersed into
discrete energy levels.
In order to analyze those dispersion data, we have used a

coupled oscillator model including vibrationally dressed

excitons.38 In the case of the 0−1 band (Figure 4c), the E−k
plots are fitted by coupling among Eph, Eex, and Eex−ν1, where
Eex−ν1 is the 0−1 emission energy coupled with the primary
mode of molecular vibrations. Assuming that one vibrational
mode having a frequency ν1 contributes to the coupling, the
corresponding phenomenological Hamiltonian is described as
the following 3 × 3 matrix

ω

ω

ℏΩ ℏ

ℏΩ

ℏ

ν

ν ν−

E

E

E

/2 /2

/2 0

/2 0

ph 1

ex

1 ex 1

i

k

jjjjjjjjjjjjj

y

{

zzzzzzzzzzzzz (2)

where ℏων1 is the coupling parameter of LPB with the
vibrationally dressed 0−1 exciton. Using Eex = 2.376 eV, Eex−ν1
= 2.164, and np = 2.11, the anti-crossing dispersion is well-
fitted as shown by dotted curves in Figure 4c. The difference
between Eex and Eex−ν1, 0.212 eV, approximately corresponds
to the energy of prominent vibration modes of the BP3T
molecule shown in Figure S2b in the Supporting Information.
As a result, the interaction energies of ℏΩ = 1.76 eV and ℏων1

= 7.0 meV are obtained. The ℏΩ value is consistent with the
Rabi splitting energy obtained for the result shown in Figure 2.

Figure 5. Energy dispersion and formation process of VDEPs. After nonresonant pumping at ν′ > 3, excitons are accumulated in the S1 reservoir via
vibrational relaxation. In the formation of EPs by coupling with cavity photons, the excitons are cooled by cooperative or stimulated processes. In
the former, the relaxation to LPB occurs via correlated molecular vibrations, resulting in VDEP lasing accompanied with spectral splitting. In the
latter, the excitons are relaxed to LPB through stimulated emission of localized intramolecular vibrations without LPB splitting (not shown in the
figure). Under resonant pumping, the stimulated vibrational emission gives rise to SRRS.
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The resultant ℏων1 value is much smaller than the thermal
kinetic energy at room temperature (∼26 meV). It suggests the
existence of additional resonance, which overcomes thermal
broadening as we will discuss later.
For fitting the E−k dispersion in the 0−2 emission band

shown in Figure 4d, the secondary modes of molecular
vibrations are included in the coupled oscillator model as
shown in the following phenomenological 5 × 5 Hamiltonian

ω ω ω

ω

ω

ω

ℏΩ ℏ ℏ ℏ

ℏΩ

ℏ

ℏ

ℏ

ν ν ν ν

ν ν

ν ν ν ν

ν ν

+

−

+ − +

−

E

E

E

E

E

/2 /2 /2 /2

/2 0 0 0

/2 0 0 0

/2 0 0 0

/2 0 0 0

ph 2 1 ( 1 2) 2 2

ex

2 1 ex 2 1

( 1 2) ex ( 1 2)

2 2 ex 2 2

i

k

jjjjjjjjjjjjjjjjjjjjjjjjjj

y

{

zzzzzzzzzzzzzzzzzzzzzzzzzz
(3)

where Eex−2ν1, Eex‑(ν1+ν2), and Eex‑2ν2 are the energies of
vibrationally dressed excitons at the 0−2 emission band. The
molecular symmetry of BP3T in the single crystal belongs to
the point group of C2v,

42 which has two irreducible
representations denoted as A1 and B1. As shown in Figure S4
in the Supporting Information, the Raman spectrum of a BP3T
single crystal taken under off-resonant excitation at room
temperature exhibits Raman shifts at ν1 = 1458 cm−1 and ν2 =
1600 cm−1. These two prominent peaks are both assigned to
the B1 mode with antisymmetric vibrations with respect to the
C2 axis as schematically shown in Figure S2b in the Supporting
Information. In the fitting analysis for the 0−2 band dispersion
in Figure 4d, the doubled frequency of ν1 (Eex−2ν1) and ν2
(Eex‑2ν2) and the sum-frequency of ν1 and ν2 (Eex−(ν1+ν2)) are
included in the Hamiltonian (3). Accordingly, ℏω2ν1, ℏω2ν2,
and ℏω(ν1+ν2) are the coupling strengths of LPB with the
respective vibrationally dressed excitons. By using the
parameters of Eex = 2.351 eV and np = 2.07, the E−k plots
in the 0−2 band are fitted with anti-crossing dispersions as
shown with dotted curves in Figure 4d. Note that the resultant
Eex value is close to the 0−0 PL peak energy in Figure 1b. It
suggests that the Eex value could be more reasonably adopted
from the 0−0 PL energy since the cavity photons and
vibrational modes are coupled to the excitons relaxed to the S1
reservoir. The vibrationally dressed exciton energies corre-
sponding to Eex−2ν1, Eex−(ν1+ν2), and Eex−2ν2 are estimated to be
2.037, 2.029, and 2.017 eV, respectively. The resulting energy
interval between them (8−12 meV) is lower than the energy
difference between the ν1 and ν2 modes (17.6 meV). This
deviation can be mainly attributed to increasing anharmonicity
in the secondary vibration mode levels in the 0−2 band. The
ℏω2ν1, ℏω2ν2, ℏω(ν1+ν2), and ℏΩ values are estimated to be 4
meV, 10 meV, 10 meV, and 1.70 eV, respectively. The
obtained fitting mostly reproduces the spectral splitting in
Figure 4b; however, the experimental plots are somewhat
scattered not satisfactorily tracing the anti-crossing dispersion
curves. It is probably because the spectral resolution is not
enough to accurately determine the E and k values since
ΔE between the longitudinal multimodes for the present
planar cavity with sub-millimeter L is very small.

■ DISCUSSION
Based on the experimental results, a plausible scheme for the
energy dispersion and formation process of VDEPs in the

single-crystal planar cavity of BP3T is summarized in Figure 5.
In the present case, the non-resonant optical pumping at λex =
355 nm (3.49 eV) or 397 nm (3.12 eV) excites electrons to
higher vibrational replicas (ν′ > 3) of the singlet Frenkel
exciton state (S1). In a typical organic semiconductor
microcavity; thus, generated hot excitons are quickly relaxed
to the energy minimum (ν′ = 0) of S1 to form an exciton
reservoir, which supplies polariton particles.46 The excitons in
this reservoir can be directly cooled to the polariton state
radiatively or via emitting localized molecular vibrations.38,47 A
previous time-resolved and transient spectroscopic study on
EPs in vertical microcavities with a single-crystal TPCO
derivative has shown two distinguishable polariton renormal-
ization processes, which are attributed to the long-time
accumulation in the exciton reservoir (≲100 ps) and ultrafast
stimulated polariton cooling (≲1 ps).48 In the present VDEP
process, it is considered that there are additional sub-reservoirs
for vibrationally dressed excitons corresponding to each
vibronic mode energies in the 0−1 and 0−2 PL bands.
By contrast to the conventional microcavity EPs, we deduce

that the excitons accumulated in the main reservoir are cooled
via “cooperative” or “stimulated” processes in the single-crystal
planar cavity of BP3T. In the cooperative cooling, the
renormalization of the LPB states might occur via correlated
molecular vibrations, in other words “coherent phonon”,
among the exciton reservoir molecules. Thus, generated
coherent vibrations couple with EPs, which give rise to anti-
crossing splits at the respective vibronic states on the LPB
dispersion. The observed splitting energies of 7.0 meV for
ℏων1 in Figure 4c and 4−10 meV for ℏω2ν1, ℏω2ν2, and
ℏω(ν1+ν2) in Figure 4d evidently prove the existence of
additional resonance generated by coherent molecular
vibrations, which play a key role in the VDEP formation at
room temperature. The measured delay time up to 77 ps can
be interpreted as a duration until the hot excitons are
populated in the vibrationally dressed exciton states. Such a
long rising time is reasonable on the analogy of a cooperative
process like superfluorescence where a coherent excited state is
built up among excitons, resulting in delayed emission.20 In the
stimulated cooling, on the other hand, the renormalization
occurs through stimulated emission of localized intramolecular
vibrations, which gives neither spectral splitting nor prominent
time delay as the case of LBP in the 0−1 band shown in Figure
2a and Figure S3 in the Supporting Information. In addition,
when the system is pumped in resonant at the 0−0 or 0−1 PL
band energy, the stimulated vibrational emission results in
SRRS, which has been observed for various TPCO single
crystals at room temperature and 12 K,27 as represented in
Figure S5 in the Supporting Information.
As seen in the divergence among the spectra presented in

Figures 2−4 and Figure S6 in the Supporting Information, the
observed VDEP features specially characterized with unusual
splitting are varied depending on the morphology and quality
of the single-crystal BP3T samples. As representatively shown
in Figure S6 in the Supporting Information, the lasing spectra
in the 0−1 and 0−2 bands sometimes exhibit more multiply
splitting peaks. It suggests that vibration modes other than ν1
and ν2 as well as their high-order modes are able to incorporate
in the formation of VDEPs since the Raman spectrum taken
from the BP3T single crystal (Figure S4 in the Supporting
Information) shows many scattering peaks in the frequency
range of 700−1400 cm−1 under off-resonant excitation.
Although the coupling strength of these vibration modes
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with excitons might be weaker than those of ν1 and ν2, they can
also contribute to the formation of VDEPs if the single-crystal
cavity quality satisfies the coupling condition.
Another remaining question is whether the F-P feedback

resonation in the planar cavity is indispensable for the VDEP
formation or not. Figure S7 in the Supporting Information
shows an ASE spectrum at room temperature taken from a
single-crystal BP3T grown by the PVT method, which has
round or curved side edges without parallel mirror facets.
Nevertheless, the 0−2 band is split into two peaks, the interval
of which is ∼10 meV, approximately corresponding to the
energy difference between the ν1 and ν2 mode vibrations. It
indicates the existence of resonance other than lasing
oscillation beyond thermal broadening at room temperature
and suggests that the VDEPs may occur in such a planar single-
crystal cavity incapable of the F-P lasing.

■ CONCLUSIONS

The present study has unraveled the clear contribution of
VDEPs to cooperatively amplified emissions by using E−k
dispersions derived from the multimode F-P lasing in the well-
shaped single crystals of BP3T. Such cooperative phenomena
based on delocalized excitons over molecules may play a key
role in spin-related molecular functions such as thermally
assisted delayed fluorescence (TADF)49 and singlet fis-
sion,50−52 which give advantageous impacts on organic light-
emitting and photovoltaic devices. In particular, it is pointed
out that the coupling of excitons to molecular vibrations and
crystal phonons dominates those physics in molecular
semiconductors.53 In singlet fission, vibrational degrees of
freedom coupled to electronic excitation facilitate generation
of spin-correlated intermediate pairs of triplet excitons (over-
all spin zero) from delocalized multiexcitonic singlets. On the
other hand, the delocalization of injected triplet excitons with
the aid of vibrational coherence enables the reverse intersystem
crossing to over-all singlet excitons in TADF at room
temperature. These vibrationally mediated correlations of
molecular excitons are evidently demonstrated in the present
study through the formation of VDEPs in the single-crystal
planar cavity of BP3T. Moreover, the VDEPs could also
potentially pave the way for related fields such as molecular-
based quantum computing, photochemical reaction control,
artificial photosynthesis, and neuroscience of the brain.

■ METHODS

Sample Preparation. A saturated 1,2,4-trichlorobenzene
solution of BP3T was prepared at 190 °C. 10 mL of solution
was diluted by adding 2 mL of 1,2,4-trichlorobenzene to
remove possibly remaining undissolved BP3T solids. After
that, the solution was heated to 190 °C again and successively
cooled down to 30−40 °C for 36 h. Afterward, the grown
BP3T crystals dispersed in the solution were transferred onto a
glass substrate by handling with a metal needle.
Characterization. Absorption spectra were measured using

an ultraviolet−visible (UV−vis) spectrometer (JASCO V-530).
Fluorescence images as well as PL spectra of single-crystal
samples were measured using a fluorescence microscope
(Olympus BX-51) equipped with a charge coupled device
(CCD) spectrometer (Hamamatsu Photonics PMA-12)
through a 10× objective lens. The crystal thickness was
confirmed by a surface profiler (Kosaka Laboratory). X-ray
diffraction (XRD) measurements were performed by θ/2θ

scans (Cu Kα, 50 kV, 300 mA). Optically pumped lasing
spectra were measured using an excitation source of a Nd:YAG
pulsed laser (λ3ω = 355 nm, pulse frequency: 1.2 kHz, pulse
duration: 1.1 ns) at room temperature. The excitation beam
shaped into a stripe of 0.24 × 0.04 cm2 through a cylindrical
lens was focused on the single crystal surface with an incident
angle of ca. 45°. Photoemission radiated from the crystal edge
was detected using a CCD spectrometer (Hamamatsu
Photonics PMA-50) through an optical fiber. Time-resolved
PL spectra were measured using a streak camera (Hamamatsu
Photonics C5680) and a Ti:sapphire laser (λ2ω = 397 nm, 150
fs pulse duration, 1 kHz repetition) as an optical excitation
source. Off-resonant Raman spectroscopy was carried out
using a laser Raman spectrometer (JASCO NRS4100) at an
excitation wavelength of 785 nm.
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