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Superradiance-to-Polariton Crossover of Wannier Excitons with Multiple Resonances
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We demonstrated the superradiance-to-polariton crossover of the blue excitons in Cu,O by varying the
sample thicknesses instead of controlling the cavity quality factor. The crossover behavior was compared

with unprecedented calculations based on the nonlocal optical response theory with the inclusion of

three exciton resonances. The crossover thickness, found to be 177 4= 2 nm, was smaller than the predicted

value for a single resonance by a factor of 5. The fact that there was much larger longitudinal-transverse
splitting (40 £ 5 meV) than in the bulk implies a surprisingly fast radiative recombination even without a

cavity structure.
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Exploring many-body cooperative phenomena remains
the central theme of quantum science with rapidly growing
demands for ultrafast optical switches and high-precision
atomic clocks [1]. A well-known example is the use of
superradiance [2—-5], where an ensemble of mutually phase-
coherent atoms decay significantly faster than individual
atoms. The system behaves as a single bosonic mode
although it is a collection of two-level atoms. A wave
function of excitons confined in microspheres and in a
semiconductor slab is analogous to such a collective-state
wave function of atoms. The maximum radiative decay rate
is expected for a material size of approximately half a
wavelength [6,7], as well as when the electromagnetic
waveform and the wave function of the quantized exciton
center-of-mass (c.m.) motion are phase matched. The
exciton superradiance [8,9] can be further enhanced when
embedded in a microcavity [10], but it is superseded by
quasistationary exciton-polariton modes in a strong cou-
pling regime [11,12]. Such a crossover has been already
observed, e.g., for quantum dots [13] in a planar cavity
by changing the quality factor, and later interpreted as
a transition from the Purcell enhancement to vacuum
Rabi splitting [14].

In 1995 [15], Bjork et al. proposed that the crossover for
confined excitons, regardless of the Frenkel or Wannier-
Mott types, is expected also for a varying slab thickness
without cavity [see Fig. 1(a)]. Increasing the thickness
corresponds to an increase in the number of dipoles in
phase that are localized or delocalized at the constituent
atoms, toward the strong coupling regime. Upon increasing
the size, the decay rate decreases beyond the crossover
point, provided that the radiative rate of an exciton polar-
iton is considered as the inverse of the propagation time
through the slab [16]. The thick line in Fig. 1(a) represents
the highest radiative mode for a given thickness, which
shows the maximum radiative rate near the Rabi frequency
(Agapi/h) [15], whereas the gray region indicates the
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existence of subradiant modes [15,17]. In Fig. 1(b), the
radiative energy, or the energy of the highest radiative mode
is shown by the thick lines. It coincides (or crosses) with the
bulk energy, hwy,, below the crossover thickness, and
otherwise splits into the upper and lower branch polaritons
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FIG. 1. Schematic of excitonic superradiance to exciton-
polariton crossover in (a) decay rate and (b) resonance energy
[15]. The solid lines trace the points of the maximum decay rates,
and the gray region represents subradiant modes. (c) Band
structure of Cu,O. (d) Schematic of the Cu,O film.
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separated by Ag,p;- The subradiant modes (the gray regions)
are separated by the longitudinal-transverse (LT) splitting
energy, Ay [15,17].

In this Letter, we report the first experimental observa-
tion of the crossover from excitonic superradiance to
exciton-polariton under thickness control, by using
Wannier-Mott excitons in Cu,O [18]. Despite the advances
in theory, achieving the crossover condition has been
impossible for over two decades. The crossover thickness
is approximately given by dg.s = 4ch/(nyAgayi) [15],
where c is the light speed in vacuum and n,, is the refractive
index of the material. For a typical dipole-allowed tran-
sition, d... 1S on the order of several or tens of microm-
eters, far exceeding the coherence length of excitations in a
material. This impedes the collective evolution of macro-
scopic dipoles spreading over d. .-

In contrast to the weakly dipole-allowed “yellow” exciton
series in Cu,O with stringent interests [19-27], we focused
on the blue and violet excitons [18,28] involving the second
conduction band [see Fig. 1(c)]. The Rabi splitting energy
(280 meV [28]) for the bulk blue exciton is 70 times larger
than in GaAs [29] and 3 times lager than in CuCl [30]. This
exceptionally strong radiative coupling reduces the crossover
thickness down to an observable range of < 1 gm. Our thin
film was, in fact, grown between wedge-shaped substrates
[see Fig. 1(d)], and the radiative coupling was further
enhanced by multiple reflections at the interfaces [17].
Because of further enhancements by multiple resonances
derived from higher lying states including the excited (2s)
blue exciton and the violet exciton, the crossover was
expected at a thickness below 200 nm. In what follows,
we perform a detailed examination of the absorption and
photoluminescence (PL) spectra of the blue exciton, and
compare them with theory, including new extensions to
multiple resonances.

We used Cu,O thin films grown between sapphire sub-
strates by the melt method [31]. The sample was mounted in a
static-gas type cryostat (Oxford, OptistatSXM) and irradiated
by visible light from a supercontinuum source (Fianium,
WhiteLase micro). In our custom-built confocal optical
system [32], we selected the position (2 x 2 um?) of the
desired film thickness under an aspherical objective lens
(Thorlabs, C671TME-A) by a triaxial piezoelectric actuator
(Attocube, ANPx51, ANPz51). The detection was made by a
charge-coupled-device camera at the exit port of a mono-
chromator (Nikon, CT-25T JASCO). Absorption spectra were
obtained by subtracting the measured reflection and trans-
mission spectra from unity. The photoluminescence was
measured using the same detection setup under weak con-
tinuous-wave excitations at a photon energy of 3.05 eV
(Thorlabs, LD5146-101S), which is well above the resonance
energies of the blue exciton (Aw;,, = 2.576 eV) and the
violet exciton (Am,, = 2.703 eV) [28].

Figures 2(a) and 2(b) show the absorption spectra in the
region of the blue and violet excitons, for film thicknesses

ranging from 22 to 154 nm and from 170 to 400 nm,
respectively. Around the bulk energies of the blue and
violet excitons, as indicated by the dashed lines, several
peaks are observed. The peak positions around Aw,;, are
marked by diamonds, and plotted as a function of thickness
d in Fig. 2(c). The energy positions of the absorption peaks
exhibited qualitatively different thickness dependence in
the thin and thick regions, indicating different types of
light-matter interactions. Starting from the thin region, the
initially single peak (marked by the dashed-line circle)
splits with a maximum separation of 60 meV at a thickness
of 70 nm, and then merges and crosses Aw, (the full-line
circle) at 80 nm. The energy shift is derived from the spatial
phase matching between the c.m. wave function of the
confined excitons and the spatial mode of the resonant
light wave. In the thicker region (d > 100 nm), the peaks
are split into two or more, and no crossing of the peaks
across fiw,, is observed. The two major energy positions
correspond to the upper and lower branch polaritons,
separated by ATl = A% . /(4hw,,) [33]. Roughly speak-
ing, the boundary at d ~ 80-200 nm between the different
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FIG. 2. (a),(b) Absorption spectra of a Cu,O thin film at 9 K at

different thicknesses. Dashed lines indicate resonance energies
of the blue (hw,; ;) and violet (Aw,,,) excitons in a bulk crystal.
(c) Peak energies of the absorption as a function of film thickness.
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behaviors indicates a crossover point from excitonic super-
radiance to exciton polariton.

We will first discuss the detailed energy positions
observed in the absorption spectra. The shifts from the
bulk energies originate from the nonlocality between the
polarization and the electric field of the light beyond
the long-wavelength approximation [7,34,35]. A case with
a thickness region much smaller than the crossover point
was reported in our recent publication for the yellow
exciton in Cu,O [32]. We used the nonlocal optical
response theory [7,34,36], accounting for the excitonic
superradiance [8,9]. Thus, we calculated the exciton
resonance energy using the susceptibility described as

2ALT
PN j
12,7, 0) = Ej —
°° sin("£ z) sin("£ ')
XD (1)
pm hwj+m(7) — hw — ihy,,/2

where z is the distance along the film depth, M = 3.0my, is
the effective mass of the excitons (assumed to be equal to
that of the 1s yellow exciton for simplicity [37]), m is
the number of antinodes of the c.m. wave function [see
Fig. 1(d)], and y,,, = 20 meV is the nonradiative decay rate
[38]. It is seen that exciton polaritons interact with photons
locally, by simply observing that the right-hand side of the
equation reduces to §(z—z') in the limit of d — oo.
The contribution of the 1s and 2s blue excitons and the
15 violet exciton is included in the sum over j [36,39]. This
opposes previous publications that deal only with a single
exciton level in the discussions of crossover [17,32].

The lines in Fig. 3(a) are the calculated energy positions,
with the colors representing the radiative coupling
strength. The coupling strength is given by the radiative
width obtained as the imaginary part of the resonance
energy [32]. The LT splitting energies were chosen as
AYl, =40, AL = AT (faw/fie) =35, and AR, =
ALY (f160/f15) =70 meV,  where fi, =1.2x1072
[28]’ f2sb = flsb/8 [21], and flsv =2.1x107? [28] are
the oscillator strengths of the blue and violet excitons. We
found that the value of the LT splitting energy affects the
separation between the subradiant modes and energy
positions of the lower branch polaritons. We obtained
ALT =40+ 5 meV to best reproduce the experimental
points.

As shown in the inset of Fig. 3(a), the radiative width of
the lowest (m = 1) mode is most enhanced at the thickness
of 30 nm. The energy shift of the second mode (m = 2)
results in the crossing across the bulk energy at the
thickness of 80 nm as indicated by the full-line circle.
No crossing was found for the m > 3 modes, where the
calculated radiative width reached the highest value of
0.6 eV for m = 3 at around 177 nm [the dotted circle in
Fig. 3(a)]. Comparing this with Fig. 1(a) and considering
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FIG. 3. (a) Calculated resonance energies (lines) in comparison
with the experimental data (diamonds). The color of the lines
indicates the radiative width. The inset highlights the m = 1, 2, 3
modes with rescaled colors. (b) Resonance energies with the
calculated PL intensities represented by the color. (c) Contour
plot of the measured PL spectra at 4.5 K.

the error in Al suggests that the crossover thickness is
deross = 177 £ 2 nm. The corresponding radiative lifetime
1s 1.1 fs, which is, in fact, shorter than the inverse of the
Rabi frequency, 1.6 fs, and implies a strongly enhanced
light-matter coupling. We should note that the high
radiative enhancement is due to the inclusion of the violet
exciton.

Unfortunately, the highest radiative mode does not appear
as a peak in the absorption spectra because of extensive
broadening. Nevertheless, the following facts are observed
leading to d . = 160 20 nm experimentally: (i) the
m = 3 mode lowers its energy up to d = 140 nm beyond
the crossing of the m =2 mode, which indicates super-
radiance, and (ii) the m =4 mode clearly shows splitting
into the subradiant polariton branch above d = 180 nm.

If we associate the calculated blue lines with the data
points (open diamonds), a good agreement is found in
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terms of the large separation between the upper and lower
branches and the small splitting in the upper branch, which
is ascribed to the 2s blue exciton at Aw,,, = 2.610 eV. It
can be seen that the positions of the small shoulder near
hw,;, are subradiant modes as indicated by solid diamonds.
The separation of the gap above these subradiant modes
agrees with the LT splitting, A}], = 40 meV. The fact that
this value far exceeds the bulk value (7.6 meV) is
presumably because of the long coherence length along
the film depth. This enhancement strengthens the light-
matter coupling and thus helps to reduce the crossover
thickness down to less than 200 nm.

Next, we considered the case of the PL process to
confirm some modes with higher radiative rates. The
calculated radiative rate y, for the blue exciton varies
below and above the nonradiative rate. Therefore, the
strongest PL. peak intensities do not necessarily come from
the highest radiative mode. We recently discovered the PL
of bulk blue excitons and that the spectrum could be
reproduced by a Lorentzian [38]: I(Aw,d,m) = Gy,(d,m)/
[{Aw(d,m)—hwy}? +{hy,(d,m)/2+ hy,/2}?]. The exci-
ton generation yield G is independent of d because the
penetration length (40 nm) [18] is smaller than the thick-
ness. Mathematically, the peak intensity /(Am,) shows its
maximum value when y, = y,,. Physically, for a radiative
rate much higher than the nonradiative rate, the PL peak
broadens and reduces its height. Consequently, the maxi-
mum peak intensity of PL appears for modes with a
moderate coupling strength rather than those of the strong-
est coupling strength.

The colors of the lines in Fig. 3(b) represent the
calculated PL peak intensity, /(fw,), normalized at each
thickness. High PL peak intensities are expected for the
m = 1 mode for d < 100 nm and along the two horizontal
lines separated by 2A}T for d > 100 nm. This splitting is
slightly larger than that expected for absorption, as it is
highlighted for the condition y, = y,,. In particular, the PL
peak intensity is expected to be comparable for the upper
and lower branches despite the fact that their separation is

larger than the thermal energy and the accumulation of the
exciton population is expected at the lower branch.

Figure 3(c) shows a contour plot of thickness depend-
ence of the measured PL spectra. As predicted, the
separation of the upper and lower branches agreed with
2AT and was larger than that for absorption. The PL peak
intensity was stronger at the upper branch than at the lower
branch. This reversal in the PL peak intensity means that
the upper branch modes have comparable radiative cou-
pling strength as the lower ones, and that the PL is further
enhanced by the degeneracy of several of the upper branch
modes. The overall agreement between Figs. 3(a)-3(c) is
excellent, and this fact strengthens our attribution of the
crossover thickness to 177 £ 2 nm.

Finally, we calculated the spatial distributions of the
electric field and the polarization along the film depth in
order to understand the relationship between crossover and
the nonlocality. The calculated results as a function of the
depth for film thicknesses of (a) 10, (b) 50, (c) 100, and
(d) 200 nm are shown in Figs. 4(a)-4(d). Because the mode
of the highest coupling varies depending on the thickness,
we chose such a mode for each thickness. For thicknesses
smaller than 50 nm, the distribution of the electric field is
very different from that of the polarization [Figs. 4(a) and
4(b)], particularly near the sample edges. As the thickness
increases, these two distributions become closer [Fig. 4(c)]
until they are almost the same [Fig. 4(d)]. This result means
that similarity (dissimilarity) between spatial distributions of
the electric field and polarization leads to qualitatively
different response for a thickness below (above) the cross-
over point, respectively.

According to our calculations, the spatial structure of the
internal electric field in the thin region [Fig. 4(a)] is close to
a free photon in a sense that the amplitude does not depend
on the position. On the other hand, the spatial structure in
the thick region is closer to a cavity photon than a free
photon, in the sense that the amplitude of the electric field
has one or more nodes. This may be reasonable considering
that the spatial distribution of the photon approaches that of
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the c.m. wave function of the confined excitons due to the
strong light-matter interaction, although the cavity quality
factor of the present sample is very low (~1).

To summarize, we have presented a clear observation of
the superradiance-to-polariton crossover in the absorption
and PL spectra of the blue exciton in Cu,O. The extracted
parameters (crossover thickness at 177 =2 nm and LT
splitting energy of 40 4+ 5 meV) indicated a faster radiative
decay compared to that expected for a single resonance.
Near the crossover thickness, we showed that the electric
field distribution of photons is similar to the cavity photon,
indicating a new type of confined photons. This suggests
that cavity polaritons were formed without a cavity
structure, due to the strong coupling to the exciton c.m.
wave functions. We believe that our scheme can provide a
novel way of manipulating strong light-matter interactions,
and can have vast applications in areas such as Bose-
Einstein condensates [40-42], superfluid [12], polariton
lasing [43], and quantum information processing [44], by
using the polariton superradiant states.
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