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Superradianee of High Density Frenkel Excitons at Room Temperature
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Superradiance of high density Frenkel excitons in an R-phycoerythrin single crystal is observed at
room temperature for the first time. No fluorescence is observed except the emission at the sharp
exciton band when the superradiance of excitons occurs, and the higher the pump density, the sharper
the emission bandwidth. A redshift and a blueshift are observed at the rise time and the fall time of the
emission pulse, respectively. The experimental results also imply deformed-boson properties of high
density Frenkel excitons.

PACS numbers: 87.22.Fy, 42.50.FX, 71.35.+z, 78.47.+p

Superradiance is a phenomenon of collective sponta-
neous emission of light arising from an ensemble of op-
tically excited systems. It was predicted in 1954 [1],
and its first experimental evidence was reported in 1973
[2]. Since then, much work has been done to investigate
and interpret the properties of superradiance both experi-
mentally and theoretically. Superradiance from gaseous
systems of atoms and molecules was studied first [3,4],
followed by that from doped molecular crystals [5,6] and
02 -centered crystals [7—9]. In recent years, superradi-
ance of excitons has been an attractive subject. Much
interest has been stimulated by theoretical studies on sys-
tems with reduced dimensionality [10—14]. Some prelim-
inary studies are focused on the superradiance of Wannier
excitons in semiconductor microcrystallites theoretically
[15] and experimentally [16]. On the other hand, super-
radiance of Frenkel excitons has only been observed in 1
aggregates of dye at low temperature [17,18]. However,
a J aggregate is stable only under low excitation. High
or complete population inversion will make this system
unstable [12]. In this work, superradiance of high den-
sity Frenkel excitons in an R-phycoerythrin (R-PE) single
crystal is observed at room temperature for the first time.
The spectral and temporal properties of Frenkel exciton
superradiance at high pump density are studied.

Moreover, it is well known that both Frenkel and Wan-
nier excitons behave as pure bosons at low density. At
high density and low temperature, Wannier excitons in
the indirect-gap semiconductors silicon and germanium
condense into a fermionic electron-hole liquid. In re-
cent years, Bose-Einstein condensation of biexcitons in
direct-gap CuC1 and free excitons in Cu20 has been stud-
ied theoretically and experimentally [19—21]. However,
the quantum statistics of high density Frenkel excitons
lacks experimental studies, and the theoretical studies
have not reached a consensus [14,22 —24]. The experi-
mental results in this work will be conducive to under-
standing the quantum statistics of high density Frenkel
excitons.

R-PE is an important phycobiliprotein of photosynthetic
antennae in red algae. The experimental results in this
work also imply that excitons play an important role in

excitation energy transfer in the photosynthetic antennae
of algae.

Our time-resolved fluorescence experiments have been
performed with a frequency-doubled cw mode-locked
Nd: YAG laser as an excitation source, and a synchroscan
streak camera (Hamamatsu Model C1587, 10 ps resolu-
tion) connected to a polychromator as a recorder; thus
the spectral and temporal characteristics can be recorded
simultaneously. Superradiance experiments have been
conducted with a frequency-doubled single pulse mode-
locked Nd: YAG laser as a pump source and a sin-
gle sweep streak camera (Hamamatsu Model C1587,
2 ps time resolution) connected to a polychromator as a
recorder. The pulse duration of the single pulse mode-
locked Nd:YAG laser is 30 ps. Superradiance experi-
ments have been carried out at room temperature.

At low excitation density and room temperature, the
fluorescence of an R-PE single crystal or microcrystal is
a broadband emission with a bandwidth of 50 nm and
a peak at 580 nm, as shown in Fig. 1(a). It is almost
the same as that of R-PE in phosphate buffer solution
(pH —7). Figure 1(b) shows the Iluorescence of the R-
PE microcrystal at 77 K, in which a sharp exciton band
appears at 600 nm with a bandwidth of 9 nm (for the bulk
crystal, the bandwidth is 15 nm). The Iluorescence decay
(at 600 nm) of the R-PE microcrystal at 77 K consists
of two components: one is the short lifetime component
of broadband fluorescence peaking at 580 nm, and the
other is the long lifetime component of the sharp exciton
band with a lifetime of 1.9 ns. The excitonic fluorescence
excitation spectrum, as shown in Fig. 2, is detected at
77 K. In order to eliminate the disturbance of light
scattering and the short lifetime broadband fluorescence,
the fluorescence is dispersed by the streak camera and
detected at 600 nm during 1.8—2.0 ns.

When the pump density increases, a sharp exciton band
at 600 nm appears at room temperature, as shown in
Fig. 3(a). When the pump density is up to 7 GW/cm,
exciton superradiance occurs at room temperature. The
phenomena are described as follows.

(1) The emission only appears in the sharp exciton
band, and no emission occurs at the wavelength of the
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FIG. 1. Fluorescence spectra of an R-PE microcrystal at low
excitation density (0.1 W/cm ) and the absorption spectrum of
C-phycocyanin (C-PC). (a) Fluorescence of R-PE microcrystal
at room temperature. (b) Fluorescence of R-PE microcrystal
at 77 K. (c) Exciton band of R-PE microcrystal decomposed
from (b) (solid line), and absorption spectrum of C-PC
(dashed line).

broadband fluorescence peaking at 580 nm, as shown in
Fig. 3(b).

(2) The peak intensity of the emission (Ip„k) is almost
proportional to the square of the pump intensity (Ip„p),

2—Pi.e., Ip„k ~ Ipump, where P ( 0.5 and its exact value is
dependent on Ip p First, this excludes cases of exciton-
exciton annihilation and amplified spontaneous emission.
Second, the thickness of the excited region depends on the
pump density; therefore the total number of chromophores
or the total exciton number (N) in the excited region
is proportional to the pump density, i.e., Ip„k ~ N
approaching ideal Dicke superradiance where Ip„k ~ N .

(3) At room temperature and low pump density, the
fluorescence lifetime of R-PE at 580 nm is 319 ps, as

FIG. 3. Emission spectra of R-PE single crystal at room
temperature: (a) exciton band appears at 600 nm at pump
density of 1 GW/cm2; and (b) exciton superradiance at
12 GW/cm (solid line), and 30 GW/cm (dashed line).

shown in Fig. 4(a). When the pump density is higher
than 7 GW/cm, the emission only appears at the exciton
band, and the lifetime of the emission is as short as the
pump pulse duration, as shown in Fig. 4(b).

(4) The higher the pump density, the sharper the
emission spectrum. Typically, when the pump density
is 12 GW/cm, the emission bandwidth for the bulk
crystal is 13 nm; when the pump density is 30 GW/cm,
the emission bandwidth sharpens to 7 nm, as shown in
Fig. 3(b). However, the bandwidth of the time-integrated
emission spectrum is larger than 4.4 nm in spite of the
higher pump density because of frequency chirping.
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FIG. 2. Excitonic fluorescence excitation spectrum of R-
PE microcrystal detected at 600 nm during 1.8 —2.0 ns after
excitation at 77 K.
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FIG. 4. Emission decay curves of R-PE single crystal at room
temperature: (a) at low excitation density (0.1 W/cm~, pulse
train); and (b) superradiance emission decay at high pump
density (12 GW/cm2, single pulse).
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(5) With respect to the peak of the emission pulse, a
redshift at the rise time and a blueshift at the fall time
of the emission pulse are observed (as shown in Fig. 5).
This frequency chirping is one of the characteristics of
Frenkel exciton superradiance.

We focus upon a coherent process of the excitons
after the excitation pulse. It is appropriate to establish
a two-level model for chromophores in R-PE, and make
the approximation that the chromophores attached to the
polypeptides in the R-PE crystal with regular geometry
(R3 space group) [25] are identical in energy state
structure.

The Hamiltonian of N initially excited chromophores
in an R-PE crystal mutually interacting with the external
radiation field is given by

H=HE+HR+Hl (1 1)
where HE, HR, and HI are the Hamiltonians of the
excitons, the radiation field, and the interaction between
field and excitons, respectively,

HF = @cop g Di, (1.2)

HR = g ACOg(Q kg g + &),
t 1

(1 3)
e,k

N

HI ———g[E (r, ) + E (r, )]DEJ (1 4)
/=1

In the above equations, ficup is the energy correspond-
ing to the incoherent transition of a single excited chro-
mophore, Dj the diagonal density operator of excitons,
and a, k and a, k denote the creation and annihilation op-
erators acting on the mode of the field with wave vector
k, polarization e, and photon energy 6Mk DEj stands
for the chromophore transition dipole moment interacting
with fields E+(r, ) and E (r, ) at the jth chromophore site.

I
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FIG. 5. Redshift and blueshift of Frenkel exciton superradi-
ance in LL-PE crystal at 12 GW/cm' pump density: spectra at
the rise time (a), at the peak (b), and at the fall time (c) of the
emission pulse, respectively.
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(3.2)

with d and A denoting the magnitude of the transition
dipole moment and the transition wavelength, and e; j the
unit vectors along the directions of the transition dipole
moments of the ith and jth excited chromophores.

Generally, the dipole-dipole interaction operator 0 may
break the permutation symmetry of the chromophore-field
coupling, leading to a loss of dipole-dipole correlation.
However, preliminary crystallographic studies [25] reveal
that the pattern of chromophore location in the R-PE
crystal can be approximated as a multiring pattern, in
which the plane of each ring is perpendicular to the c axis,
whereas the c component of each chromophore transition
dipole is dominant over the ab component. For two
nearest neighbor excited chromophores,

2

g(LL, g),
d

(4)
477 Fpr

5 3
where r = Ir;, I and g(0, 7L) = (2 cosL) —

2) cosy de-
scribes the orientation contribution of the dipole moments,
while 0 and g are the angles between the dipole moments
and between the dipole moment and c axis. Therefore
dipole-dipole interaction perturbation satisfies the permu-
tation symmetry of the chromophore-field coupling, and
complete decorrelation may not occur. In other words,
superradiance may be observed. In addition, we have
measured the fluorescence polarization of the R-PE single
crystal with different orientation of the c axis with respect
to the excitation polarization, and found that $(LL, g) ) O.

Expanding the dipole-dipole interaction perturbation A
in the Dicke basis [1,26] yields

d J —M
(JMI6AIJM) = i, (5)

41T6pr J 2

where f is dependent on the effective number of chro-
mophore rings. According to Eq. (5), the energy of the
4th photon emitted via superradiance is [26]

(6)

The master equation of the exciton density operator
(under the Born-Markov approximation) [12,26] is

"~ = ——g[n,+D;, L.] + r+D;L D,
L,J L,J

+ —. /[A, ,D, D, , L],1
(2)

where I and A;j, respectively, stand for the spontaneous
emission rate of a single excited chromophore and the
dipole-dipole interaction between excited chromophores i
and j with displacement r;, ,
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Therefore,

(7.1)

(7.2)

(7.3)

The relationships (7.1) and (7.3), corresponding to red-
shift and blueshift, respectively, are known as frequency
chirping, which characterizes the interaction and coher-
ence between chromophore dipole moments.

As shown in Fig. 3(b), the superradiance of excitons
occurs at 603.5 nm, the red side of the exciton band,
and the higher the pump density the sharper the emission
band. These two properties of high density Frenkel exci-
tons are similar to those of condensate bosons. However,
the redshift and blueshift of the exciton superradiance re-
veal the nonboson properties. In a word, the experimental
results imply that the high density Frenkel excitons may
be deformed bosons.

In addition, as shown in Fig. 1, the absorption band [in
Fig. 1(c)] of C-phycocyanin, the energy acceptor of R-PE
in phycobilisome, covers the exciton band of R-PE much
better than the monomolecular fluorescence band of R-
PE [Fig. 1(a)j. This implies that an exciton mechanism
can explain the high efficiency of energy transfer in
photosynthetic antennae.

In summary, superradiance of high density Frenkel
excitons in an R-PE crystal is observed at room tem-
perature for the first time. The emission lifetime is
shorter than the pump pulse duration. The band-
width is narrower than the excitonic bandwidth, and
the higher the pump density the sharper the emission
band. A redshift at the rise time and a blueshift at
the fall time of the superradiant emission pulse are
observed. The experimental results also imply that
the high density Frenkel excitons may be deformed
bosons, and that excitons play an important role in energy
transfer in algal photosynthetic antennae.
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