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Radiative decay and phonon scattering of biexcitons in CuCl
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We have studied the spectra and the temporal behavior of the emissions from biexcitons in CuCl
at 4-65 K created via two-photon absorption under weak-excitation conditions using high-
repetition-rate (82-MHz) picosecond tunable uv light. Temperature dependences of the interband-
and the intraband-relaxation rate of the biexciton are obtained. These relaxations are ascribed to
radiative decay to excitons and to single-acoustic-phonon scattering, respectively. It is found that
the radiative lifetime of the biexciton is short, 50 ps, and its deformation potential is small, 0.72 eV.

A biexciton"? is a bound state of two electrons and two
holes. It is often described approximately as a bound
state of two excitons, where the interaction between the
excitons is treated as a perturbation. This approximation
is justified if the binding energy of the biexciton (the ener-
gy difference between the two excitons and the biexciton)
is much smaller than that of the exciton. If this is the
case, the relaxation process of the biexciton reflects vari-
ous features of exciton relaxation. Radiative decay of the
biexciton is then described as an annihilation of one of
the two excitons in it. It is very efficient because the an-
nihilation can occur at any unit cell within the large or-
bitals of the biexciton. This is called the giant oscillator-
strength effect.> Phonons are supposed to interact with a
biexciton as if they interact with two excitons in this per-
turbational treatment, where the change in the internal
motion of the biexciton by lattice deformation, etc., is
neglected.

CuCl is a prototypical material for the study of biexci-
tons,? and the above picture holds well because the
binding energy of the biexciton and that of the exciton
are 32 (Ref. 4) and 190 meV (Ref. 5), respectively. Much
work has been done so far on relaxation processes of biex-
citons in CuCl. In most of these previous experiments,
however, excitation light was so strong that various kinds
of high-density excitation effects were induced, and the
elementary relaxation process under weak-excitation con-
ditions was not clear.

In the previous paper® we reported the study of the dy-
namics of biexcitons in CuCl following the study of the
excitonic polariton,”® and showed the importance of
avoiding high-density excitation using weak picosecond
pulses. The main results obtained at 4.2 K are as follows.
First, the M emission lines (M, M, , etc.), which appear
when the biexcitons annihilate and leave excitons, are all
very sharp, and no previously reported M bands appear.
Second, the decay time of all these lines is shorter than
the previously reported times, and it is about 30 ps.
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In the present paper we extend the above study of the
biexcitons to higher temperatures, and clarify the relaxa-
tion process resulted from the radiative decay and the
biexciton-phonon interaction.

A platelet of CuCl single crystal with a thickness of 77
pm was held in a cryostat in a strain-free state and cooled
directly by temperature-controlled helium-gas flow. The
pulses from a cw mode-locked yttrium aluminum garnet
(YAG) laser are frequency doubled in a KTP (KTiOPO,)
crystal to pump a tunable dye (Rhodamine-6G) laser.
The transmitted YAG-laser pulses from the doubling
crystal and the pulses of the dye laser are mixed in a BBO
(B-BaB,0,) crystal to generate uv pulses. The output uv
pulses have a repetition rate, 82 MHz, an average power,
4 mW, a pulse duration, 8 ps, and a spectral width, 2
meV. They were focused on the sample with a spot size
of about 50 um in diameter. The photon energy of the
excitation light was tuned to the half of the biexciton en-
ergy to create biexcitons via two-photon absorption. The
emitted light was collected with a lens in the backward-
scattering geometry, and was directed towards a 50-cm
monochromator. We measured time-integrated spectra
with a photomultiplier and temporal responses with a
synchroscan streak camera set behind the monochroma-
tor. A full width at half maximum (FWHM) of the ob-
served temporal profile of the excitation light was typical-
ly 20 ps, which indicates the time resolution of the sys-
tem.

Figure 1 shows the time-integrated emission spectra of
CuCl under the excitation at the two-photon resonance to
the biexciton energy. The excitation is weak enough and
there are no higher-order nonlinear effects.® We kept the
excitation photon energy tuned to the resonance energy
at each temperature, as is indicated by an arrow in the
figure. At low temperatures, sharp lines, denoted M,
and My, are dominant. These two lines come from the
photoemission of biexcitons which are not distributed in
the momentum space before they radiate. As we raise the
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FIG. 1. Time-integrated backward-emission spectra of CuCl
at various temperatures under the excitation at the two-photon
resonance of the biexciton energy. The sharp lines (M and M,
lines) represent the radiative decay of biexcitons conserving
their initial wave vector, and the broad bands (M; and M,
bands) that of widely distributed biexcitons in momentum space
scattered by acoustic phonons.

temperature, broad bands, denoted by M; and M, ap-
pear and grow larger and broader. They originate from
the biexcitons distributed in the momentum space due to
scattering, most likely, by phonons. Since the transla-
tional mass of a biexciton is about twice as large as that
of an exciton, the energy difference between the two
states varies with momentum. Therefore, the distribution
in momentum space gives rise to M; and M, bands. We
can calculate’ the line shapes of the M; and M bands to
fit the data assuming vertical transitions. This analysis
shows that the effective temperature of the distributed
biexcitons is almost equal to the lattice temperature at all
of the temperatures. This supports our assignment that
the biexcitons are distributed in momentum space due to
scattering by phonons.

Now we assume an intraband-relaxation rate, I",,, and
an interband-relaxation rate, ¥ ,,, as shown in Fig. 2. The
biexcitons having the wave vector 2k, are created via
two-photon absorption, where k, is the wave vector of
the excitation light in the crystal. Some of them are scat-
tered to the states with different wave vectors k#2k,
with the rate I',,, and the others are not scattered before
they make a transition to the lower bands with the rate
Y- Based on this simple model, the evolution of the
biexciton population after short-pulse excitation can easi-
ly be calculated. The population of the biexcitons at
k=2k,, which contributes to the M, line, decreases
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FIG. 2. Schematic dispersion curve of the biexciton and exci-
ton bands. The dashed line represents the excitation of biexci-
tons with wave vector 2k, via two-photon absorption. The de-
cays labeled “M; line” and “M; band” are radiative decays
from the biexcitons before being scattered and after being scat-
tered in the band, respectively. T',, is the intraband-relaxation
rate, or the scattering rate. y,, is the interband-relaxation rate,
or the population-decay rate.

by exp[—(y,, +T,)t]. The population at k+#2k,,
which contributes to the M, band, varies as
[1—exp(—T,t)]exp(—y,,1), so that, by measuring time
traces of the Mt line and the M band, we can derive the
interband- and intraband-relaxation rates.

We have measured the time dependences of the M-
line and M ;-band intensities at various temperatures. As
an example, a result at 19.8 K is shown in Fig. 3. The
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FIG. 3. Time trace of My -line and M;-band intensities at
19.8 K measured in the backward-scattering geometry with a
synchroscan streak camera. The decay rate of the M line is the
sum of the interband- and intraband-relaxation rates of the biex-
citon, and that of the M, band shows the interband-relaxation
rate.
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M line shows fast decay, which corresponds to the sum
of the interband- and intraband-relaxation rates,
¥Ym +T,,- The M, band shows a slow rise and slow de-
cay. The decay represents the interband-relaxation rate
V-

Figure 4 is a plot of the inverse of the decay-time con-
stants thus measured at various temperatures. Solid cir-
cles represent the decay rates of the My line, y,, +T,,
and open circles those of the M band, 7,,. The decay
rate of the M line above 40 K cannot be obtained be-
cause it is faster than the time resolution. The
interband-relaxation rate y,, is almost independent of
temperature, and is about 1/(50 ps). This means that it
does not represent the thermal-activation-type nonradia-
tive relaxation. We ascribe the relaxation to radiative re-
laxation and the value 50 ps to the radiative lifetime of
biexcitons. As to the intraband-relaxation rate I',,, it in-
creases as the temperature rises. We assign its origin to
scattering by one acoustic phonon.

The intraband-relaxation rate of a biexciton near k=0
by means of single-acoustic-phonon scattering is given as
follows:”1©

L (T=2/m)8meksg T /[exp(T,/T)—1],
0<T=<T, (1)
where
T,=2m u’/kg, T,=2.6m ,u*/kggmol >
and
Emot = (M EFH? /#pu

Here, g, is the biexciton-acoustic-phonon coupling
constant, EF' the absolute value of the deformation po-
tential for the biexciton, m,, (=5.29m,) (Ref. 11) the
translational effective mass of the biexciton (m is the

free-electron mass), u (=3.6X10° cm/s) (Ref. 12) the ve-
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FIG. 4. Plot of the inverse of the decay-time constants of the
M lines (solid circles) and M bands (open circles) as a func-
tion of temperature. The decay-time constants of the M bands
do not depend on temperature and are about 50 ps, which is the
radiative lifetime of the biexciton. The solid curve is a theoreti-
cal fit to the solid circles for single-acoustic-phonon scattering,
where the deformation potential is assumed to be 0.72 eV.
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locity of sound, and p (=4.16 g cm ) (Ref. 13) the densi-
ty of the crystal. As shown in Fig. 4, the function
I'y+T,.(T) expressed by the solid curve fits the solid cir-
cles well by assuming g, =0.0175 and I';=0.0145 meV,
which gives EF°'=0.72 eV and T, =670 K (T; =9.0 K).

As stated in the introductory part of this paper, pho-
nons are supposed to interact with the biexciton as if they
are interacting with two excitons, so that EJ°'=2E,
should hold approximately, where E,; is the deformation
potential of an exciton. Anthony et al.'* measured it
directly as the hydrostatic-pressure shifts of the Z, , and
Z, exciton absorption peaks, and obtained E;=0.4 eV.
Masumoto and Shinonoya'® also reported E,=0.42 eV
by analyzing their experiment on the transient-induced
absorption of picosecond pulses via the transition from
excitons to biexcitons. The above-obtained value of EJ!
is about twice these values, as expected. We note that
these values of E;, and EF® of CuCl are very small and
that the phonon-scattering rate is very slow.

When Toyozawa’s theory'®!® of the absorption line
shapes of excitons interacting with acoustic phonons is

applied to the two-photon-absorption line shape of biexci-
9

tons,” we obtain an expression for the linewidth
(FWHM),

(2/m)8morkp T /[exp(T/T)—1], 0<T =T,
W, (T)= (2)

0.3g2 kg TV /m qu?, T,<T. 3)

These expressions imply the following. At low tempera-
tures, collisions with single phonons are well separated in
time from each other (single-phonon scattering); there-
fore the absorption linewidth given by Eq. (2) is equal to
the one-phonon-scattering rate given by Eq. (1). At high
temperatures the phonon scatterings are so frequent that
within the duration of one scattering other ones begin. A
biexciton is always interacting with several phonons
(multiple-phonon scattering). In this case, the biexciton
states having different wave vectors intermingle with
each other to give the linewidth given by Eq. (3).

Our result, E®'=0.72 eV and T, =670 K, indicates
that the coupling between the biexciton and the acoustic
phonon is so small that the acoustic-phonon scatterings
are always accounted for by single-phonon scatterings at
all temperatures where the biexcitons can exist (0-80 K).

Itoh et al.’ measured the temperature dependence
(0-80 K) of the linewidth (FWHM) of the two-photon
absorption of the biexciton using a nitrogen-laser-
pumped dye laser. They explained their experimental
data in the high-temperature region (7'R 50 K) with Eq.
(3) assuming g, =0.23 (E;=2.6 eV, T,=50 K), and
concluded that multiple-acoustic-phonon scattering is
dominant above 50 K. This is not in agreement with our
result. We propose another analysis of their data. In our
analysis we consider the fact that the scattering by opti-
cal phonons (fiwm; ,=25.9 meV) (Ref. 17) becomes impor-
tarllot at high temperatures, and it contributes to the width
as
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W, (T)=F /[explfiw o /kyT)—1],

op

and we also consider the fact that, when the nanosecond-
pulse laser is used, the excitons easily accumulate after M
emission and collide with the biexcitons.® Assuming that
this gives the additional width W,,, and neglecting its
temperature dependence, we can analyze the data of Ref.
9 by writing the width W =W, (T)+ W (T)+ W.. We
then obtain a better fit with g_;=0.07, F =83 meV, and
W, =0.26 meV. This value of g, gives Ef*=1.4 eV
and T, =170 K, which is now closer to our result. Possi-
ble errors in g, or EF in this analysis are large be-
cause W, is small compared to W,, and W,,. We may
say that the result of the experiment of Ref. 9 is con-
sistent with that of our experiment. Therefore we can
conclude that the single-acoustic-phonon scattering is
dominant in the intraband relaxation at low tempertures,
but optical-phonon scattering becomes dominant at high
temperatures (7 R 50 K).

The radiative lifetime of 50 ps looks extraordinarily
short, but this is explained by the giant oscillator-
strength effect for the transition from a biexciton to an
exiton, and it is expressed as'® !

F/fer=2 [fg(R)dR]z/v.

Here, f,, is the oscillator strength for a biexciton, f, the
oscillator strength for an exciton per primitive unit cell of
the volume v =(0.541 nm)?/4,%° which can be evaluated
from the LT (longitudinal-transverse energy) splitting,
and g(R) the wave function describing the relative
motion of the two excitons in a biexciton. We can esti-
mate?! the radiative lifetime of biexcitons in CuCl
theoretically, assuming two types of wave functions for
(a) the well-type and (b) the Coulomb-type binding poten-
tial as

g(R)=(2ma,,) "*R "'exp(—R /a,,,) (4a)
and

g(R)=(ma’ )" "%exp(—R /a ) » (4b)

where a, is determined from the experimental value of
the binding energy. f,, /f. is then (a) 400 and (b) 3200,
which leads to the radiative lifetime of (a) 470 and (b) 60
ps.
We have also made a similar calculation for (c) the
Akimoto-Hanamura variational function, 2

g(R)=C(aR)""?exp(—8aR /2) , (4¢c)

where C is a normalization factor. The variational calcu-
lation gives =0.93a.,', 6=1.04, and y=2.0 for the

mass ratio m, /m, =0.25,% where a,, (=0.70 nm) (Ref.
24) is the Bohr radius of an exciton. Our estimation gives
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and a radiative lifetime of 2 ps, where I'(x) is the gamma
function.

Although these wave functions are all good for evaluat-
ing the binding energy and the mean radius (R ), they
give quite different values for the radiative lifetime be-
cause it is more sensitive to the wave function g (R). We
can infer that, near R ~0, the wave function (4c) is the
most appropriate one because this includes the effect of
strong electron-electron and hole-hole correlations. At
R ~ o, however, the wave function (4a) is better than
(4b) or (4c), because the binding potential of two excitons
is a short-range one. Theoretical evaluation of the radia-
tive lifetime with enough accuracy requires full
knowledge of g (R), which is presently lacking, but the
above examination makes us realize that 50 ps is a realis-
tic value for the radiative lifetime of the biexcitons in
CuCl.

From the measured lifetime of 50 ps, we can estimate
the giant oscillator strength as

=1.0X10°,

2

2
Je®ar | /v =4000.

This value is much larger than what was estimated
from a measurement of the two-photon-absorption
coefficient.?> This is probably because® the light pulses
used in the experiment caused strong excitation effects, as
was the case with previous lifetime measurements, etc.
Thus, we may say that we successfully measured not only
the lifetime, but also the quantitative value of the giant
oscillator strength without strong excitation effects.

In conclusion, we have measured the temporal behav-
ior of the M, emissions from the biexcitons at various
temperatures. We have obtained the temperature depen-
dence of the interband- and intraband-relaxation rates of
the biexcitons in CuCl under weak-excitation conditions.
The temperature-independent interband relaxation is
caused by the radiative decay to excitons, and the radia-
tive lifetime is 50 ps. This short lifetime can be reason-
ably explained by the giant oscillator-strength effect. The
intraband relaxation below 40 K is caused by single-
acoustic-phonon scattering, and the deformation poten-
tial for biexcitons is 0.72 eV. Above 50 K the intraband
relaxation is dominated by the optical-phonon scattering.
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