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We present a thorough investigation of the different relaxation channels opened in a strongly interact-
ing system of excitonic quasiparticles in CuCl for density regimes ranging up to 50 MW/cm?. A spec-
trally narrow pump beam consisting of 30-ps pulses is tuned around one-half the biexciton energy. It
creates an initial distribution of biexcitons through resonant two-photon absorption. A spectrally broad
probe beam made of pulses that also have 30-ps duration monitors the excitation-induced variation of
the transmission spectrum of CuCl samples near the Z; exciton resonance. Coherent processes corre-
sponding to parametric emissions of various orders are observed. Absorption and gain bands that reflect
the evolution of biexciton and exciton populations on their respective dispersion curves are followed as
functions of the time delay between pump and probe pulses.

I. INTRODUCTION

The optical properties close to the absorption edge of
semiconductors with large, direct band gaps are governed
by excitonic resonances. If excitonic transitions are di-
pole allowed, the corresponding exciton states are strong-
ly coupled to the electromagnetic light fields. The propa-
gating modes in the crystal are mixed states of both fields.
The resulting quasiparticles are called excitonic polari-
tons.!"* Density-dependent interactions of polaritons
with other quasiparticles result in nonlinear-optical
effects which give rise to absorption changes and
anomalies in their dispersion.*® These nonlinear effects
have attracted much interest because of their importance
in the understanding of the fundamental properties of
semiconductors and of their potential applications for op-
toelectronic devices.

Copper chloride is a particularly interesting system be-
cause of its simple band structure and large exciton bind-
ing energy (190 meV). The lowest-lying excitonic reso-
nance, which comes from the I's-symmetry part of the Z,
exciton series, is optically active and spectrally well
separated from other resonances. Moreover, excitons can
couple to form excitonic molecules or biexcitons that also
have a large binding energy (32 meV). In CuCl, these
biexcitons cannot be directly created by one-photon tran-
sitions. They can, however, be directly generated by
simultaneous two-photon absorption (TPA) from the
crystal ground state, or from populated excitonic states
by an induced one-photon absorption. A huge oscillator
strength is associated with these transitions, mostly be-
cause of the spatial extent of the biexciton wave function.
An additional resonance enhancement in TPA is due to
the proximity of the dipole-active exciton states.® Near
the Z, exciton resonance, CuCl can thus be described as
a three-level system’: the crystal ground state |1), the
transverse exciton state |2), and the biexciton state |3)
[Fig. 1].

The properties of these states have been intensively in-
vestigated through nonlinear spectroscopy, but most
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measurements were performed at low excitation intensi-
ties in order to avoid intensity-induced changes. For ex-
ample, hyper-Raman scattering®3-!! and two-photon ab-
sorption spectroscopy®'?!3 have been used to study the
Z, exciton and the associated polariton structures. The
characteristics of the biexciton ground state (energy at
the center of the Brillouin zone, symmetry, dispersion in
momentum space) have been obtained by the study of res-
onant two-photon absorption.'*”!7 Picosecond time-
resolved spectroscopy of the absorption induced by a
light excitation above the band gap,'® and in the upper
branch of the polaritons,'® has led to an understanding of
some of the exciton and biexciton relaxation processes.
Under high light-excitation conditions, anomalies ap-
pear in the complex dielectric function. Under quasista-
tionary excitation conditions, these effects have been
theoretically investigated using a Green’s-function ap-
proach?®2! and a density-matrix formalism.?2-2* The real
part of the complex dielectric function, which gives the
density dependence of the polariton dispersion, has been
experimentally studied by hyper-Raman scattering -and
nondegenerate four-wave mixing.#®'2*-27 These non-
linear characteristics have been shown to result in optical
bistability?®2° and optical phase conjugation.
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FIG. 1. The different exciton and biexciton energy levels and
the allowed one-photon transitions (single arrows) and two-
photon transitions (double arrows).
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In the high-density and short-time regime, the dynami-
cal relaxation process of the exciton and biexciton popu-
lations shows up in the nonlinear effects. Therefore, they
can be studied spectroscopically, especially by means of
picosecond time-resolved transmission spectroscopy. We
present in this publication such pump and probe
transmission measurements performed with a time reso-
lution of 20 ps.

II. THEORETICAL DESCRIPTION OF
TRANSIENT OPTICAL NONLINEARITIES
IN CuCl

As already stated, CuCl is well described by a three-
level system. One-photon transitions are allowed be-
tween exciton and biexciton states. In addition, two-
photon transitions are allowed between the crystal
ground state and the biexciton state if the two photons
have parallel polarizations. This system gives rise to
strong optical nonlinearities, especially when the driving
light field is tuned into the two-photon resonance. These
nonlinearities are best described through the formalism
developed in Ref. 30 which uses the full nonlinear dielec-
tric function. In particular, this formalism allows a sepa-
ration of the nonlinear susceptibility into coherent and
incoherent parts. The coherent parts are driven by the
pump beam and are important for pulse-propagation and
signal-generation processes. Their time dependence
reflects the coherence time of the driving light field and
that of the generated quasiparticles. The latter one is
usually dependent on the density of all the existing quasi-
particles. The incoherent parts arise since coherently
created biexcitons relax through collision processes and
populate other states which have no definite phase rela-
tion with the driving light field. Thus, an incoherent ex-
citon and biexciton population is generated. As we have
stated above, this exciton population gives rise to an in-
duced absorption while that of the biexciton gives rise to
gain. Both lead to induced refractive index changes.
Their time-dependent spectral behavior gives information
on the energy distribution, on the coherence time, and on
the lifetime of the quasiparticles.

Let us consider a pump beam and a test beam interact-
ing in a nonlinear medium. Parametric processes involv-
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ing these two coherent optical fields will generate a signal
beam which has to be considered in the linear wave equa-
tion. Following Ref. 31, we write for the optical fields,

i(w;t—k.z)

E,-(z,t)=%[E,<°(z,t)e R N (1)
where the index i refers to the pump, test, or signal beams
respectively. The wave equation then reads
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5 Eilz,0)— yoa—a?Ei(z,t)——yoeLgﬁE,(z,t)

0z
2

=y 0
“Oatz

PiL(z,) . ()
Here, o is the conductivity, u, the permeability, and
€, =€o(1+x, ) the linear dielectric function of the medi-
um. Py;(z¢) is the nonlinear polarization associated
with the ith beam. We assume a local spatial response,

wzn=3 [’ Rz 0,1E; (2,1t 3)
J
where y¥; is the nonlinear susceptibility tensor. It can
be separated into rapidly and slowly varying parts:*
X¥u(z 6t =3 x{" "z
n,n'
Xein(wr—kz)ein'(wjt*kjﬂ ()

In the case of coherent processes, @ and k are equal to
the frequency and wave vector of the pump beam. If in-
coherent processes are involved, w and k rather describe
the frequency and wave vector of the excited quasiparti-
cles. If the field amplitudes EX(z,t) vary slowly in time
with respect to x¥i™"), we may define frequency-
dependent susceptibility components by

. v (=] ;s . : .
XX ’(z,t,aﬂ:fo XL Nz 1,8 )e TN (5)

Using Egs. (1), (3), and (5), we now obtain

Piz,)=1| 3 x4 (z,t,0,)E(z,)expli[no+(n'+ 1o, ]t —i[nk +(n'+1)k;]z}
jonyn'
+ 3 x4, Lo, )EO*(z tlexpli[no+(n'—1w; ]t —i[nk +(n'—1)k;]z} | . (6)
Jyn,n’

Within the slowly varying envelope approx1matlon all time derivatives of E; 9 and y¥{™"" can be assumed to be small
compared to @, E; and ox ™", Similarly, 3°E 0/ dz? <<k; aE /9z. Moreover, »; and k; satisfy the dispersion relation
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Finally, we can assume the test and signal beams to be weak enough so that they do not affect y¥

_w,)S(nk +(n'—1)kj_k1) . (8)

L. The test field then

obeys
0 @ fhg0
_EO )= — 0 t¢(0,0) 0
32 (z,t) 2, E’(z,t)+xnL (2t 0, ) 2k E( ,t)
1s(—2,0)* pol20, — @, )
+xnL 7 (zto4) Es*(z,t)S(ZwP—w—ws)S(ka—k,*ks) . 9)

2ik,

The first term on the right corresponds to the linear ab-
sorption. The second term describes the nonlinear ab-
sorption, proportional to Im[x%{>%(w,)] and the disper-
sion changes, proportional to Re[x¥\*(w,)]. X%
does not depend on whether the excited biexciton or exci-
ton populations created by the pump beam are stlll
coherent or not. The last term, which involves y&{ ™% o
represents the coherent generation of a signal beam at

=20, —w,.
III. EXPERIMENTAL PROCEDURE

The samples studied are CuCl platelets (thickness of
about 30 um) grown by vapor-phase transport. They are
mounted strain free and cooled down to 4.2 K in a con-
tinuous helium-flow cryostat.

The experimental arrangement is shown in Fig. 2. A
Nd**: YAG (yttrium aluminum garnet) oscillator, mode
locked by a saturable absorber and an acousto-optic
modulator, delivers a train of 11 infrared pulses at 1064
nm of 30 ps duration each with a repetition rate of 10 Hz.
The oscillator output is sent into two different
amplification paths. In the first one, the whole train is
amphﬁed and fed successively into two nonlinear crystals
(KD *P). The third harmonic (354 mm) of the amplified
infrared beam has an energy of 4 mJ per pulse train. It
serves to synchronously pump a dye laser with BiBuQ
4,4'""-Bis-(2-butyloctyloxy)-p-quarterphenyl in toluene as
the active medium. This laser is tunable in the spectral
range from 375 to 400 nm (3.1 — 3.3 eV) by means of a
grating working in a Littrow configuration. In the
second path, the central pulse of the oscillator train is
selected by a Pockels cell, amplified and frequency tri-
pled. A single ultraviolet pulse of 30 ps duration and of 1
mJ is thus generated. This pulse is sent into two different
optical-delay lines and focused into two cells containing
BiBuQ in toluene. The first one generates the pump
beam at a photon energy fiw, by selectively amplifying
the second (most intense) pulse of the tunable laser out-
put train by a factor of about 100. The super-radiant
emission of the second one serves as the test beam. It has

a spectral bandwidth of 80 meV centered at 3.2 eV. The
duration of both pump and test pulses were measured on
an ARP (Applications de la Recherche en Photonique)
streak camera and found to be 30x5 ps. For
the purpose of the experiments presented here, the
pump beam was tuned to a photon energy
fiw, =3.186010.0001 eV. It is sent into a stepping-
motor-controlled variable optical-delay line, attenuated
by polarization filters and finally focused into a 150 pm
spot impinging on the sample under an angle of 12t1°
The power density on the crystal could be varied in the
1.5- to 50-MW cm 2 range. The test beam is focused into
a 80-um spot inside the spot of the pump beam. It is nor-
mally incident on the surface of the samples. The
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FIG. 2. The experimental setup. Osc, Nd:YAG laser oscilla-
tor; A1-A3, three Nd:YAG amplifiers; HV, high-voltage gen-
erator for flash lamps; PoC, Pockels cell; SHG and THG,
second and third harmonic generators; G, Grating; DC, dye
cells, OD, optical-delay line with stepper-motor drive; Cryo,
liquid-helium flow cryostat; Spec, Spectrograph; HPC, 16-bit
microcomputer; Prn, graphic printer; PhC, photoelectric cell;
EW, energy-window discriminator. Solid lines, optical paths;
dotted lines, electrical wirings.
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transmitted test beam is sent through an iris diaphragm
to eliminate spurious luminescence and pump laser-
diffused light. It is then focused onto the entrance slit of
a Huet spectrograph (focal length 65 cm, resolution 0.2
meV) and detected by a PAR (Princeton Applied
Research) optical multichannel analyzer. The time delay
7 between pump and test pulses as a function of the vari-
able delay line position was independently checked by in-
serting an optical Kerr shutter activated by a pulse from
a third beam (the 1064-nm output of the second
amplification path) between the sample and the entrance
slit of the spectrograph. The intensity of each pump
pulse is monitored. Accumulation by the data acquisi-
tion system is allowed only if this intensity falls within an
acceptable range (1£10% of an average value).

Care is taken to ensure that the changes observed in
the transmitted test beam in the presence of the pump
beam come from induced absorption processes. The
small luminescence signal still collected at higher pump
intensities is subtracted from the data. The reflected test
beam intensity is also monitored. It is observed that even
at the highest pump-power density, the reflectivity of the
samples in the spectral region studied is not altered.

IV. EXPERIMENTAL RESULTS

The energy levels of excitons and biexcitons in CuCl
are schematically drawn in Fig. 1. Their symmetries at
the center of the Brillouin zone are indicated. The al-
lowed one- and two-photon transitions are represented by
arrows in Fig. 1. The exciton-polariton dispersion is
drawn in Fig. 3 as solid lines. They are determined by
the following (linear) relations, as given by Hopfield:!

Q2C2_ EL(Q)Z—ﬁza)Z

—€
w? Pl EfQ)P—w?

(10)

where Q is the wave vector of the exciton polariton, fiw is
the photon energy, and c the light velocity,
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FIG. 3. Exciton polariton and biexciton-dispersion curves for
CuCl and schematic representation of principal exciton and
biexciton processes [(1)—(5)].
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_ #Q?

EQ)=Er+ . (1
. 'ﬁZQZ

E (Q)=E, + o (12)

ex

where E (E; ) is the transverse (longitudinal) exciton en-
ergy, m,, is the mass governing the exciton center of
mass motion, and €, is the background dielectric con-
stant.

These parameters are well known from spectroscopic
measurements, '°

E;=3.2025eV, E;=3.208 eV,
m. =2.5my, €,=5

(m is the free-electron mass).
The dispersion relation of the biexciton ground state
has been obtained by two-photon absorption, '4~17

#K?

5
2m Bi

Egi(K)=Eg+ (14)

where Ey; is the biexciton energy and my; its total mass,
EBi =6.372 eV,mBi :Zmex .

An important feature of the lower transverse polariton
branch is the so-called polariton bottleneck. It is located
around E; and corresponds to the region of maximum
density of states and minimum group velocity.’!

The transmission-spectroscopy experiments reported
here allow us to probe the time evolution of excitonic
populations in different excited states. The optical densi-
ty # induced in the crystal at a photon energy o at a
time delay 7 between the test and the pump pulses is
given by

1,(#iw,T)

— | » (15)
I,(fiw,7=— )

W(ﬁa),ﬂz _loglo

where I, is the transmitted test-beam intensity. Figure 4
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FIG. 4. Solid line is the induced optical density at zero time
delay between pump and test pulses for I,=15 MW cm~ 2. Dot-
ted line is the exponential fit to the induced absorption tail near
the exciton resonance as described by Eq. (16) of the text.
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shows a typical spectrum obtained at 7=0 with a pump
power of 15 MW cm 2. When the test photon energy ap-
proaches E, a strong value of # is measured. It corre-
sponds to a collision-induced broadening of the one-
photon exciton absorption resonance.’”3’ It has been
previously reported that the spectral shape of this absorp-
tion band follows closely an exponential dependence on
photon energy. It can therefore be numerically removed
from the data using

FH (o, 7)=H+H expl —(fiwo—Ey) /v ] . (16)

The time evolution of the remaining induced optical den-
sity # is shown in Figs. 5(a)-5(d) for increasing pump-
power densities. Figure 6 shows details of Fig. 5(c) for
two time delays (0 and 50 ps), together with a lumines-
cence spectrum measured under the same excitation con-
ditions, with the iris diaphragm at the entrance of the
spectrometer fully opened.

The different structures observed can be associated
with three different types of process: (i) #iwo="%w), is the
resonant two-photon absorption (TPA) which creates
biexcitons, (ii) #iw > 3.172 eV is the coherent scattering
processes involving photonlike polaritons, and (iii)
#iw <3.172 eV is the induced absorption or gain due to
excitonic and biexcitonic quasiparticles.

A. Two-photon absorption

The main absorption band, noted TPA in Fig. §, is cen-
tered at fio=#w,. It corresponds to the resonant absorp-
tion of one pump and one test photon. Its temporal half
width is 50 ps, in agreement with what is expected from
the convolution of two Gaussian pump pulses of 30 ps
duration each. The time-integrated intensity of the TPA
band varies slightly sublinearly with the intensity of the
pump beam, indicating saturation effects.

The average density of biexcitons nyg; created by the
simultaneous absorption of two photons of the pump
beam can be approximately determined from the ob-
served variation of the optical density induced at
fio=%w, by the pump beam. The corresponding values
are given in Table 1.

B. Coherent scattering processes

While biexcitons keep their coherence properties of
creation through the pump pulse, a strong parametric
emission takes place. At small angles of incidence, it is
expected to occur at spectral positions fiw E which are

given by

Zﬁwp_ﬁwRTi:ﬁwRTi‘ . (17

R and Ry represent the hyper-Raman emission lines
that have been observed at the spectral positions given by
(17), respectively, on the high- and low-energy sides of
the laser pump. It corresponds to a nondegenerate four-
wave mixing of the pump and of the test beams. For a
given time delay between the test and pump pulses, this
signal is maximum when the phase-matching conditions
are fulfilled and when the test pulse induces the recom-
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bination of the biexcitons which have kept their wave
vector of creation. This induced process corresponds to
the well-known hyper-Raman scattering, in which the
spontaneous recombination of these biexcitons occurs,
the phase matching being automatically realized.

Table II gives the photon energies of these parametric

ENERGY (eV) ’ 3.20

Ep= 3.186 eV

Ip=15 MW/cm?

(a)

3.
ENERGY (eV) 3.20

Ep= 3.186 eV

=5 MW/cm 2

(b)

ENERGY (eV) ' 3.20
E,=3.186 eV

I,= 15 MW/cm z

(c)

3.19
ENERGY (eV) 3.20

Ep= 3.186 eV
(@ I5=50 MW/cm?
FIG. 5. Induced optical density as a function of time and
photon energy for pump intensities of (a) 1.5, (b) 5, (c) 15, and
(d) S0 MW cm ™2,
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FIG. 6. Induced optical density for I, =15 MW cm~? and a
time delay between pump and test pulses of (a) O and (b) 50 ps.
(c) shows the integrated luminescence of the sample under the
same experimental conditions.

emission bands at the temporal coincidence of pump and
test pulses, as obtained from Fig. 6(a). As can be seen in
Fig. 6(b), the photon energies of these bands vary in time.
This is the signature of the temporal change of the polari-
ton dispersion when the exciton and the biexciton densi-
ties vary.

Four weak absorption bands, labeled Ap, are also ob-
served in the same spectral region. We could attribute
them to scattering processes of higher orders, induced by
the pump pulse. They will be further discussed in Sec. V.

C. Induced absorption and gain

The resonantly created biexcitons rapidly lose their
coherence with the pump beam through elastic and in-
elastic scattering. This happens in a time of the order of
50 ps, as can be seen when we compare the Ry line inten-
sities in Figs. 6(a) and 6(b). However, since the absorbed
photons have small wave vectors, the biexcitons are
created at the bottom of their dispersion curve. They are
called “cold” biexcitons because their kinetic energy is
less than the thermal energy kT of the lattice.

Due to wave-vector conservation, these cold biexcitons
spontaneously decay either into small wave-vector longi-
tudinal excitons called x% and photonlike polaritons with
a photon energy of io=Eyg; —E, , or into transverse exci-
tons located inside the bottleneck region (and labeled x%)
and photonlike polaritons with a photon energy close to

TABLE 1. Average density of biexcitons ng; as a function of
the maximum of the pump-pulse intensity I,.

ngi(10'% cm™3)

I, Mw/cm?)

1.5 0.9

5 3
15 10
50 40
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TABLE II. Photon energies of hyper-Raman scattering emis-
sions as given in Ref. 28 and of the test-induced parametric
emissions, as obtained from this work [Fig. 6(a)].

Ry 3.183 eV® 3.1828+0.0003®
R} 3.189 eV® 3.1892+0.0002®

@From Ref. 28.
®)This work [Fig. 6(a)].

fio=Eg —E;. The photonlike polaritons transform into
photons at the crystal surface and give rise to the emis-
sion lines N; and Np, observed in the time-integrated
luminescence spectrum of Fig. 6(c).

As shown in Fig. 6(a), a narrow absorption band A4,
develops rapidly at the spectral position of the N
luminescence line. The induced absorption corresponds
to the inverse process of the cold biexciton decay quoted
above:

ﬁa)xg_'Fﬁa)A‘V:EBi . (18)

The maximum of the 4y band is located at 3.171 eV.

A narrow gain band, labeled G, observed in Figs. 6(a)
and 6(b), is also seen for small time delays between pump
and test pulses at the spectral position of the N; emission
line. It corresponds to an induced recombination of cold
biexcitons, which occurs at the following photon energy
of the test:

ﬁwx(l)"‘_ﬁﬂ)GN:EBl . (19)

This band indicates that a population inversion exists
between cold biexcitons and longitudinal excitons.
Indeed, while the biexcitons are created in great numbers
during the pump pulse excitation, the longitudinal exci-
tons generated through the biexciton recombination
thermalize and scatter rapidly to the lower polariton
branch. Therefore, a population inversion takes place
during the pump excitation.

The fact that an absorption line A4y, rather than a gain
band, is observed for the transitions between cold biexci-
tons and polaritons indicates that the biexciton lifetime is
short enough so that no inversion between biexcitons and
excitonic polaritons can be achieved, even during the
pump excitation.

Biexcitons can also be created by inelastic collision be-
tween excitons. The cross section of this process is quite
large since the biexciton excess energy, equal to
2E, —Ep; (=30 meV), can be removed by an LO phonon
emission (25 meV) followed by an acoustic phonon emis-
sion.” This process gives rise to a population of biexci-
tons with a high distribution of kinetic energy. These
biexcitons with large wave vectors are called “hot” biex-
citons in the following. They recombine into transverse
or longitudinal excitons x% and xJ, which also have large
wave vectors, and photonlike polaritons with energies
several meV below the observed N; and N, luminescence
lines. These processes give rise to the M; and My
luminescence bands observed in the luminescence spec-
trum of Fig. 6(c).

As for cold excitons, the hot excitons (i.e., with large
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wave vectors) created by the decay of hot biexcitons also
show up in absorption. In Fig. 6(b), the broad absorption
band Az develops in time on the small-photon-energy
side of the A4 band.

Hot biexcitons manifest themselves by a gain band Gp.
It is spectrally broad compared to the G line. Hot biex-
citons follow a Boltzmann distribution characterized by a
temperature of about 50 K, which decreases with time.
While this gain band is barely noticeable for the smallest
pump power, its integrated intensity becomes comparable
to the Ay absorption band for higher pump intensities.

Finally, we must notice that a line called v,, attributed
to the radiative decay of bound excitons, shows up in the
luminescence spectrum of Fig. 6(c). However, no corre-
sponding absorption line is observed in the induced ab-
sorption spectra of Figs. 6(a) and 6(b).

V. DISCUSSION OF THE EXPERIMENTAL RESULTS

A. R;,R{ and A, bands

The gain bands located at ﬁwp —A and ﬁa)p + A, with
A=3 meV, are of similar origin to the R; and R;
hyper-Raman lines seen in emission spectroscopy. They
appear through coherent processes governed by

X&20"8(20, — 0, —@,)8(2k, —k, —k,) .

They thus correspond to a two-photon absorption of the
pump beam which creates coherent biexcitons, whose
recombination is induced under energy and momentum
conservation by the test beam, giving rise to a signal
emission. The field of the signal beam shows up as a
source term in Eq. (9).

The A, A}, A}, and A, absorption bands are, respec-
tively, located at #iw,—44A, fio, —2A, fiw, +2A, and
ﬁwp +4A, with A=3 meV. This appears to indicate that
these bands arise through an enhancement of the
coherent part of y%{*% induced by the presence of both
signal beams R; and R; interacting with coherent biex-
citons created by the pump beam.

We propose the following detailed model to explain the
origin of the 4, absorption bands.

First, R;" and R, photons are created with equal den-
sities and similar temporal dynamics by the nonlinear in-
teraction between pump and test pulses, verifying the
equation of energy conservation

ﬁa)RF +ﬁa)RT_=2ﬁa)p (20)

and the phase-matching conditions.

Then, two R; (R; ) photons can form a real (virtual)
biexciton with an energy above (below) the energy of the
biexciton ground state at K=0. These processes are
schematically represented in Fig. 7(a). While the recom-
bination of a virtually created biexciton is immediately
induced by a pump photon, a really created biexciton
remains in its state of creation during its coherence time.
Its recombination can then be induced by a pump pho-
ton. Both processes again fulfill phase-matching condi-
tions and energy conservation relations
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FIG. 7. Schematical representation of the different processes,
giving rise to the 4, to 4 ,‘,‘ absorption lines.

2w —ﬁ(J)P Zﬁ(l)sz'3 , (21)

RS
where s denote the photons generated throughout the
two processes. They show a different temporal behavior.
They propagate in the crystal with slightly different
group velocities and are reabsorbed with photons of the
test beam, giving rise to the 4 1,2 and 4 1,3 absorption bands,

fiw 2,3+ﬁa) 2,32Em . (22)
s Ap

The time dependence of these absorption bands is
given in Fig. 8. The time delay (40 ps) between the max-
imum of the Ap2 band (the dotted line) and the two-
photon absorption band (the solid line) is due to the life-
time of the coherently created biexcitons which intro-
duces a delay between the absorption and the induced
recombination. This value is in agreement with the biex-
citon coherence time obtained from four-wave-mixing ex-
periments>*3® (10-40 ps depending on the excitation con-
ditions3#). The slight asymmetry of the temporal evolu-
tion of the A4 1,3 band, which has its maximum before the
maximum of the TPA may be due to an increase of the
absorption during the excitation.

The thus-created S2 and S3 photons can follow the
same cycle of absorption and recombination with test and
pump photons. They give first rise to new parametric sig-
nals labeled S! and S*. They obey

Z‘ﬁwsm—ﬁwp:ﬁwsl,‘; N (23)
and to absorption bands 4, and A} verifying the relation

ﬁa)x4,1+ﬁwA4V12EBi . (24)
P

In Table III, the observed spectral positions of the
different A, bands are compared to the ones calculated
for the previously described processes. The intensity of
excitation is 15 MW/cm?.

These processes are highly resonant on exciton and
biexciton states. They thus require a high density of

coherent “cold” biexcitons to be observed. This explains
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FIG. 8. Temporal evolution of the TPA (solid line), the Ai,2

band (dotted line), and the A,f band (dashed line) for I,=15
MWcm™2

why such a hierarchy of coherent processes has not been
previously reported.

B. Ay and Gy bands

The density of states on the biexciton level is higher
than the density of states on the longitudinal exciton level
by the ratio mg;/m;. Moreover, longitudinal excitons
rapidly scatter down to lower-lying transverse polariton
states. A population inversion therefore builds up be-
tween the cold biexcitons and the x9 population. Probe-
stimulated decay of biexcitons towards small wave-vector
longitudinal exciton states is therefore favored, resulting
in the G band.

As explained previously, the 4, absorption line corre-
sponds to the reabsorption of cold excitonlike polaritons
towards biexciton states. These polaritons have their ori-
gin in the radiative recombination of the initially created
cold biexcitons. Therefore we analyze the temporal evo-
lution of the 4, band by the convolution of the TPA ab-
sorption ( Arp,) by a sum of two exponential decay ex-
pressions,

—t'/7

AN(t)ocfo’ATpA(t—t')(e Mipce T ™dr 25)

The first one corresponds to a population of cold exci-
tons created by the test-induced decay of biexcitons.
They are generated at a high density and therefore couple
efficiently to form hot biexcitons. In this case, the
characteristic time constant which appears in the time in-
tegral is the lifetime 7, of cold biexcitons and not that of

TABLE III. Spectral positions of the A4, bands (experimental
and calculated values).

Calculated Experimental
positions values
A, Eg—5ho, +4ﬁw"f 3.1732+0.0008  3.1734+0.0004
Aj EBi_3ﬁ“’p+2ﬁ“’R; 3.1796+0.0004 3.1798+0.0004
A, EBi_3ﬁ“)p+2h“’RT+ 3.1924+0.0004 3.1918+0.0004
A} Eni_5ﬁ0’p+4ﬁﬂ)RT+ 3.1988+0.0008 3.1979+0.0004
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the excitons.

The second one corresponds to the decay of the
remaining cold exciton population once a low density re-
gime is reached. 7, represents the real lifetime of this
population.

The experimental values of the integrated A4, bands
are plotted in Fig. 9 as functions of test-pump delays and
compared to the temporal evolution calculated from the
preceding equation.

When we take into account only one exponential decay
represented by 7;, we obtain the solid lines in Fig. 9. We
reproduce quite well the experimental data during the
pump excitation but poorly at longer delays. The values
of 7, obtained are given in Table IV. They diminish
when the pump-excitation intensity increases. This varia-
tion of 7, is due to the intensity dependence of the biexci-
ton decay times which shorten at higher pump intensities
due to collisions.** In addition, when the density of cold
polaritons increases, more hot biexcitons are formed.
Therefore, at higher pump-power density, the A4, ab-
sorption is quenched and replaced by the A, absorption
band as we will discuss later on.

Concerning the second exponential contribution,
characterized by the time constant 7,, we obtain the cal-
culated curves drawn as dotted lines in Fig. 9. For in-
stance, in Fig. 9(a), the dotted curve fits quite well the ex-
perimental points corresponding to a pump density of 1.5
MW/cm? with a value of 7,=270 ps. In Table IV are
given the values of 7, for the different pump-power densi-
ties. 7, is significant for the lifetime of the cold exciton
population which itself is density-dependent due to the
mutual coupling of excitons. This identification of 7| and
T, is consistent with Ref. 36.

C. Ajp and G bands

By the coupling of two cold excitonic polaritons, biex-
citons are created with an excess energy of 30 meV.

4.0+
— i
fpad
c 3.0+
S
£ i
|-
O 2.0
c
2 L
<
x
1.0+
A @
0.0 L s . L L
0 200 400
TIME (ps)

FIG. 9. Temporal evolution of the Ay absorption band for
pump intensities of (a) 1.5, (b) 5, (c) 15, and (d) SOMWcm ™2 W,
experimental data; solid line, short-time fit using Eq. (25) and
the parameters of Table (IV); dashed line, long-time fit using the
parameters of Table (IV).
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TABLE 1V. Time constants 7; and 7, characterizing the in-
duced absorption Ay for cold exciton and biexciton popula-
tions.

I, (MW/cm?) 71 (ps) 7, (ps)
1.5 70 270
5 30 270
15 25 140
50 13 80

After emission of LO phonons, hot biexcitons with a high
kinetic energy remain. Since radiative decay is their
main recombination channel, their temporal evolution
should be ruled by that of cold biexcitons. In the gain Gy
observed here, they recombine, leaving longitudinal exci-
tons with high kinetic energy which, as in the Gy pro-
cess, scatter to the lower excitonic-polariton branch.
Thus, the population inversion between biexcitons and
longitudinal excitons is maintained.

To perform a quantitative analysis of the Gy band, we
integrate the rate equation

Do Do 26)
dt T3
where the generation rate G is assumed to be proportion-
al to the number of cold excitons squared, which has been
measured through 4.

With this model, we fit the experimental points with
the calculated curve given in solid line (Fig. 10). The
time constants 7; for different intensities are given in
Table V. In the frame of this model, 75 is not the lifetime
of the biexcitons which is itself quite small ( <30 ps, see
Table IVa), but simply reflects the lifetime of hot exci-
tons. The discrepancies between the experimental data
and the solid curve are probably due to the difficulty to
discriminate Gp from the induced absorption A with

(a)__ ]

>
o
T

Kg (norm. units)
(@]
(@)

2.0
1.0}
0.0
0 200 400
TIME (ps)

FIG. 10. Temporal evolution of the G gain bands for pump
intensities of (a) 5, (b) 15, and (c) 50 MW cm 2. B, experimental
data; solid line, fit to the data using Eq. (26) of the text and the
parameters of Table (V); dashed line, temporal evolution of the
Ap absorption band.
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TABLE V. Time constants 7; characterizing the gain for hot
exciton and biexciton populations.

I, MW/cm? 75 (ps)
5 180
15 95
50 95

sufficient precision.

Apg, drawn as dotted lines in Fig. 10, is spectrally situ-
ated between Ay and Gy. It is therefore perturbed by
these two processes. Nevertheless, if one makes an
analysis of its time variation in the same way as we did
for Ay, one finds the same order of magnitude for its
time constant ( =~200 ps).

Also, despite the difficulty explained above, an interest-
ing feature to notice is the delay between the rising times
of the Ay and the Gy bands. It confirms our previous
statement that the biexciton lifetime is quite short, since
it is given by the delay between gain and absorption.
Again, we find a decrease of this delay from 50 to 10 ps
when we change the pump-pulse intensities from 5 to 50
MW/cm?.

VI. CONCLUSION

We have studied in this publication the relaxation and
recombination processes of excitons and biexcitons in
CuCl at low temperature. As shown in Fig. 3, an initial
population of “cold” biexcitons? of small kinetic energy is
first created by “resonant two-photon absorption”! of
30-ps laser pulses. These biexcitons relax and recombine,
giving rise to “cold” longitudinal exciton and excitonic
polaritons® with small kinetic energy. Due to a popula-
tion inversion, the biexciton decay into longitudinal exci-
tons can be stimulated or induced by 30-ps-long, spectral-
ly broad test pulses of small intensity. This process
shows up as gain in the transmission spectrum of time-
delayed test pulses. Thus the lifetime of the cold biexci-
ton population could be obtained. The temporal charac-
teristics of cold excitonic polaritons, on the contrary,
could be determined from the induced absorption due to
the inverse process. In addition, in this same time range,
several resonant parametric processes could be identified.

Furthermore, cold excitonic polaritons created from
the initial biexciton recombination process can couple
and generate “hot” biexcitons* with a high kinetic ener-
gy. Their dynamics shows up in a gain process in which
“hot” longitudinal excitons® with high kinetic energy are
generated. They can also thermalize into “hot” trans-
verse excitons® with high kinetic energy. Their temporal
characteristics are obtained once again by induced-
absorption study. These secondary processes start about
50 ps after the excitation. They last as long as a high
density of excitations is present inside the sample.

In addition to the measurement of the excitonic polari-
ton lifetime, we obtain the important result that these
complex dynamics can be fully understood if we assume
that biexcitons (cold and hot) have short lifetimes (be-
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tween 10-50 ps depending on the density of initially
created biexcitons). These values are equal to the coher-
ence times of biexcitons as determined in luminescence or
two-beam transient-grating experiments for different ex-
citation intensities. This numerical agreement between
the two characteristic time constants of the biexcitons as
well as their similar dependence on the excitation intensi-
ty clearly indicates that biexcitons do not relax or
thermalize through scattering processes but essentially
recombine through radiative processes. The thermaliza-
tion of the exciton-biexciton population is achieved
through collisions inside the exciton population.
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