
Brazilian Journal of Physics, vol. 26, no. 2, June, 1996 455

Femtosecond Dynamics of Localized and Continuum

States in CdSxSe1�x Mixed Crystals

J.-C. Merle, A. Daunois, M. Joucla and J.-Y. Bigot

Groupe d'Optique Non-Lin�eaire et d'Opto�electronique

Institut de Physique et Chimie des Mat�eriaux de Strasbourg

Unit�e Mixte 380046 CNRS{ULP{EHICS

23, rue du Loess, 67037 Strasbourg Cedex, France

Received March 20, 1995

The phase dynamics of the electronic states in the ternary compounds CdSxSe1�x is investi-
gated under various experimental conditions. At low temperature, the localized states which
give rise to an important third-order susceptibility below the band edge, are studied with low
intensity laser pulses of a few hundred femtoseconds duration. The excitonic phase dynamics
is shown to occur within two di�erent time scales. The �rst one (� 700 fs) corresponds to
an exciton-exciton coupling associated with the creation of localized biexcitons. The second
decay (� 500 ps) is related to radiative recombination and to intraband energy transfer
between localized wells. At room temperature, the polarization dynamics of free carriers is
studied with 10 fs pulses of high intensity. It is shown that the screening of the Coulomb
interaction reduces the scattering rates between electrons. In addition, the electron-phonon
interaction appears to be a very e�cient mechanism for the intraband energy relaxation of
hot carrier distributions initially brought by the ultrashort pulses.

I. Introduction

The coherent light scattering techniques using ul-

trashort optical pulses are specially well adapted to in-

vestigate the primary events that lead to the loss of co-

herence and population decay in solid state systems like

semiconductors or metals. In such systems, the strong

couplings between electrons, or between electrons and

phonons or crystal defects, broaden the electronic reso-

nances and prevent to determine their intrinsic proper-

ties from simple spectral measurements. In the tempo-

ral domain, the analysis of the phase decay with fem-

tosecond pulses overcomes this limitation and it has

proved very e�cient in many studies[1].

In the present work, we are interested in the dy-

namical properties of the ternary semiconductor com-

pounds CdSxSe1�x: In these materials, a structural dis-

order arises from a spatial variation of the sulfur and

selenium compositions, which leads to random 
uctua-

tions of the crystal potential. At low temperature, this


uctuating potential may trap the excitons, as demon-

strated by Permogorov et al.[2] and Cohen et al.[3] who

have shown the existence of localized states with ex-

ponential spectral distribution below the free excitons.

The dephasing and energy relaxation properties of these

localized states di�er signi�cantly from the ones of the

free excitons. Previous dephasing measurements per-

formed on these mixed crystals have shown that the

homogeneous decay time T2 of localized excitons is of

several hundred of picoseconds[4] . More recently, it has

been shown[5] that, prior to this long decay, a fast polar-

ization relaxation takes place which is associated with

the coherent interaction between localized excitons and

biexcitons.

Another interesting aspect of the CdSxSe1�x com-

pounds is their strong polar character which manifests

by important electron-phonon and exciton-phonon cou-

plings. These interactions contribute very e�ciently to

relax the energy and the phase in these materials. For

instance, at low temperature, it manifests by strong lu-

minescence replica, one LO-phonon energy below the

main luminescence of the localized states[3;4]. The

electron-phonon (and hole-phonon) interaction is also
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an important mechanism for the dephasing of free car-

riers in the band continua as shown recently by studies

performed with 10 fs pulses[6]. In this work, the polar-

ization decays have revealed much faster intraband re-

laxation than in GaAs where the dynamics is dominated

by carrier-carrier interactions with important Coulomb

screening[7;8].

In this paper, we review the dephasing properties of

CdSxSe1�x mixed crystals under excitation with ultra-

short pulses. We �rst describe the linear optical prop-

erties of the localized states (section II). The study of

the polarization decay of the excitonic and biexcitonic

localized states, at helium temperature with low energy

pulses of duration varying from 80 to 500 fs, is reported

in section III. The dynamics of the continuum states is

then investigated with 10 fs pulses at room temperature

under various polarization con�gurations (section IV).

II. Localized states : Steady state studies

II.1. Introduction

Ternary compounds and especially CdSxSe1�x have

been widely studied for a long time[2;3;9�12]. Their in-

terest is twice : �rst, the existence of a relatively sharp

luminescence band, with a large quantum yield, can

be interesting for applications, but unfortunately re-

stricted to the very low temperature domain. Second,

composition 
uctuations are experienced by the exci-

tons which, by analogy with the electrons in disordered

media described by Anderson[13], can be localized. This

localization which presents some important di�erences

with the electrons one is, per se, an important domain

of fundamental physics.

From the theoretical point of view, the chemical dis-

order is fully random. The potential 
uctuations are

like a white noise, having spatial variations at short,

intermediate and long ranges. However, in practice, it

is not obvious that the chemical disorder follows this

model. Two kinds of situations may occur. First, the

material can be composed by clusters having very dif-

ferent compositions. This can be easily determined by

various techniques. Like the previous groups who have

studied these materials, we do not observe any indi-

cation of the existence of such clustering. Second, the

variation of composition x at medium scale (�m to mm)

can be abnormally large. In such a case, the crystal vol-

ume probed in optics is non uniform and the inhomoge-

neous level broadening is expected to increase, making

di�cult any precise optical characterization and com-

parison with the theory.

We have been very attentive to this problem and

tried to obtain \homogeneous" crystals. Since this goal

has been reached, we will give a detailed description

of the sample preparation and present some results of

their linear optical properties which allowed us to char-

acterize the localized states in a very accurate manner.

We also obtained new informations on the scattering of

photons by localized states which can help to comple-

ment the existing models.

II.2. Sample preparation

Polycrystalline samples are �rst synthetized and are

subsequently used to grow monocrystalline platelets by

a transport method. Great care is taken to obtain pure

and homogeneous samples.

For the synthesis, a method proposed by Hemmatt

and Weinstein[14] has been adapted. A carbon crucible

containing high purity (5N) elements of Cd, S and Se in

the desired proportions is introduced in a fused silica

tube which is pumped at 10�6 torr and sealed. This

tube is heated up to 1300 �C at a rate of 60�/hour

(except between 500 and 900�C where it is reduced to

20�/hour). Slow heating is used to avoid rapid exother-

mic reactions and high vapor pressures. The large �nal

temperature is necessary to obtain a product of homo-

geneous composition.

Samples of CdSxSe1�x in the entire range of com-

positions x between 0 and 1 have been obtained. They

have been characterized by X-ray di�raction and EX-

AFS studies[15]. The variations of the lattice lengths a

and c with the composition x follow the Vegard's law

with a maximumdeviation �x of 5 %. From the width

of the observed di�raction lines, it is concluded that the

compositional 
uctuations are less than 1 %.

A modi�ed Frerichs' method[16] is used to grow the

platelets. The polycrystalline material, contained in a

small boat of vitreous carbon, is evaporated under an

argon 
ux at 1050 �C in a fused silica tube located in

a furnace with a temperature gradient. The platelets

grow in the area of the tube where the temperature
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is comprised between 600 and 800 �C. They have sur-

faces of several mm2 and thicknesses of several �m. A

few crystals have thicknesses under 1 �m. To perform

characterization or optical studies, well shaped samples

presenting nice and uniform surfaces are selected.

The composition of the platelets, determined by X-

ray powder diagrams, is comparable, within 1 %, to

the one of the original polycrystalline material. Three

samples have been studied by energy dispersion X-ray

spectroscopy (Delta KEVEX Analyzer) in a JEOL 840

microscope. In this method, a mean volume of 1 �m3 is

analyzed. The 
uctuations of composition x on the en-

tire surface are of the order of 1 %, which corresponds

to the resolution of the set-up. Some crystals have also

been characterized by X-ray di�raction. The scattering

volume is of the order of the sample surface multiplied

by about 3 �m, which represents an important frac-

tion of the crystal volume. The width of the di�racted

lines is comparable to that obtained with good qual-

ity GaAs crystals. This indicates that the platelets are

free of strain and, taking into account the set-up reso-

lution, that the compositional 
uctuations are less than

� 0.5 %.

II.3. Optical characterization

As it is well known, in the wurtzite crystals of

CdSSe, the conduction band has a s character and the

p-like valence band is decomposed by the spin-orbit

interaction and the crystal �eld[17] in three bands as

shown in Fig. 1. Their extrema are located at the �

point and the optical transitions from these subbands

give rise to the A, B and C excitons. The selection rules

with respect to the polarization of the incident light ~E

and hexagonal axis ~c are the following :

- transition A is dipole allowed for ~E?~c only

- transitions B and C are dipole allowed in the two

polarizations.

The linear optical properties have been studied on

various samples at 2 K. Examples of low temperature

transmission and re
ection spectra, obtained with a

sample of thickness less than 1 �m and of composition

x = 0.36, are given in Fig. 2. The absorption due to the

A and B excitons shows up around 2.02 and 2.05 eV. In

re
ectance, the main structures are due to interference

e�ects. The minimum of re
ectance around 2.02 eV

corresponds to the A exciton [9]. The excitonic struc-

tures are broader than in the binary compounds CdS or

CdSe because of the reduced lifetime of the free excitons

which are easily trapped by the potential 
uctuations.

Figure 1. Band structure of CdSxSe1�x with the notations

A, B and C used for the transitions starting from the three

upper valence bands up to the conduction band.

To characterize the crystallographic quality of the

samples, we have studied their birefringence properties.

The samples are illuminated by a polarized white light

source using a broadband polarizer P. The transmitted

light is analyzed with a second polarizer A and is de-

tected with an optical multichannel analyzer after dis-

persion by a monochromator. The results are corrected

for the variation of the detection with A. Three spec-

tra are represented in Fig. 3. For the case 1 (P?~c and

A?~c; noted ?,?), the usual transmission spectrum is

obtained. In the case 2 (noted +45�,-45�), P and A

are crossed and oriented at �45� with respect to the

~c� axis: As expected, a large birefringence is observed

with a maximum in the transparent region near the A

exciton. In case 3 (P?~c and A k ~c; noted ?,k), the rem-

nant very weak signal, which is partly due to cryostat

imperfections, has an amplitude less than 10�3 that of
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the signal observed in cases 1 or 2. From these obser-

vations, it can be concluded that the direction of the

~c � axis does not 
uctuate (on the scale of the entire

surface) and that the samples are free of strain.

Figure 2. Transmission and re
ectance spectra of

CdS0:36Se0:64 at 2 K in the two polarizations parallel and

perpendicular to the ~c� axis:

Figure 3. Birefringence spectra of CdS0:4Se0:6 at 2 K (see

the details in the text).

As previously reported[2;3], we observe, at low tem-

perature, an intense luminescence band located on the

low energy side of the A exciton. This is shown in Fig. 4

with two spectrally di�erent cw laser excitations, well

above the exciton (curve a) or in resonance (curve b).

In both cases, the luminescence is observed in the po-

larization ~E?~c and the excitation power is of the order

of 1 W=cm2
: Phonon replicas are also observed on the

low energy side of the �gure. Curve a) is characterized

by a width of the main band (6 meV FWHM) which

is smaller than generally reported (10 meV or more ex-

cept in Ref. [11] where the same value is obtained for

x = 0.36). Consequently, the phonon replicas appear

on a very weak tail of the main band (0-phonon band).

The sharpness of the luminescence bands, as compared

with others, is due to an excellent homogeneity of our

samples.

Figure 4. Normalized luminescence spectra of the localized

excitons of CdS0:36Se0:64 at 2 K. a) nonresonant excitation

(above the exciton). b) resonant excitation at the energy

EL:

Figure 5. Comparison of the absorption, luminescence and

scattering spectra of CdS0:36Se0:64 at 2 K.

Curve b) of Fig. 4 corresponds to a resonant excita-

tion with a monochromatic source which position cor-

responds to the sharp peak noted EL: Several studies

devoted to the resonant luminescence excitation lead to

the following description[2;3;12]: on the low energy side

of the free excitons (extended excitations) there exist
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localized states associated with the potential 
uctua-

tions. By decreasing the energy, these states are more

and more localized. Due to the random character of the


uctuations, their density decreases continuously. The

most energetic states (free or weakly bound states) are

easily trapped on deeper levels, the main mechanism

of energy relaxation being an inter-well tunneling by

acoustic phonons. For deep states, the above processes

are considerably attenuated because of the large dis-

tances between the traps. This model explains the im-

portant energy shift between the luminescence and the

maximum of absorption corresponding to the free ex-

citons (see Fig. 5). In the case of resonant excitation,

bound excitons are directly created at the laser energy

EL: IfNL represents the number of incident photons per

second in the energy interval �EL; the number of ab-

sorbed photons is equal to ��NL�D(EL)��EL�Pr(EL);

where Pr is the (mean) absorption probability per sec-

ond, D the density of states and � a coe�cient with a

temporal dimensionality. The excited states loose en-

ergy by radiative and non-radiative processes with re-

spective probabilities per second Pr and Pnr: In a steady

state experiment, a mean occupation number per state

noc is obtained from the balance equation :

c

� �NL � D(EL) ��EL � Pr(EL) = noc(EL) � D(EL) ��EL � [Pr(EL) + Pnr(EL)]

d

which leads to :

noc(EL) =
� �NL � Pr(EL)

Pr(EL) + Pnr(EL)
The above equalities are veri�ed as long as a linear

regime is valid without saturation e�ects. We have ver-

i�ed that it is the case in the domain of excitation that

we have studied (i.e. some W=cm2):

The number of emitted photons in the interval �EL

is given by :

NS =
� �NL � D(EL) � Pr(EL)

1 + [Pnr(EL)=Pr(EL)]
(1)

This mechanism gives rise to the sharp line of Fig. 4,

curve b). It is presently described as a \resonant 
uo-

rescence" due to localized states spacially distributed at

random. It can be also understood as a Rayleigh scat-

tering, as the material is inhomogeneous at the scale

of potential 
uctuations. For energies corresponding to

extended states, the scattering is expected to be mostly

directed in the forward direction and it disappears in

the free exciton region.

The non-radiative processes introduced in Eq. (1)

are mostly due to the above mentioned scattering by

acoustic phonons. At T ' 0 K, they contribute to �ll

deeper states (E < EL) and the number of emitted

photons per unit time and per unit energy is given by :

NLUM(E) = D(E) � noc(E) � Pr(E) (2)

As seen in Fig. 4, the shape of the luminescence

bands obtained by resonant and non-resonant excita-

tions is similar for E < EL: This is true for any EL

located in the luminescence band, except, however, for

the lowest energies[2;3;18]. This indicates that the en-

ergy relaxation involves very small quanta (< 1 meV).

As Pr(E) is expected to be independent of E; except

for tightly bound states, the luminescence shape gives

information on the product D(E) � noc(E): A compari-

son between the luminescence and the scattering gives

more informations on D and noc; as discussed later.

Coming back to Fig. 4 curve b), it must be noted

that the Rayleigh line cannot be entirely attributed to

the compositional 
uctuations. Surface and bulk de-

fects (impurities, dislocations...) also play a role. It

is this spurious contribution which renders di�cult the

observation of Raman and Brillouin scatterings. In pre-

vious studies[2;3], intense Rayleigh scattering has pre-

vented a detailed shape analysis of the main lumines-

cence band, an analysis which has been restricted to

the phonon replicas. Thanks to the good quality of the

samples, we observe weak Rayleigh lines. The varia-

tion of the scattered intensity with energy is reported

in Fig. 5. A sharp resonance attributed to the localized

states is observed, superimposed on a weak background
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which intensity depends on the laser spot position on

the sample and which we attribute to surface defects.

It is instructive to compare the three curves plotted

in Fig. 5. With very thin samples (less than 1 �m), the

absorption can be measured even in the free exciton

region. On the low energy side, the absorption is pro-

portional to the density of states (as we did not make

re
ection corrections, this is only true for OD >2). It

can be noted that a variation of the density of states

of the form D(E) / exp
�
� E�Ex

�

��
; where Ex is the

free exciton energy and � an activation energy, is cer-

tainly not true in the entire range between Ex and Ex

- 20 meV for a single constant � which characterizes

the localization process. It is very likely that a better

description has to take into account higher order site

to site correlations. Let us now compare the lumines-

cence and scattering curves. At low energies, where the

non-radiative processes are ine�cient, the scattering,

according to Eq. (1), is proportional to D(E): In this

region, the luminescence dominates since the occupa-

tion number noc of Eq. (2) is large. For higher ener-

gies, noc decreases and the scattering is favoured with

respect to the luminescence. For still higher energies,

the large non-radiative probabilities Pnr are responsible

for the decrease of the scattering.

All these observations are in good agreement with

the accepted description of energy tranfer and dynam-

ics in the bound state region. In addition, the scatter-

ing measurements reported here bring new information

which will be analyzed more quantitatively in a forth-

coming paper.

III. Polarization decay of localized states

The localized density of states can be viewed as

an inhomogeneously broadened distribution of excitons

trapped in potential wells of di�erent depths. Their co-

herent dynamics is therefore expected to be very long,

at least for the less energetic ones in the deep wells,

since the probability of being perturbed by phonons

or impurities is reduced during their lifetime. Long

dephasing times have indeed been measured in such

systems [4;19]. These studies have reported dephasing

times ranging from 400 ps on the high energy side of

the localized density of states down to 2.2 ns on the

low energy side[19]. These decay times are close to

the localized exciton lifetimes as measured with time

resolved photoluminescence spectroscopy[20;21]. How-

ever, such decay behavior does not take into account

the two-particle e�ects that may occur when biexcitons

are created by two-photon transitions. It is the aim

of this section to show how such e�ects lead to a fast

initial decay of the polarization. We �rst describe the

measurement technique and the results and then dis-

cuss the two-particle e�ects.

III.1. Photon echo studies of the localized states

The photon echo (PE) measurements are performed

in the self-di�racted and stimulated con�gurations with

femtosecond optical pulses. In the �rst case, the sig-

nal is measured in the direction 2k1 � k2 as a function

of the relative delay �T12 between the two incident

pulses of wave vectors k1 and k2: In the stimulated

or three-pulse con�guration, the signal k1 + k3 � k2 is

detected either as a function of �T12 (coherent dynam-

ics) or �T13 (population dynamics)[22]. The low energy

pulses (50 pJ) are produced by a modi�ed CPM cavity

that allows ajustable pulse duration (80-500 fs) and a

slight tunability (central wavelengths between 605 and

625 nm). The temporal delays are made with micromet-

ric stepper motors (0.1 �m per step) and the detection

is performed with a photomultiplier and a standard syn-

chronous lock-in technique with double chopping of the

incident beams. The samples are immersed in pumped

liquid helium at 2 K. Great care is taken of the polariza-

tion properties of the incident pulse with respect to the

sample ~c�axis: As shown below, the low peak power is

crucial in these experiments in order to avoid the strong

exciton-exciton collision regime. Another important as-

pect is the low Rayleigh scattering of the samples de-

scribed in the preceding sections (Fig. 4). This allowed

us to explore exciton densities ranging between 1013 and

5� 1014 cm�3 as estimated by taking into account the

sample absorption and assuming a quantum e�ciency

of 1.

Fig. 6a shows the PE measurements obtained

in the two-beam con�guration with a 0.6 �m-thick
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CdS0:35Se0:65 sample, the laser frequency being in res-

onance with the localized excitons. This signal dis-

plays a fast oscillatory decay and a much longer one

which persists during several hundreds of picoseconds.

The slow component corresponds to the loss of coher-

ence of the excitons trapped in the spatially 
uctuating

crystal potential. It is similar to the one reported in

the dephasing measurements performed with picosec-

ond pulses[4;19]. Two mechanisms are involved in this

decay. In the deeper wells, the phase and energy relax-

ation of the excitons can occur only via radiative band

to band recombination. In this case, the dephasing time

T2 is close to T1=2 as for atomic two-level systems : the

phase coherence is destroyed by interband spontaneous

emission. For the localized states with higher energy,

intersite exciton-phonon scattering may occur leading

to intraband energy relaxation. In this mechanism, the

hopping of excitons from one site to another is assisted

by acoustic phonons. It involves tunneling of the exci-

tonic wave between the non-communicating localization

sites.

In Fig. 6b, the slow picosecond decay has been de-

convoluted. The fast exponential decay is seen to occur

within about 600 fs. This time has been measured on

many samples using di�erent incident laser intensities.

It is comprised between 600 and 700 fs and has almost

no intensity dependence. This is shown in Fig. 6c where

the decay varies between 650 and 700 fs for a variation

of the laser intensity over one decade. The intensity

Imax corresponds to an estimated exciton density of

2� 1014 cm�3: The di�erence between Figs. 6b and 6c

is mostly due to the di�erent pulse durations which are

respectively 80 and 400 fs. The corresponding di�er-

ent spectral contents of these pulses explain the di�er-

ent magnitudes in the initial coherent peak around zero

delay. It is higher in Fig. 6b since the power spectrum

of about 10 nm extends above the localized density of

states where the dephasing dynamics is shorter (see the

discussion of Fig. 10).

The oscillations appearing in the photon echo decay

have a period of 800 fs. Di�erent sample composi-

tions x between 0.32 and 0.4 have revealed the

periodicity. It is worth noticing that, for the highest

pulse intensity in Fig. 6c, the contrast of these os-

cillations increases, indicating that they are favoured

by multiparticle excitation. In addition, measurements

performed at temperatures above � 15 K show no os-

cillations con�rming that the underlying process is re-

lated to localized states. As demonstrated in the fol-

lowing paragraph, they correspond to quantum beats

associated with the creation of localized biexcitons. Be-

fore discussing this beating behavior, we would like to

emphasize that the fast 600 fs and slow components

are both characteristic of the localized density of states

with low densities of excitation. Measurements per-

formed with much higher peak powers corresponding

to exciton density up to 1017 cm�3 show much faster

decay times. This was checked using 80 fs pulses am-

pli�ed by a copper vapor laser. The corresponding self-

di�racted photon echo obtained at T = 2 K is displayed

in Fig. 7a. In this case, the polarization decay is faster

than the temporal resolution. This is due to strong

exciton-exciton interactions which act as an e�cient

dephasing mechanism. Similar observations have been

reported in bulk GaAs[23] or in GaAs/GaAlAs quantum

wells at room temperature[24]. Above helium temper-

ature, in addition to the vanishing beating behavior,

faster decays are obtained even at low excitation den-

sities. In this case, it is the thermal activation of the

localized excitons outside the potential wells which de-

stroy their phase coherence. This regime of exciton-

phonon scattering becomes more and more e�cient as

the temperature is increased leading to decay times of

� 70 fs at 295 K, as shown in Fig. 7b with a pulse

duration of 60 fs. Here, we have used the stimulated

three-beam con�guration in a CdS0:5Se0:5 sample. This

composition was necessary due to the band gap shift

with temperature. The asymmetric decay obtained for

positive and negative temporal delays indicate that the

signal corresponds to a polarization free decay rather

than to a photon echo. This behavior which is charac-

teristic of a homogeneous linewidth[25] shows that the

inhomogeneous localized states have little in
uence at

high temperatures, in agreement with the linear prop-

erties reported in Section II.
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Figure 6. Integrated photon echo signal. a) Full signal

(solid) and theoretical �t (dotted) with parameters given

in the text. b) Deconvoluted fast decay component. c) Fast

decay behavior as a function of incident intensity for an ex-

citation by 400 fs pulses. Imax corresponds to a localized

exciton density of 2 � 1014 cm�3 which is also valid for a)

and b) curves.

III.2. Localized biexcitons and quantum beats

The 800 fs periodic oscillations in Fig. 6 are due

to quantum beats involving a two-particle state. This

is proved by luminescence measurements under band to

band pulsed excitation. Fig. 8 shows a series of normal-

ized luminescence spectra obtained for various laser in-

tensities. At low excitation densities (N < 1013 cm�3);

the luminescence spectrum of the localized excitons is

quite similar to the one obtained under band to band

cw excitation (Fig. 5). At higher intensities, a shoulder

develops on the low energy side which is super-linear

with increasing laser intensity. The optical transition

corresponding to this new luminescence \structure" in-

volves two photons. This is shown in Fig. 9a where we

have plotted the luminescence intensities measured at

the spectral positions corresponding to the peak and to

the structure as a function of the incident power. The

slopes 1 and 2 are characteristic of one- and two-photon

processes.

Figure 7. Photon echo signals obtained in di�erent experi-

mental conditions. a) CdS0:35Se0:65 at 2 K with 80 fs am-

pli�ed pulses giving an exciton density of about 1017 cm�3:

b) CdS0:5Se0:5 at room temperature and at low excitation

density in the stimulated three-beam con�guration.

The 5 meV energy separation �E between the two

luminescence structures in Fig. 8 is close to the binding

energy of the biexcitonic state in the binary compounds

CdS (5.4 meV) and CdSe (4 meV)[26]. The two-photon

process observed in Fig. 9a is therefore very likely re-

lated to the creation of localized biexcitons. The corre-

sponding energy diagram is displayed in Fig. 9b where

the optical transitions for the one- and two-photon pro-
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cesses are represented. The oscillations are due to quan-

tum beats between the two probability transitions : jg>

�! jex> and jex> �! jbiex>. The beat period �T

is proportional to the inverse biexciton binding energy

�E = EBi � 2Ex : �T = h=�E:

Figure 8. Localized states luminescence as a function of
CPM laser intensity for 2, 20 and 100 pJ pulse energies
(full, dashed and dotted curves, respectively).

Quantum beat spectroscopy has proven to be

a useful technique to probe the coherent dynam-

ics in the femtosecond time scale. As in atomic

spectroscopy[27] , quantum beats result from interfer-

ences between the amplitude transitions of coherent

states. It has been recently extended to ultrashort

pulse techniques in various systems to probe the coher-

ent motion of molecules[28] or of lattice vibrations[29]

or energy splittings in semiconductors[30;31]. It has also

revealed the existence of biexcitons in GaAs quantum

wells[32]. We have modeled the coherent dynamics of

the exciton-biexciton problem using the optical Bloch

equations applied to a three-level system. Assuming

� � function pulses, we obtain for the time dependent

third order polarization in the case of the self-di�racted

con�guration :

Figure 9. a) Luminescence intensity as a function of inci-
dent intensity showing the one- (full curve) and two- (dotted
curve) photon processes. b) energy diagram of the corre-
sponding optical transitions.

c
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j�exj
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exp (
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bit)
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d

with 
ex = �
i

~
(Eex � ~!) �

1

T ex
2

; 
bi =

�
i

~
(Ebi � Eex � ~!) �

1

T ex�bi
2

and � =

�����bi�ex

����
2

:

The star denotes complex conjugation. ~! is the cen-

tral frequency of the incident pulses, T ex
2 ; T ex�bi

2 are

the dephasing times and �ex; �bi are dipole moments

of the corresponding transitions. � represents the time

delay �T12 between pulses 1 and 2. Only the resonant

transitions jg> �! jex> and jex> �! jbiex> have

been considered in Eq. (3). The two-photon process

jg> �! jbiex> is neglected since it brings a contribu-

tion only on the negative delays[33]. It brings an addi-

tional resonance which, in the spectral domain, is given

by �(2!) = j E0(!)�bi j2 =(Ebi � 2~! + i~�bi); and
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modi�es the one-photon polarizations Pex and Pex�bi according to [34]:

c

Pex(!) �
j �ex j

2 E0(!)

i~
�ex � �(2!)
; Pex�bi(!) �

j �bi j
2 E0(!)

i~
�bi � �(2!)
(4)

d

For an inhomogeneous medium, the photon echo

is obtained by integration of the polarization over the

dipole distribution and integration in real time t lead-

ing, in the case of in�nite inhomogeity, to the signal :

S(� ) �
�
1 + �2 � �cos
�

�
exp

�
�

4�

T ex
2

�
(5)

with

� = �exp

�
��

�
1

T ex�bi
2

�
1

T ex
2

��

and ~
 = Ebi � Eex: Using Eq. (5) with the ex-

perimental values T ex�bi
2 = 700 fs, T ex

2 = 500 ps,


 = (2�=830) radfs�1 allows to �t the echo decay

(dotted curve in Fig. 6a). The only adjustable parame-

ter is � which represents the two-photon enhancement

factor. We used � = 6 which is a reasonable value as

compared, for instance, to CuCl (� = 20) [35]. The

lower value found here indicates that the extension of

the biexcitonic wave function is reduced as compared

to CuCl, which is consistent with the fact that we are

considering localized biexcitons.

Additional important remarks have to be made.

The �rst one concerns the inhomogeneous nature of

the exciton-biexciton system. The derivation of Eq. (5)

is obtained under in�nite inhomogeneity. In fact,

one should consider a �nite density of localized states

which, for instance, can be modelled by D(~!) =

D(Ex)exp
�
� Eex� ~!

�

��
where � is a parameter that

depends on the localization process and � an energy

that characterizes the 
uctuating potential felt by the

exciton. Eex is the \free" exciton energy associated

with the virtual crystal. Taking into account this �nite

distribution does not a�ect the dynamics as long as

the inhomogeneous broadening is larger than the pulse

spectrum. To evaluate the in
uence of such spectral

distributions, we have made photon echo measurements

by tuning the pulse in the region of the localized states.

This was made in the stimulated con�guration in or-

der to distinguish between homogeneous and inhomo-

geneous e�ects (the signal being temporally symmetric

in the �rst case and asymmetric in the second case[25]).

The results are shown in Fig. 10. The top curves repre-

sent the pulse spectra for three di�erent situations to-

gether with the localized states luminescence (dashed

curve). The corresponding signals k1 + k3 � k2 are

represented below for the early times. The signal (a)

corresponds to a pulse tuned in resonance with the free

exciton, above the localized density of states. As ex-

pected, in this case, the signal is symmetric in time

since the exciton is homogeneous at this low tempera-

ture and decays very rapidly within 280 fs. The case

(b) corresponds to the resonant excitation of the local-

ized states. Quantum beats are observed as in Fig. 6

where the entire dynamics is better displayed. In the

case (c), the tail of the bound states is excited. The

weak observed signal is asymmetric and therefore cor-

responds to an inhomogeneous distribution. One can

notice the absence of oscillations which seems contra-

dictory with the fact that localized states of lower en-

ergy are excited, where one would expect to be in a

more favourable case to reinforce the exciton-exciton

coupling. In fact, the properties of these states (dipole

moment, coupling with the phonons...) may apprecia-

bly deviate from those of less bound states observed in

case (b). Even for the lowest states which contribute to

the luminescence, there are experimental evidences[2;12]

for such deviations. A fortiori, this can be expected

for even lower energy states. The absence of oscilla-

tions can be tentatively explained by supposing that

the relative population of excitons and biexciton popu-

lations do not favour beatings. Because of the weakness
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of the signal, a study of the dependence of the signal

with the laser intensity was not possible. It can also be

supposed that a dependence of the biexciton binding

energy versus the localization energy is responsible for

this absence of oscillations.

Figure 10. Selective spectral excitation of a CdS0:35Se0:65
sample at 2 K. Top) Luminescence (dotted curve) and pulse

spectra for a) high (resonant with free excitons states), b)

medium (resonant with the localized states) and c) low en-

ergy laser excitations. Bottom) Corresponding three-beam

photon echo signals as a function of the delay �T12 between

pulses 1 and 2.

IV. Continuum states dynamics

This part is devoted to a \problematic" which is

very di�erent from the ones of the preceding sections.

We are now concerned with experiments performed at

room temperature where the localized states are inef-

�cient because of their weak activation energies com-

pared to kT: The laser pulses have much more energy

and create high densities of carriers. The excitation is

deliberately above the band gap in order to create car-

riers (electrons and holes) in a non-equilibrium state.

Their dynamics is governed by screened carrier-carrier

interactions and by phonons which are responsible for

their thermalization. Because of their large population

and of their non-equilibrium state, the carriers have

very fast phase and population dynamics. For this

type of experiments, ultrashort pulses of 10 fs dura-

tion are required. Consequently, only few experiments

have been reported[7;6].

For the theoretical part, the number of works is

also very restricted. The di�culties are numerous

since one must take into account many body interac-

tions (screened Coulomb interaction of fermions) and

electron-phonon interaction. The response of such sys-

tems to ultrashort pulses is also a complicated problem.

Much work is being carried out in this �eld using dif-

ferent theories among which the quantum kinetics ap-

proach of the Frankfurt group represents an important

contribution[36�39].

IV.1. Continuum states dynamics : Phase re-

laxation

For these experiments, the wave mixing con�gura-

tions are similar to the ones described in the preced-

ing section. But, the pulses from the CPM oscillator

are now ampli�ed by a copper vapor laser operating at

5 kHz. The ampli�ed pulses are then compressed to

10 fs with a system of �ber, gratings and prisms[40].

The pulse spectrum is displayed in Fig. 11 with the

absorption spectra of a 0.4 �m-thick single crystal at

room temperature in the two polarizations ~E?~c and
~E k ~c: The curves are not corrected for re
ectivity and

this explains the low energy part where Fabry-P�erot

fringes can be seen. With the scale used in Fig. 11, the

A and B transitions cannot be resolved. The C gap is

more contrasted for ~E k ~c than for ~E?~c:

The variation of the two-beam four wave mixing

(FWM) signals versus the time delay �T12 is repre-

sented in Fig. 12 for di�erent pulse intensities. The

experiment is performed in the geometry ~E k ~c with

a sample of composition x = 0.35 so that the B tran-

sitions are principally excited. The estimated carrier

densities N vary between 8 � 1016 and 1018 cm�3: In

addition to the coherent signal centered at zero delay,

exponential decays can be observed except for the high-

est intensity. This decay has an increasing slope with

the laser intensity. For the highest intensity, the tem-

poral resolution of the set-up is reached but the signal

is still asymmetric and di�erent from the expected co-

herent spike which should reproduce the pulse autocor-

relation pro�le. A clear decrease of the response time

versus the carrier density is observed. It is attributed

to electron-electron collisions. For the highest densities

N, a non-exponential behavior is observed but a quanti-

tative description of the signal is unfortunately not yet
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possible since the decay times fall below the resolution

of the set-up. This non-exponential behavior could be

the onset of non-Markovian processes as theoretically

predicted by Gurevich et al.[41] and El Sayed et al.[39].

We are trying to explore this ultrafast collision regime.

Figure 11. Room temperature absorption spectra in the

two geometries ~E k ~c (dotted line) and ~E?~c (full line) for

a 0.4�m-thick CdS0:3Se0:7 sample. The hatched area repre-

sents the spectrum of the 10 fs pulse.

To analyze these results, we assume that a con-

tinuum produces a spectral inhomogeneous distri-

bution and that the incident pulses are �-shaped.

The FWM signal should decrease proportionally to

exp(�4�T12=T2) [25]. The calculated dephasing times

T2; indicated in Fig. 12, correspond to decay times vary-

ing between 68 and 16 fs, and their variation versus the

carrier density N is plotted in Fig. 13. The observed

variation law has a form T2 / N�0:72 which di�ers

consequently from the law T2 / N�1; expected for un-

screened electron-electron interaction. Therefore, this

di�erence shows the importance of screening in this ma-

terial. Nevertheless, it is less important in CdSSe than

in bulk GaAs where similar experiments have given a

T2 / N�0:3 law[7]. This di�erence can be tentatively

attributed to the stronger electron-hole correlation in

II-VI compounds which present stronger excitonic ef-

fects. Such a reduction of the long range Coulomb in-

teraction has also been observed in quasi-2D II-VI sys-

tems, CdZnTe/ZnTe [42] as compared to III-V quantum

wells, GaAs/GaAlAs.

Figure 12. Two-pulse four-wave mixing signals of

CdS0:35Se0:65 for di�erent carrier densities N at room tem-

perature. (a) to (f) : N = 0.08, 0.13, 0.2, 0.35, 0.55, 1

�1018cm�3:

To conclude this paragraph, it is worth noticing that

in spite of the experimental di�culties and of the crude

approximations done in analyzing the data, general ten-

dencies are emerging. It remains to hope that it will

stimulate more theoretical investigations in this �eld.

IV.2. Continuum states dynamics : Population

decay

The preceding phase measurements involve the con-

tinuum states with high kinetic energies in the conduc-

tion and valence bands. In addition to the Coulomb in-

teractions between electrons and holes, electron-phonon

(and hole-phonon) scatterings also contribute to the

loss of phase coherence. This process leads to the ther-

malization of the initially non-thermal carrier distribu-

tion and can therefore be observed via the population
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relaxation. It is expected to be e�cient in CdSSe mixed

crystals due to the high polar character of this semicon-

ductor family.

Figure 13. Variation of the dephasing time T2 with the free

carrier density.

In order to investigate the importance of the carrier-

phonon scattering mechanism, we have performed stim-

ulated photon echoes using three 10 fs pulses. In

this con�guration, we varied the optical delay between

pulses 1 and 3 to follow the intraband population dy-

namics. In addition, we made pump-probe measure-

ments using uncompressed 60 fs pump pulses and 10 fs

probe pulses. In this case, a selective spectral excitation

was made near the band gap.

The photon echo results are shown in Fig. 14.

Fig. 14 a) corresponds to a polarization parallel to the

~c axis obtained with a sample concentration x = 0.3.

Three oscillations with 18 fs period are observed as well

as a fast initial decay and a much longer decay which

lasts during several tens of picoseconds. This slow de-

cay corresponds to a band to band recombination of

the carriers after thermalization in the bottom of the

conduction and valence bands. It is similar to observa-

tions made in bulk GaAs[43]. The initial decay, which

lasts about 20 fs (as seen from deconvoluting the slow

process) corresponds to the carrier thermalization by

intraband energy relaxation. During this process, the

phase of the electronic states is being destroyed and

coherent oscillations can be observed.

Figure 14. Three-pulse four-wave mixing signals of

CdS0:3Se0:7 in the two polarizations ~E k ~c and ~E?~c at room

temperature and for a carrier density N = 3� 1017cm�3:

The 18 fs period in Fig. 14 a) corresponds to a quan-

tum beat energy splitting of 230 meV, equal to the en-

ergy di�erence between the A and C valence bands. We

therefore attribute these oscillations to interferences be-

tween the amplitude transitions corresponding to the

interband transitions from the valence bands A and C.

This behavior is possible as long as the 10 fs pulse spec-

trum overlaps the corresponding transitions. This is

achieved by choosing the appropriate sample concen-

tration x = 0.3 as seen in Fig. 11. In contrast, samples

with concentrations which do not verify this overlap-

ping condition display no beating behavior.

Fig. 14 b) shows stimulated echoes obtained for a

polarization perpendicular to the ~c axis for three di�er-

ent \phase delays" �T12: For a negative �T12 (� 6 fs),

in addition to a strong coherent spike around delay

�T13 = 0, the population increases during several hun-

dred femtoseconds. For �T12 = 6 and 12 fs, the pop-

ulation stays constant for a very long time and decays

later on (not seen on this time scale). This long process

corresponds to the radiative band to band recombina-

tion. The increasing population for the �T12 = � 6 fs

corresponds to an intraband energy relaxation. Inten-
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sity measurements have shown that it is only slightly

in
uenced by the number of electrons and holes and

can therefore be related to carrier-phonon scatterings.

This mechanism which leads to the thermalization of

electrons and holes down to the band edges is much

more e�cient than in semiconductors like GaAs where

longer thermalization times have been reported[44] .

In order to further investigate the ultrafast phonon

assisted intraband relaxation, we have selectively de-

posited electron and hole populations with excess en-

ergies of about two LO phonons above the band edge.

Di�erential transmission spectra �T
T
(h!) obtained with

the pump-probe technique, are displayed in Fig. 15 for

two pump-probe delays �TPp: For �TPp = 80 fs, a

hole burning shows up at the pump energy and almost

instantaneously, a population starts to build up down

in the band. For the delay �TPp = 240 fs, the total

energy brought by the pump pulse has relaxed at the

band edge.

Figure 15. Pump-probe di�erential transmission spectra

�T=T with two di�erent delays �TPp of 80 and 240 fs be-

tween the pump and probe pulses.

These measurements con�rm the existence of a very

large scattering cross-section for the electron-phonon

and hole-phonon interactions. Due to the rather high

excess energy of the initial populations, it is the LO

phonons which most e�ciently participate to this ther-

malization. However, the acoustic phonons certainly

also contribute to the thermalization in a short time

scale. This can be seen from the fact that no dis-

tinguished LO-phonon replica of the hole-burning is

observed indicating an important broadening due to

acoustic phonons. More pump probe studies are be-

ing performed on these materials under various exper-

imental conditions in order to quantify the scattering

cross-sections and to understand such e�ects like inter-

valence band transitions, i.e. A �! B transitions.

V. Conclusion

In conclusion, we have reported measurements on

the phase dynamics of the localized and extended elec-

tronic states in the ternary compounds CdSxSe1�x:The

samples that we studied possess extremely good crys-

tallographic qualities which allowed us to perform a de-

tailed characterization of the localized excitonic states

at low temperature. In particular, due to the low elas-

tic scattering, the luminescence obtained under reso-

nant excitation of the localized states can be analyzed

directly on the 0-phonon band. In addition, the polar-

ized elastic scattering is seen to be resonant right be-

low the free A exciton. Its spectral shape, as compared

to the localized excitonic luminescence and to the ab-

sorption in the entire A and B excitonic regions, gives

new information on the type of disorder brought by the

composition 
uctuations. We believe that the 
uctu-

ating crystal potential cannot be simply described by

a statistic with white noise correlation. The relatively

high energetic position of the elastic scattering seems

to privilege medium range disorder (on the scale of the

exciton Bohr radius).

The dynamical properties of the localized states,

studied with pulses of a few hundred femtoseconds du-

ration, clearly reveal two types of mechanisms for the

phase and energy relaxation. The �rst type is a di-

rect consequence of the exciton trapping in the localized

wells. It corresponds to both intersite hopping (for the

most energetic excitons) and band to band radiative re-

combination (for the deeper levels). The corresponding

dephasing time is very long (� 500 ps) as previously

reported. The second type is a new mechanism which

involves two excitons localized on the same potential

wells and which is much faster (� 700 fs). Quantum

beats with 800 fs period, due to interferences between

the transition amplitudes jg> �! jex> and jex> �!

jbiex>, show up during the coherent decay. This ultra-

fast decay corresponds to the loss of coherence between

the excitonic and biexcitonic states.
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Using 10 fs pulses, we also studied the dynamics of

the free electrons and holes in the continuum bands at

room temperature. This study shows the presence of

two mechanisms in the dephasing process. First, the

Coulomb scattering leads to density dependent dephas-

ing times. The measurements indicate that this inter-

action is much less screened than in GaAs. Second,

the scattering cross-section of the electron-phonon (and

hole-phonon) is very high, leading to an ultrafast intra-

band thermalization of the carriers. This is observed

both with stimulated photon echoes and pump-probe

techniques. Such importance of the phonons is prob-

ably due to the strong polar character of the CdSSe

semiconductors.

The present work brings new information in the un-

derstanding of the phase relaxation in non-completely

ordered crystals. It leaves opened questions regarding

the type of statistics underlying the composition disor-

der. It also makes further steps towards the di�cult

task of measuring the phase and energy relaxation in

the continua of electrons and holes in semiconductors.
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