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Renormalisation effects due to excitons
and biexcitons in highly excited CuCl

By R. Levy, B. Hönerlage and J. B. Grun, Laboratoire de
Spectroscopic et d'Optique du Corps Solide, (Associé au
C.N.R.S. n° 232), 5, rue de l'Université, 6700 Strasbourg
France

(19. VII. 1984)

In honor of Emanuel Mooser's 60th birthday

Abstract. We discuss dispersion and absorption anomalies which are induced by a strong light
field in a three-level system like CuCl. Such anomalies are studied by different experimental
techniques and may give rise to optical bistability and phase conjugation.

I. Introduction

The study of the optical nonlinear response of semiconductors under high
excitation conditions by a light beam has been of increasing interest these recent
years since nonlinear optical phenomena yield a wide field of applications. We are
especially interested in systems like CuCl, where excitons and biexcitons exist
simultaneously and can be resonantly excited by one- and two-photon absorption
processes. Such systems may be reasonably well described by a three-level model
[1]. If this system is excited by a strong light beam at frequency wp, the dielectric
function is considerably modified at frequencies cot^cop provided that [2, 3]

hco, + fico,, -EBi (1)

where EBi is the energy of the biexciton ground state. In the absence of damping,
this anomaly results in an induced polariton branch which could be determined
experimentally [4, 5]. This anomaly is resonant on the biexciton energy. However,
non-resonant anomalies have also been observed and not yet explained [6-8]. In
addition, if the frequency of the test- and pump-beam becomes degenerated, the
pump beam itself is subject to the dispersion anomaly and changes its own
propagation. Therefore, it was interesting to calculate the intensity dependent
dielectric function including population effects and to discuss experimental results
under this aspect.

II. Density matrix formulation of the dielectric function

In order to discuss results from momentum space spectroscopy, we need a
description of the dielectric function in the presence of a light field A oscillating
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with two frequency components u>, and cop. In the dipole-approximation, the
Hamiltonian of the system is given by [9, 10].

H H0 + Hmt H0-lxA(a>l,a>p) (2)

where H0 is the Hamiltonian of the non-interacting system and p. the dipole-
operator. The light field

A (co,, top) A,', cos co.t + A?, cos copt (3)

will be linearly polarized. Without lack of generality, the phases of both field
components can be chosen equal to zero in this model. H0 is diagonalized, having
three eigenstates which are the crystal ground state with energy zero, the exciton
and the biexciton states. Concerning CuCl, the interaction term induces transitions

from the ground state to the exciton state and from the exciton to the
biexciton state. The dipole-matrix elements are denoted by /xex and /j,Bj, respectively.

All other transitions are forbidden. The matrix representation of the
Hamiltonian then reads:

(0
0

0 E„
0 0

°\ / ° fJ-exA 0 >

0 ; wint - - 1 P-exA 0 M-B.A

eJ \ 0 P-bA 0

(4)

For the sake of simplicity, /jtex and /xBi are chosen to have real values. Applying
the density-matrix formalism [11] in the Schrödinger picture, we can now calculate

the time evolution of the transition amplitudes pii between the states i and j
from the expression

^=^[p.H],,-r.,p, (5)

For j ± j, Tu is the inverse of the transverse relaxation time t2 which accounts for
incoherent scattering. In the case of diagonal elements (i j), Tu is the inverse of
the energy relaxation time t, of the different quasi particles.

We are now interested in periodic solutions of the set of Bloch equations
defined by equation (5) in the presence of the electric field A(co„cop). We
therefore expand the different matrix elements pit into a Fourier series in co, and
ü)p, i.e.:

Pn I pfe'6"**"'"^ (6)
nn'

This ansatz neglects the transient properties of the dielectric function e, which
defines, in the one-oscillator model, the resonant nonlinear susceptibility xres as:

h2c2Q2

E2(Qt)
e(Q„ w,)/£0 eb+Xres(Q.>w,) --^—J- (7)

where eb is the background dielectric constant, accounting for all other oscillators.
Xres may now be expressed by the Fourier coefficients of the transition amplitudes
and we obtain [9, 10]:

2N
Xres ^T Wx(pì2 + (PX)*) + HBÌ(PÌS + tó°)*)} (8)
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where N is the density of crystal atoms. The different Fourier coefficients in
equation (8) are calculated from equations (5) and (6), which lead to an infinite
system of linear equations in p"". This system may be approximated by taking
into account only terms with |n| + |n'|s£2, which includes all resonant processes.
Doing this, we avoid the rotating wave approximation [12-17] which gives
generally good qualitative results at the resonance, but is not sufficient to explain
results from Hyper-Raman scattering, which are obtained outside the excitonic
resonance. It is worthwhile pointing out that our approximation on the order of
photon processes n and n' involved is not an approximation on the field strength
but on the frequency components involved.

The system of linear equations for the p"" is then solved numerically and the
dielectric function e(Q, co) is calculated from equations (7) and (8). Real and
imaginary parts of e are related to the polariton wavevector Q, and the absorption

constant a, by the relations:

O, -p- VRee + V(Ree)2-t-(Im£)2 (9)
V2c

and

V-Ree+VtRee^ + dme)2 (10)' V2,

where c is the vacuum light velocity. By this means, the knowledge of e(Q„ a.,) in
the presence of an exciting pump beam at frequency cop allows us to determine
the polariton dispersion E.(Q,). It depends on cop and on the density of exciting
polaritons np.

Figure 1 gives the dispersion of the lower polariton branch for CuCl. The full
line corresponds to Hopfield's one-oscillator model for vanishing damping, i.e. in
the absence of any renormalization process. At low excitation intensities all
dispersion curves converge towards this curve. The parameters used are well-
known from two-photon absorption [18] and Hyper-Raman scattering [19]. The
dashed-dotted line gives the dispersion of the test beam for low intensities
(photon density n, =£ 1010 cm"3) in the presence of an exciting beam at the energy
fttop 3.184eV and a photon density np 101''cm~\ Concerning the damping
constants [9, 10], we have chosen for sake of simplicity:

ftr12 ftr23 ^r13 2xio 4ev (in
and

ftr22 /jr33=1.5xl0~6eV (12)

These values correspond to the order of magnitude for the dephasing and
radiative lifetime of excitons and biexcitons estimated from two-photon absorption

[18], induced absorption [20] and Hyper-Raman scattering [21] as we shall
see in the next paragraph.

Two anomalies are situated at the energies EBi-hcop 3.188eV and
EBi-Eex 3.1695 eV, where the first resonance corresponds to a two-photon
absorption process of the two beams towards the biexciton state, and the second
to the induced absorption from the exciton to the biexciton state. The inset shows
that for the same set of parameters but, for np 1016cm~\ an anomaly is also
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Figure 1

Polariton dispersion E.(Q,) of CuCl when excited at hwv 3.184 eV by a pump beam with np
1015cm *. The full line gives the result without renormalization. The inset shows the pseudo-
resonance near tuon for n„ - 1016cm \

observed near the frequency of the pump beam. This quasi-resonance is Stark-
shifted and is due to the slowly varying frequency components in the exciton and
biexciton populations. It is only present at very high excitation densities. It is

interesting to notice that the latter resonances vanish if the population of excitons
and biexcitons is equal to zero.

Figure 2 shows the absorption coefficient a, for the same set of parameters.
Again, the absorption shows maxima at the two energetic values mentioned
above. An absorption increase around the energy of the pump beam is not
important. The increase of a, around 3.2 eV is due to the exciton absorption,
which is not covered here.

The dispersion and absorption anomalies discussed above increase with
increasing excitation intensity np and decreasing damping constants T12.

It is evident that if the frequencies of the test and pump beams becomes
degenerated, we have the situation where the dispersion and absorption of a

single beam is modified by its own intensity. This effect has been discussed
theoretically in Ref. 2, 3, 12-17 by different approaches. Since we have seen
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Figure 2

Absorption coefficient a,(E,) for the same situation as in Fig. 1.

above that finite population effects may modify the dispersion and absorption
properties, we have examined this situation [22], using the density matrix formalism

and the Fourier analysis of the different pi}. Since the system is much simpler
than the case of the two fields, it may be handled by continuous matrix inversion
[23]. This method allows us to include all types of non-resonant transitions, which
have been neglected before [9, 10]. Thus we could check our approximations and
give a dielectric function which includes proper contributions of a non-resonant
background.

III. Experimental results and discussions

Let us briefly describe how the Hyper-Raman scattering process can be used
to study the anomalies of the lower polariton branch, shown in Fig. 1. This
polariton branch is represented in Fig. 3 in two dimensions in the absence of
renormalization effects. In the Hyper-Raman diffusion process [24], two laser
photons propagating inside the crystal as polaritons with wave vector q,, virtually
excite a biexciton. The biexciton serving as an almost resonant intermediate state
decays into two polaritons Ej(q) and E,(k). No relaxations are taking place on the
intermeditate states. Therefore, momentum and energy are conserved in the
process, as shown in Fig. 3:

2q,=q + k

2ftto, E.(q) + E,(k)
(13)
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Figure 3

Resonant Hyper-Raman scattering involving the lower polariton branch in the absence of renormalization

effects.

In the experiments described here, the two emitted polaritons belong to the lower
branch of the dispersion curve. One (Ej(q)) is observed, the other one (E,(k)) is

not detected. E((q) changes its energy when hcot is tuned.
As shown in Fig. 3, 0 is the scattering angle between incident and observed

polaritons. Small 0 (0<3O°) correspond to a forward scattering configuration
where the excited surface is observed through the sample. Since the emitted
polaritons, represented by the dotted arrows of Fig. 3, lie in the region of the
dispersion curve we are interested in, we shall use this experimental configuration
in these experiments. In this case, three recombination channels exist for one
given direction of excitation. Only two channels (R£ and R^) will be studied here.
For completeness, let us add that for large scattering angles 0 corresponding to a
backward scattering configuration, the excited surface is directly observed. In that
case, one of the polaritons is exciton-like, the other, polariton-like. The final
states are indicated by the full arrows in Fig. 3.

In these experiments, the photon energy hco{ of the exciting laser and the
energies Ef of the emitted Hyper-Raman lines (.R^ and R-}) are measured as well
as the angle of incidence a of the exciting beam and the angle of observation ß. If
we can calculate, either analytically or numerically, the theoretical dispersion, we
can fit the experimental values of Et with calculated ones, by adjusting, in a
self-consistent way, the different unknown parameters of the dispersion.

The experimental set-up used is shown in Fig. 4. The samples are excited by
the tunable light of a grazing incidence dye laser (aNND in ethanol or BBQ in
toluen), pumped by a Lambda-Physik excimer laser. The laser intensity is kept
below 5 MW/cm2. The spectral width of the laser light is 0.03 meV. The samples
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Figure 4
Set-up for Hyper-Raman scattering experiments. Laser: Excimer laser; M: Mirror; C: dye Cell;
D: Diaphragm; NF: Neutral Density Filter; HP: Polarizer; G: Grating; OMA: Optical Multichannel
Analyser; TV: SIT Picture Tube; Spex: Spectrograph.

studied are high purity platelets of CuCl crystals cooled down to pumped liquid
helium temperature. The forward scattering configuration of the experiment is
shown in Fig. 4. The emitted light is recorded, through a 3/4m spex spectrograph,
by a PAR optical multichannel analyzer system.

Figures 5 and 6 represent the spectral positions of the Hyper-Raman
emission lines .R^ and R~ as functions of the energy fiwj of the exciting photons in
two different forward scattering configurations [4]. The angle of incidence a is

equal to zero in both cases, the angles of observation ß are 11° and 23°,
respectively.

We have made a numerical adjustment between HR line positions R? and
R-t- and calculated ones. A very good fit has been obtained as shown in Fig. 5,
where the calculated positions are represented by a continuous curve using the
following parameters: a density of photons np =4.3x 1014cm"3, a dephasing
constant hTX2 3 x 10~4 eV and an arbitrarily chosen value of h/r 1.5 x 10~6 eV.

The global shift between experimental HR line positions and the dotted line
representing the positions obtained previously, is now well reproduced. This shift
is due to the intensity dependence of the background dielectric constant.

The induced polariton branch due to the two-photon biexciton absorption of
a photon ftw, of the exciting laser and a photon emitted (hoji or hco^), is also well
taken into account as shown by the good fit between experimental results and the
calculated continuous curve. This induced branch which corresponds to a splitting
of the Hyper-Raman lines is observed around the frequencies:

hco, EBi — fto)| and hcx>{ 3hhcol — EBi
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Figure 5

Experimental positions of Hyper-Raman emission lines of CuCl when excited under an angle of
incidence a 0° and for a direction of observation ß 11°.

using the equations (13), represented by the dashed-dotted lines drawn in Fig. 5.

In Fig. 6, the calculated spectral positions of the HR emission lines
represented by the continuous curve correspond to an excitation intensity of n„
1015 cm-3 and fixed inverse energy relaxation times T22 and r33 equal to 2x
10~5 eV. Again, the overall shift of the HR lines is satisfactorily explained.
Besides the shift and the splitting of the HR lines, we also observe a non-linear
shift when the photon energy of the exciting laser is tuned across half the
biexciton energy [25,26].

The same information may be obtained by non-degenerate, non-collinear
four-wave mixing [5, 27]. Similar to electronic CARS, it is the stimulated process
[28] corresponding to hyper-Raman scattering as the spontaneous one. In addition,

a different technique using the laser induced birefringence of the crystal [29,
30] has also been developed.

If a single laser beam excites the crystal, the polariton dispersion is also
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Figure 6

Experimental positions of Hyper-Raman emission lines of CuCl when excited under an angle of
incidence a 0° and for a direction of observation ß 23°.

modified, leading to a strong anomaly near half the biexciton energy [12-15, 22].
As it has been pointed out in Ref. 31, 32, this anomaly can be used to obtain
optical bistability, if sufficient feedback is provided. This has recently been
demonstrated [33, 34], using CuCl crystals inside a Fabry-Perot cavity. The
switching times of this device have been demonstrated to be below 500 ps, if
biexcitons are created only virtually.

Conclusion

Concentrating on CuCl, we have discussed here different anomalies of the
polariton dispersion. The origin of these anomalies is due to the simultaneous
existence of excitons and biexcitons. They lead to important applications such as

optical bistability and phase conjugation.
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