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The transmission spectra for mixed-mode polaritons have been investigated at 7 K by the
pumping-probing procedure at various delays after the termination of the exciting pulse. It is
shown that in the general case the relaxation of the phonon subsystem proceeds without
establishment of a phonon temperature. A strong influence of the crystal thickness on the
relaxation of the nonequilibrium phonons was observed. It was established that nonlinear
absorption of light by a dense electron-hole system plays an important role in an unevenly heated

crystal.

In studies of straight band semiconductors at high exci-
tation levels, to determine the properties of a dense electron-
hole system, to observe optical bistability, the dynamic Stark
effect, etc., the crystals are excited by sharply focused beams
of powerful pulsed lasers. This perturbs strongly, in general,
not only the electron but also the phonon subsystem of the
crystal. Even though studies of electron-hole plasma (EHP)
have revealed the significant role played in the cooling of the
plasma by the nonequilibrium LO phonons formed upon re-
laxation of the electron-hole pairs,’ the question of the influ-
ence of nonequilibrium phonons on the electron subsystem
at helium temperatures has been relatively little studied.*

The aim of the present paper is a study of the phonon
subsystem of a crystal at relatively large time delays after the
termination of the existing pulse (starting with 1 us). Dur-
ing such times the entire energy of the vibrational excitation
is already concentrated mainly in the long-lived acoustic
phonon modes, so that the occupation numbers of these
modes can serve as measures, as it were, of the initial pertur-
bations of the phonon subsystem.

DESCRIPTION OF THE EXPERIMENT

The experimental setup is shown in Fig. 1. The crystal
was excited and probed by two dye lasers pumped by synch-
ronously pulsed nitrogen lasers. The delay between the
pump and the probing was varied in the range 1 us—1.5 ms
accurate to 0.1 us. The exciting laser pulse was 3 ns long and
its spectral width was 0.05 nm; the respective values for the
probing laser were 0.3 ns and 5 nm. The crystal was excited
in a resolved ELC polarization, and the probing was in the
mixed-mode excitation geometry (see Fig. 1), i.e., in a situa-
tion close to E||C (Ref. 4).

The probing radiation was focused in the center of the
exciting spot, 70 um in size, and the diameter of the sounding
spot was 20 um. The locations and dimensions of the spots
on the crystal were monitored visually with a microscope.
The laser-pulse repetition frequency was 25 Hz. The spectra
were recorded using a DFS-24 spectrograph with dispersion
4.5 A/m and an OMA-2 optical multichannel analyzer (in
some experiments we used ‘also an 18ELUFM high-speed
photomultiplier in conjunction with an §7-12 sampling os-
cilloscope). To monitor the emission spectrum of the prob-
ing laser we recorded periodically the spectra of a reference
beam split off from the probing one. The crystal, which were
high-perfection platelike samples with a minute-impurity
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content on the order of 10'° cm ™3, were placed in helium
vapor in an optical cryostat, in which a temperature 7 + 1 K
was maintained.

EXPERIMENTAL RESULTS AND DISCUSSION

We consider first nonequilibrium heating of thin (less
than 1 gm) samples. Figure 2 shows the transmission spec-
tra of a crystal 0.7 um thick, plotted in the absence of excita-
tion (upper spectrum) and with various delays after the end
of the exciting pulse. The unperturbed spectrum shows
clearly the mixed-mode transmission line 4 ', of the low-
er-energy A, _, exciton resonance of CdS, and also a wide
strong exciton line B, _ ;. At minimum delay (lower spec-
trum of Fig. 2) one observes so strong an increase of the
exciton damping, that the mixed-mode line vanishes com-
pletely from the spectrum. All that remains in the spectrum
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FIG. 1. Diagram of experimental setup. /—Exciting laser; 2—probing
laser; 3—diffraction grating to eliminate the superluminescent back-
ground in the exciting beam; 4—microscope; S—photoreceiver; 6—re-
cording system; 7—recording channel for the reference-beam spectrum;
8—DFS-24 spectrograph.
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FIG. 2. Characteristic changes of the transmission spectra of a crystal 0.7
um thick excited by a laser pulse. The upper spectrum was plotted in the
absence of excitation, the lower with a 1.4 us delay, and the middle with a
3.3 usdelay after the end of the exciting pulse. Excitation intensity 1 MW/
cm?, @ = 25°, the exciting-laser wavelength is marked on the spectra by an
arrow.

is a greatly broadened exciton B, _ , line shifted substantial-
ly in the red direction from its unperturbed position. As the
delay is increased, the spectrum returns to the characteristic
form prior to the excitation.

To obtain the quantitative characteristics of the ob-
served nonequilibrium heating of the crystal and of its influ-
ence on the exciton subsystem, we use the results of Ref. 5, in
which a detailed theoretical calculation was made of the
transmission spectrum for polariton resonance of the mixed
mode. Approximating the corresponding transmission line
to the theoretical dependence, we can determine the polari-
ton-resonance frequency shift and the polariton damping
constant for various delays. The accuracy of the determined
resonance frequency was as a rule not worse than 0.5 nm,
and that of the damping constant 10-20%.

Let us ascertain first of all whether the nonequilibrium
phonon distribution becomes thermalized in the course of
the relaxation, i.e., whether a certain phonon temperature
T * different from the bath temperature was established in
the excited region of the crystal.> An investigation of the
pulsed heating in the presence of such a temperature would
be considerably simpler, since each spectrum could be char-

acterized in this case by a single parameter T * and the prob-
lem would reduce to a study of the dependence of T * on the
delay, on the excitation conditions, and on the parameters of
the exciting pulse.

However, comparison of the specta plotted with differ-
ent delays following the end of the excitation pulse with the
spectra obtained for equilibrium heating of the sample by
raising the bath temperature, shows that, for the same
mixed-mode transmission-line shift, the damping constant
in the case of nonuniform heating is as a rule larger for uni-
form heating (the maximum values of the damping exceeded
6 meV, corresponding to an equilibrium temperature 60 K,
and the maximum value of the shift, 0.8 nm, corresponds to
54 K). The time dependences of the damping and of the shift
forthe 4 " | resonance are shown in Fig. 3. These quantities
evidently relax to their unperturbed values exponentially,
and the shift, which as a quadratic dependence on the tem-
perature, relaxes more slowly (7, = 3.6 us) than the polar-
iton damping which is linear in the temperature (7 = 2.5
ps). Similar results are obtained also for the B, _, polariton
resonance if its damping is assumed to be half the linewidth,
and the resonance position is taken to be center of gravity of
the transmission line. The half-width relaxes in this case
with a characteristic time 1.2 us, and the line shift with a
time 2.4 us.

It can consequently be stated that no temperature is
established, and each of the quantities above quantities is
determined by the population of a certain part of the spec-
trum of acoustic phonon modes, which relax relatively inde-
pendently. The situation in the phonon subsystem is appar-
ently far enough from equilibrium, and the cooupation
numbers of the high-frequency phonons are anomalously
large.” Relaxation depletes the high-frequency part of the
phonon distribution on account of anharmonic processes,
the most substantial of which for a submicron crystal is in all
likelihood surface anharmonism.

The damping constant of the polariton resonance of a
mixed mode is determined under these conditions by acous-
tic phonons of 0.15 meV energy. Assuming that the lifetime
of the acoustic phonon relative to anharmonic decay is in the
case of surface anharmonism inversely proportional to a cer-
tain power of its frequency, as is the case for the bulk anhar-
monicity (7« ~>), we can assume that the red shift of the
A, _, exciton band is determined mainly by phonons of en-
ergy somewhat lower than 0.15 meV, and the damping of the
B, _, polaritons is determined by phonons of somewhat
higher energy.

FIG. 3. Time dependences of the resonance po-
sition (a) and of the mixed-mode polariton
damping (b) for a crystal 0.7 #m thick; the plots
reflect the relaxation of the nonequilibrium
heating. The excitation conditions are the same
as in Fig. 2. The continuous curves show the
exponential dependences wtih relaxation times
3.6 us (a) and 2.5 us (b).
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FIG. 4. Polariton damping and of the shift of the mixed-mode polariton
scattering at a delay of 1.4 us after the end of the excitation vs the wave-
length of the exciting laser. Pump intensity 1 MW/cm?, crystal thickness
0.7 um, ¢ = 25°. The arrows mark the spectral positions of 4, _ , —the
exciton resonance, M—the luminescence band of the exciton molecules,
and the level of the chemical potential of the electron-hole plasma density

(»).

Itis very important to know the conditions under which
the minimum and maximum nonequilibrium heating of a
crystal by a laser pulse takes place. Taking the measure of
nonequilibrium heating to be the resonance shift and the
damping constant of mixed-mode polaritons, let us track to
this end their dependence on the wavelength of the exciting
laser at a fixed pump (see Fig. 4). As shown in the figure,
significant heating is produced not only by excitation into
the region of resonant exciton absorption, but also, contrary
to the expectations, by excitation essentially into the trans-
parency region, where the absorption coefficient is of the
order of 10>~10% cm ™~ !. It must be recognized, however, that
at the employed excitation levels (1 MW/cm?) absorption
up to 10° cm~! can be ensured by nonlinear mechanisms
that produce in the crystal a dense electron-hole system.®
This explains the spectral dependence of the nonequilibrium
heating in Fig. 4. In fact, the broad maximum observed in the
region of 487 nm coincides with the spectral position of the
M-band corresponding to excitation of excitonic molecules.’
It is precisely here, even at relatively weak pumps, that opti-
cal bistability is observed on exciton-impurity complexes
and leads to a jumplike increase of the light absorption.® The
long-wave fall-off of the diagram in Fig. 4 is apparently due
to a decrease of the effectiveness of the nonlinear absorption,
inasmuch as below the electron-hole-plasma chemical po-
tential level (488 nm) the absorption coefficient becomes
negative at high excitation levels. That is to say, one observes
not absorption but amplification of the light incident on the
crystal.®

We note finally that the degree of heating has increased
substantially with increase of the exciting-pulse power and
with increased sharpness of its focusing on the crystal. A
rather critical role was assumed also by the exact superposi-
tion of the centers of the excited and probing spots. As the
probing spot moved away from the center of the exciting one,
the heating decreased rapidly. The maximum excitation
power density did not exceed 1| MW/cm? in our experi-
ments, but some noticeable heating (a 10% increase of the
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FIG. 5. Transmission spectra of a crystal 3.9 um thick; /—in the absence
of excitation (1z = 485.345 nm, ' =0.1 meV), 2) at a delay 10.6 us
(Ag =485.31 nm, ' =0.1 meV, and 3) 330 us (Ag = 485.33 nm,
[ = 0.13 meV) after the end of the exciting pulse. No substantial change
of the damping was observed. A small violet shift of the polarization reso-
nance of the mixed mode can be seen. Wavelength of exciting laser 482.97
nm (B, _ , —resonance), pump 0.5—1 MW/cm?, ¢ = 17°. Spectral width
of gap 0.01 nm.

damping constant) from the excitation levels lower by ap-
proximately an order of magnitude, i.e., starting with 100
kW /cm?, regardless of whether the wavelength of the excit-
ing laser was in the region of strong linear or strong nonlin-
ear absorption. Recognizing that the absorption mecha-
nisms differ substantially in these two cases, the
aforementioned universality of the pump value, starting
with which effects of nonequilibrium heating of the crystal
set in, is not random. It can be assumed that the onset in the
crystal of a dense system of electron-hole excitations plays
an important role in the mechanism of the considered non-
equilibrium heating, facilitating the exchange of the energy
of these excitations with phonons as a result of multiparticle
interactions and generation of hot carriers via Auger pro-
cesses. The critical pumping is apparently due in this case to
the onset of strong exciton-exciton scattering.

On going to “bulky” samples the picture of the nonequi-
librium heating changes substantially (see Fig. 5). Neither a
red shift of the transmission line nor an appreciable increase
of the polariton damping could be recorded at all. Instead,
the transmission line of the mixed-mode polariton undergo a
small violet shift, and the characteristic time for the return of
the spectrum to its unperturbed form increases to 300-500
us.

The appreciable lengthening of the time needed to re-
construct the initial form of the spectrum, on going from
very thin samples to ‘“bulk” ones, is apparently connected
with the substantial decrease of the surface contribution to
the anharmonic processes in the phonon subsystem. An in-
crease of the sample dimensions makes possible a ballistic
escape of the lowest-frequency acoustic phonons from the
excitation spot and this, in our opinion, causes the absence of
the transmission-line red shift observed in ultrathin samples.

The presence of a violet shift (see also Ref. 10) is appar-
ently due to the influence acoustic phonons of the higher-
frequency part of the spectrum. It can be explained by as-
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suming that the high-frequency acoustic phonons shift, for
some reason, the exciton band not towards a decrease of the
energy of the exciton transition but, conversely, towards an
increase. This at first glance unexpected assumption agrees
with the well known change of the quadratic temperature
dependence of the exciton-band shift into a linear one
(Varshni equation''). In fact, in the case of equilibrium
heating at low temperature, the predominantly populated
are the lowest-frequency photon modes, which cause an ex-
citon-band red shift that increases quadratically with rise of
temperature. The temperature rise, which leads to a gradual
increase of the occupation numbers of the higher-frequency
phonons, decrease the exponent of the quadratic depend-
ence, as is indeed reflected by the Varshni equation.

Thus, high-power pulsed excitation of a semiconductor
at helium temperature perturbs significantly its phonon sub-
system. Since, as shown above, quasiequilibrium may not set
in this case in the phonon subsystem,’ and the ballistic emis-
sion of the low-temperature phonons responsible for the
temperature shift of the exciton band is apparently capable
to decrease effectively their occupation numbers in the exci-
tation spot in a thick crystal, the absence of a red shift of the
exciton lines following pulsed excitation is by itself not proof
of low pulsed heating of the crystal.'® The entire vibrational
energy concentrated in the obstructions investigated in the
present paper mainly in the low-frequency acoustic phonon
modes, are contained in the region of subnanosecond times
predominantly in the optical and high-frequency acoustic
phonons. Since exciton interaction with LO-phonons in CdS
is quite effective, considerable exciton damping, due to non-
equilibrium LO phonons, can set in at these times, in the
impulse approximation, when there is practically no exci-
ton-band shift at all.

The strong dependence of the character of the phonon-
subsystem relaxation on the crystal thickness can lead, in
crystals having different thicknesses, to quite different con-

486 JETP 76 (3), March 1993

ditions for the existence of electronic excitations in the hot
spot, both in the time of the exciting pulse and after its termi-
nation. One can expect, nonetheless, for delays shorter than
one ns, before the low-frequency acoustic phonons manage
to penetrate into the region of optical excitation, the situa-
tion in bulk samples to be close to that in ultrathin crystals,
inasmuch as absorption of light in a thin surface layer obvi-
ously enhances considerably the role of surface anharmoni-
city for nonequilibrium phonons.
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