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charge density T =e/4wo, (where e is the elec-
tronic susceptibility) is usually small as com-
pared with the time (I w) '. It is the case that
we have considered above. [Indeed, in particular
we have omitted the terms containing the space-
charge density in Eq. (2).] In such a case the

difference between the acoustoelectric and usual
semiconducting system is essential, and there is
no connection between negative differential con-
ductivity and acoustical stability.
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Free-carrier absorption was observed in intrinsic crystals of strontium titanate when

excited by two-photon absorption of laser pulses. The temperature dependence of the
recombination time was found to be exponential, with an activation energy of 0.105 eV.
This energy may correspond to the depth of the valleys at the edges of the Brillouin zone
in the lowest conduction band or to the activation energy of localized traps.

This paper describes some transient measure-
ments of free-carrier absorption which were
carried out with intrinsic crystals of strontium
titanate (SrTiO, ) using two-photon excitation.
This method permitted a simple measurement of
the free-carrier recombination time and its de-
pendence on temperature. Using the results of
Ba,er's work' it was also possible to deduce a,

figure for the tmo-photon absorption coefficient
for the material.

In addition, if the recombination process is
through direct transitions, the activation energy
obtained from the temperature dependence of the
recombination time would give a direct measure
of the valley depths in the conduction band.

SrTiO, is a transparent insulator crystal with
an optical energy gap of 3.2 eV.2 The optical
properties of the pure crystals have been studied
by several workers in the field. ' It is character-
ized by a sharp absorption band edge near 3900 A

and essentially zero absorption in the visible re-

gion of the spectrum. The optical properties of
reduced and iron- and molybdenum-doped SrTiO,
crystals mere studied by Gandy. ~ Baer' studied
the free-carrier absorption in reduced SrTiO, in
the region from 0.4 to 5 p, m.

Tight-binding calculations by Kahn and I eyen-
decker' showed that the crystal has an oxygen 2p
valence band and a titanium Sd conduction band
with minima along the (100) cubic axis at the
edges of the Brillouin zone.

SrTiO, doped with various impurities was
found to exhibit very strong photochromic be-
havior. ' It mas also shown that considerable
coloration could be induced in the photochromic
samples via tmo-photon excitation of electron-
hole pairs by high-intensity laser pulses. 7

The samples used for this work were cut from
a boule purchased from the National Lead Com-
pany and polished on both faces to optical quality.
The crystals were grown by the flame-fusion
technique.
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The experiments consisted of monitoring the
transmitted intensity of a probe cw laser beam
during and after the application of a very high-
intensity Q-switch ruby-laser pulse. The ruby
laser produced pulses of about 250 mJ with about
20-nsec duration. The risetime resolution of the
system was about 15 nsec, limited mostly by the
preamplifier in the oscilloscope.

A 0.3-cm thick sample was placed perpendicu-
lar to the weakly focused ruby-laser beam and
the monitor laser was aligned to strike the cen-
ter of the area covered by the pulse. The moni-
tor beam was about 1 mm in diameter, and an
aperture was used to block scattered light. The
ruby-laser intensity was measured at each oc-
currence by diverting about 8' of its power to a
high-speed photodiode which was calibrated to
measure pulse intensity at the center of the fo-
cused beam at the position of the sample.

The photomultiplier measuring the transmitted
intensity of the monitor laser was connected to
the oscilloscope through a 170-nsec delay line.
The two inputs of the preamplifier were added
algebraically and were displayed on a single
trace, the delay line separating the two events
in time. This technique permits recording the
ruby-laser pulse intensity at each instance with-
out a dual-beam oscilloscope.

The photograph in Fig. 1 shows the ruby-laser
pulse followed by a decrease in the transmitted
intensity of the He-Ne laser (X =6328 A) used as
probe. The induced absorption is seen to decay
quite rapidly at room temperature dropping to
50 'fo of its maximum in about 0.2 psec.

The intensity dependence of the induced absorp-
tion at 6328 A was investigated by varying the
power of the ruby-laser pulse. This was accomp-
lished by adding a few drops of Cu804 solution,
which absorbs strongly at the ruby frequency, to
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an optical cell filled with distilled water. The
cell was never moved so as not to disturb the
alignment or the calibration and the pulse inten-
sity was measured past the attenuator cell. The
results of this test are plotted in Fig. 2, where
the points are seen to follow quite closely a par-
abolic curve. At the higher intensities, however,
the induced absorption is seen to be consistently
lower than would be expected from a square de-
pendence. This is attributed to the first-order
absorption of the ruby-laser pulse by the free
carriers as they are generated. Since the ab-
sorption coefficient should be linearly related to
the concentration of generated carriers, the
above results are consistent with what one wou~d

expect from two-photon generation of electron-
hole pairs. (The density of states corresponding
to transitions at the double photon energy is quite
large, as is evidenced by the very strong absorp-
tion of the material at wavelengths around 3450
A. )

From the data for free-carrier absorption
versus concentration obtained by Baer, the ab-
sorption cross section for free carriers at 6328
A is

o(6328 A) =3.1&&10 "cm'.

Ignoring the fact that, unlike the case of the re-
duced samples used by Baer, the absorption
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FIG. 1. Photograph showing ruby laser pulse fol-
lowed by the change in transmitted intensity of the He-

0
Ne monitor laser beam Q, =6328 A). Time scale, 100-
nsee/div. Laser pulse calibration, 1 div =110 MW/
cm . Monitor beam calibration, 4.2 divisions of de-
flection correspond to transmitted intensity with no
induced absorption.
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I IG. 2. Induced absorption at 6328 A versus peak in-
tensity of ruby-laser pulse.
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The absorption is seen to increase with wave-
length following quite closely the A" dependence
encountered by Baer, except that no peak was
observed at 5145 A. This peak was attributed by
Baer to absorption from an electron trapped at
an oxygen vacancy and such a defect should not
appear in significant concentrations in our sam-
ple.

The effect of temperature on the recombina-
tion time was investigated by placing a sample in
a cold-finger Dewar and recording the decay of
the induced absorption at temperatures between
the ambient temperature and 77 K The decay
times to one-half the maximum absorption are
plotted in Fig. 3 for the range between room tem-
perature and 145'K They show a definite expo-
nential variation of the decay time with inverse
temperature in this range. At 77 K the decay
showed a different shape from that at the warmer

measured here could be due to both electrons
and holes, one can use the curve of Fig. 2 to give
an estimate of the number of electron-hole pairs
excited by a given pulse. This estimate was used
to compute the scales for free-carrier concen-
tration -shown in Fig. 2.

From these figures of concentration versus
intensity and the assumption of a Gaussian-
shaped pulse with a measured half-width of 13
nsec, it is straightforward to calculate a value
for the two-photon absorption coefficient for
SrTi03 at the ruby-laser wavelength:

n'(6943 A) =2.5&&10 "Scm

where S is the intensity in W/cms and n is de-
fined in the conventional manner by

ds/dx = -n s(x).

The wavelength dependence of the induced ab-
sorption was investigated by measuring the in-
duced absorption at 4579 and 5145 A using an
argon-ion laser as a probe. The resulting in-
duced absorption coefficients (n) are given below.
They. were measured with a peak pulse intensity
of about 260 MW/cma. The relative accuracy of
the measured values of a is estimated to be bet-
ter than +109o while the absolute accuracy should
be better than +30%.
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FIG. 3. Decay time of induced absorption versus
temperature (peak pulse intensity =240 MW/cm ).

temperatures; it is characterized by a very fast
initial decay for a few milliseconds, followed by
a long tail lasting a few tenths of a second.

The magnitude of the induced absorption and
its wavelength dependence seem quite consistent
with the interpretation of the phenomenon as
free-carrier absorption. Some preliminary pho-
toconductivity measurements have been carried
out at room temperature and have shown electri-
cal conduction with the same decay time as the
free-carrier absorption. The nonlinear absorp-
tion coefficient that was obtained from the data
is also consistent with the results obtained in the
nonlinear coloration experiments on the photo-
chromic samples of SrTiO, .~ The more difficult
question relates to the interpretation of the
mechanism responsible for the observed decay
time and its variation with temperature. The
decay times observed at room temperature could
be explained in terms of direct recombination or
in terms of impurity-aided recombinations.
Even though SrTiO, is an indirect band-gap in-
sulator, the valley minima of the lowest conduc-
tion band are presumed to occur less than 0.1 eV
below the energy at the center of the Brillouin
zone. ' This would imply that a substantial per-
centage of the electrons would be at the center
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of the Brillouin zone where they could undergo
direct recombination with holes in the valence
band. A direct-recombination model such as
this could also explain the temperature variation
of the recombination time if one assumes that
the activation energy corresponds to the depth of
the valley minima of the lowest conduction band.

If this were the situation, at very high tempera-
tures one should measure the direct recombina-
tion time while at very low temperatures one
could (ideally) measure the indirect recombina-
tion time, because all the electrons would be at
the edges of the Brillouin zone. The estimates
of valley depth given by Kahn and Leyendecker'
were between 0.02 and 0.05 eV, which is consid-
erably lower than our activation energy of 0.105
eV. However, recent experimental determina-
tion of electronic effective mass by Parker and
Yahia indicate a greater curvature of the valley
minima than was estimated by Kahn and Leyen-
decker, suggesting that the valley depth may be
larger than what was estimated.

A somewhat more straightforward interpreta-
tion of the temperature dependence of the results
would be to assume that there are impurity
states at about 0.105 eV below the conduction
band which trap a larger percentage of the elec-
trons as the temperature is lowered. One prob-
lem with this interpretation is the fact that ex-
perimental results showed no significant change

0
in the induced absorption at 6328 A as the tem-
perature was lowered from room temperature to
145 K Since, at the lower temperature, a great

majority of the electrons would have to be in the
traps, this interpretation would require that the
absorption cross section of the electron in the
trap and that of the free carrier be the same.
This is possible although it would seem to be an
unlikely coincidence.

Other explanations for the observed recombina-
tion behavior are also conceivable at this stage
and more thorough photoconductivity and fluores-
cence measurements will be required to further
clarify the choice of models.
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EXCITON-PHONON BOUND STATE: A NEW QUASIPARTICLE*

Y. Toyozawaf and J. Hermansonf
Department of Physics and Materials Research Laboratory, University of Illinois, Urbana, Illinois

(Received 12 August 1968)

We point out that an exciton and an optical phonon may form a bound state which moves
through the crystal. Calculated binding energies and oscillator strengths for this new

quasiparticle lend support to recent suggestions that strong exciton-phonon mixing is
present in the optical spectra of some ionic crystals.

In the optical spectra of some ionic crystals
such as ZnQ, MgQ and BeQ, and TlCl and

TlBr, the separation of the first exciton peak
and a higher energy companion is less than the
energy e, of the LO phonon by a fraction b. -10$.
Also, spectral lines associated with the bound
exciton in AgBr:I,4 although observed at energy
separations close to ao in emission, occur at

separations nearly 30$ smaller than ao in ab-
sorption. These facts suggest that (1) the com-
panion structure may be associated with phonon
sidebands a.nd (2) final-state interaction between
the exciton and phonon leads to a negative energy
shift of this structure. To help clarify the situa-
tion, we present model calculations which dem-
onstrate the possibility of bound states of the ex-
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