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(233), (2233), and (223) but, because' b, =(j+2)
x(1 —x')(1 —x"' )'+' for v=2'3 and b, ~-x' '
x (1 —x'+' )'~'+' for v=2'32' '3, as w'-L-0, only
(223) appears as a stable phase, between (23)
and (2) with 5, —6, =0(u"~). More generally, by
using these results in (9) at stages n= j+ 1 and
n = 2j+ 1, respectively, an inductive argument can
be constructed which yields the remaining con-
clusions.
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A novel technique is described for time-resolved Raman scattering for studying the dy-
namics of nonequilibrium excitations on a picosecond time scale. The generation and the
decay of nonthermal LO phonons in GaAs is measured, and 7' = 7+ 1 ps is obtained for the
relaxation time of the phonon population at 77 K.

PACS numbers: 63.20.Dj, 78.30.Gt

This paper describes a novel technique for
time-resolved spontaneous Raman scattering. As

a first application we investigate the generation
and relaxation of nonequilibrium optical phonons
in a solid. The relaxation of optical phonons oc-
curs on a picosecond time scale and is still in-
adequately understood. The information on the
phonon relaxation processes obtained from the
analysis of the broadening of Raman and infrared

spectra is rather indirect and incomplete. Di-
rect measurements in the time domain, on the
other hand, have provided a detailed picture of
the dephasing of molecular vibrations' and of the
decay of cob,erent optical phonons. ' ' Here we
present, for the first time, a measurement of the
time revolution of nonequilibrium incoherent op-
tical phonons. We observe the generation of op-
tical phonons during the interaction of photoexcit-
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ed hot electrons and holes with the lattice, and
we obtain the relaxation time of a nonequilibrium
population of LO lattice modes. Our method is
suitable for studying the dynamics of other non-
equilibrium excitations in a large variety of ma-
terials.

The experiment is based on a variant of the ex-
cite-and-probe scheme' in which two successive
short light pulses with the same frequency and in-
tensity but with orthogonal polarizations photoex-
cite the material. The strength of the excitations
is probed by detecting the Raman light scattered
off these excitations, i.e. , we measure the anti-
Stokes intensity which is proportional to the num-
ber of generated phonons. The scattered light
produced by the first pulse (pump pulse) is elim-
inated by a suitably oriented analyzer in front of
the detector such that only scattering due to the
second pulse (probe pulse) is detected. '

The total signal of the probe pulse consists of
two parts. First, there is light scattered off ex-
citations left behind by the pump pulse. The vari-
ation of this contribution with the time delay 4t
reveals the rise and decay of the excitations un-
der study. Second, there is a signal caused by
excitations generated by the probe pulse itself;
this contribution is independent of Af. and thus
leads to a constant background signal.

For photoexcitation and Raman scattering we
use pulses from a synchronously mode-locked
rhodamine 6G dye laser operating at ~ = 575 nm
(h&u = 2.16 eV). The laser generates a continuous
pulse train at a rate of 80.6 MHz with an average
power of 80 mW. The pulse duration was meas-
ured by the second-harmonic autocorrelation
method' to be 2.5 ps.

The output of the laser is split to form two
equally intense beams with a continuously vari-
able time delay at. The two beams are then po-
larized perpendicular to each other and recom-
bined on the surface of the sample. The back-
ward-scattered light which carries the informa-
tion about the nonequilibrium excitations is de-
tected by a standard photon-counting Raman spec-
trometer.

In our experiment we study nonequilibrium LO
phonons in GaAs which are produced as follows.
The dye-laser pulses photoexcite electron-hole
(e-h) pairs with an excess energy of 17 times the
LO-phonon energy (h~io= 36.5 meV). Free car-
riers in semiconductors of polar character lose
their excess energy primarily by emitting LO
phonons, because of the strong coupling with lon-
gitudinal lattice vibrations' (Frohlich interaction).

These phonons occupy a volume of the Brillouin
zone which is determined by the conservation of
energy and momentum for the carrier-phonon
scattering. We estimate the upper and the lower
limit of the range of phonon wave vectors (for in-
teraction with conduction electrons) to be q
=10' cm ' and q,.„=3.2& 10' cm ', respectively.
The details of the phonon distribution are not well
known, ' "but the generation of long-wavelength
phonons is strongly favored because the matrix
element of the Frohlich interaction varies as
1/q'. Raman scattering probes only a fraction of
the excited modes near q . : The wave vector of
the phonons observed in backward anti-Stokes
scattering ranges from 7.6 to 7.8x 10' cm '. We
estimate' that about two phonons per mode are
generated in that range by excitation pulses pro-
ducing 10"e-h pairs per cubic centimeters.

Raman spectra of a GaAs crystal grown by mo-
lecular-beam epitazy are measured at 77 K us-
ing picosecond dye-laser pulses. The crystal
has a (100) surface, and the pump and the probe
pulses are polarized along (010) and (001), re-
spectively. The T„point-group symmetry for-
bids TO scattering in this configuration, and LO
scattering is polarized perpendicular to the in-
cident light. An optical analyzer with (010) ori-
entation blocks LO scattering due to the pump
pulse.

Both Stokes (intensity S) and anti-Stokes (inten-
sity A) LO lines are observed in the Raman spec-
trum. From the ratio we find the phonon occupa-
tion number, N= (S/A- 1) '=0.7. The thermal
equilibrium population corresponding to the crys-
tal temperature of 77 K is only 3.8& 10 '. The
following observations rule out heating of the
sample by the light pulses as a possible explana-
tion of the excess phonon population: (i) A ther-
mal occupation number of N=0. 7 would imply a
lattice temperature of about 480 K. In such a
strongly heated crystal the LO-phonon frequency
is expected" to be 289 cm ', much less than the
experimentally observed value of (295+ 1) cm '
which is consistent with a lattice temperature of
77 K. (ii) The ratio S/A for LO and TO phonons
is measured using a (111)-oriented GaAs sample
in a configuration which permits both LO and TO
Raman scattering. The ratio S/A for LO phonons
is identical to that measured for the (100) crystal
within the experimental accuracy. On the other
hand, there is no detectable anti-Stokes scatter-
ing from TO phonons. We conclude that the ob-
served anti-Stokes scattering is due to nonequi-
librium LO phonons generated by photoexcitation.
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Evidence of such nonequilibrium phonons has
already been obtained earlier from Raman scat-
tering with tightly focused cw-laser excitation. "~
However, the power density was typically 10' W/
cm', and strong lattice heating occurred in these
experiments. "~ The average power density in
our experiment is less than VO W/cm', and heat-
ing of the sample can be neglected.

The LO-phonon anti-Stokes Raman scattering
is measured as a function of ~t for excitation
conditions corresponding to 10"e-h pairs per
cubic centimeter. In Fig. 1 we plot the anti-
Stokes count rate versus ht. The signal for large
negative 4t is due to scattering from phonons
generated by the probe pulse as discussed earlier
(background signal). At b, t = —4 ps the signal in-
creases sharply and reaches a maximum at ~t
= 3 ps. Subsequently, a slower decrease to the
background level is measured as ht is further
increased.

The observed variation of the anti-Stokes sig-
nal with 4t is clear, direct evidence of the gen-
eration and relaxation of nonequilibrium phonons.
The rise of the signal signifies the growth of the
phonon population that is caused by the emission
of LO phonons from the photoexcited hot elec-
trons and holes.

The phonon emission is an extremely fast proc-
ess. The theoretically expected energy-loss
rates of electrons and holes in GaAs are a few

times 10" eV/s. '" Such rapid energy relaxation
has indeed been observed by Auston et al. ,

"who
measured 4x 10" eV/s in GaAs. For our situa-
tion we calculate that 90%%up of the initial carrier
excess energy is lost to LO phonons within 2 ps.
A more detailed analysis based on taking the con-
volution of the probe pulse with the expected fast-
phonon generation rate accounts very well for
the observed rise time of the anti-Stokes signal
of -6 ps (10%%uo to 9(P/g of the maximum). With
shorter light pulses providing higher time reso-
lution details of the phonon generation process
can be studied by our technique.

We now discuss the decrease of the anti-Stokes
signal. The decay can be traced from 4t = 5 ps
to about 30 ps. Phonon generation is negligible
here because the carriers have already lost &90%%u&

of their initial excess energy for bt &5 ps. Diffu-
sion of phonons out of the probed crystal volume
is also ruled out because optical phonons near
the center of the Brillouin zone do not propagate.
Thus we conclude that the decrease of the anti-
Stokes signal signifies the relaxation of the LO-
phonon population. Figure 2 depicts a semilog
representation of a detailed investigation of the
signal decay, which is seen to be well represent-
ed by an exponential, exp(- b.t/T'). The relaxa-
tion time of the phonon population is measured to
be ~'=7+1 ps at V7 K. The solid curve in Fig. 2

represents the calculated convolution of the pho-
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FIG. l. Anti-Stokes Raman signal vs delay time At
for the LO-phonon mode of GaAs at 77 K. The zero of
the time scale is given by the maximum of the excita-
tion pulse. The dashed horizontal line marks the back-
ground counting rate due to residual laser light and dark
current of the detector.
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FIG. 2. Semilog representation of the anti-Stokes sig-
nal showing the decay of the LO-phonon population. The
dashed curve is the measured autocorrelation function
of the pulses. The solid curve is calculated.
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non occupation N(t) with the probe pulse. The
dashed curve shows the autocorrelation of the
pulses, indicating that the phonon relaxation proc-
ess is indeed well resolved.

We point out that in principle there is a differ-
ence between the relaxation time ~' of the inco-
herent phonon population and the phonon lifetime
proper, 7. The LO-phonon lifetime character-
izes the decay of a single coherent lattice mode
of frequency co«and wave vector q. Any scatter-
ing process destroying a phonon of that mode de-
creases the lifetime. The phonon lifetime can be
determined by measuring the decay of such a
mode using phase-matched coherent Raman scat-
tering. ' On the other hand, in our experiment we
observe the total phonon population of a large
number of LO modes near the center of the Bril-
louin zone. A redistribution of phonons over
these modes by intrabranch scattering affects
the phonon lifetime, but not the relaxation time
of the population. The phonon lifetime 7. and the
population relaxation time ~' correspond to the
dephasing time' and the lifetime, "respectively,
of molecular vibrations in liquids and gases.
For example, the ratio 7'/7 was measured to be
- 80 for the CH vibration of ethanol. "

Our technique now permits us to measure 7' in
a solid. In order to compare w' with the phonon
lifetime 7 we performed a careful measurement
of the LO-phonon linewidth. The measured value
A v = 0.85+ 0.1 cm ' (at 77 K) suggests v = 6.3+ 0.7
ps. Thus ~' and v are the same within the experi-
mental accuracy of the present measurements,
indicating that intrabranch LO-phonon scattering
is not important. Nevertheless, a more accurate
direct measurement of the phonon lifetime with
coherent Raman scattering might reveal the pos-
sible sma11 difference between 7' and 7.

In summary, we have demonstrated a new light-
scattering technique for directly measuring the
time evolution of nonequilibrium excitations. The
method uses a train of picosecond light pulses
for excitation, and a photon-counting spectrom-
eter for detection of the scattered light. Our
measurements reveal for the first time the relax-
ation of the population of LO lattice modes. Oth-
er excitations such as TO phonons, plasmons,

electrons, etc. can be readily investigated by our
method. For instance, we have measured single-
particle electronic Raman scattering from the
photo excited electrons and holes. Preliminary
results indicate very rapid changes (beyond our
present time resolution) of the velocity distribu-
tion of the electron-hole gas.
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