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ponentially with a decay constant of r =(3.6+'0.3)tb,
where tg is the ballistic time of flight of transverse pho-
nons in the [100] direction (for this 5.5 mm sample
tb =950 ns). Removing the contact to the liquid helium
is critical ~ Otherwise, high frequency phonons scattering
diftusively near the excitation point are lost into the bath
when they encounter the surface, and the remaining
lower frequency phonons (v ( 1 THz) travel ballistically
away from the source.

The applicability of a quasidifTusive model is seen by
comparing the experimental heat pulses with the Monte
Carlo simulation in Fig. 1(b) (solid line). This calcula-
tion of the heat pulse resulting from injecting a nonequili-
brium phonon distribution assumes the spontaneous pho-
non decay for silicon calculated analytically from non-
linear elasticity theory [5] (this isotropic approximation
does not discriminate two transverse modes). In this
theory only longitudinal phonons (I) can split into two
lower energy phonons, although transverse (T) phonons
can convert to I phonons by elastic scattering. (The I
phonon anharmonic decay probability [2] r„' = l.2
&&10 ' [v/(1 Hz)] s ', deduced from the third-order
elastic constants at low temperatures, is employed. ) Both
the frequency and angular distributions of the decay
products are determined kinematically from the energy
and momentum conservation. The simulation partitions
slow transverse and fast transverse phonons by their den-
sity of states and includes the isotope scattering (with
scattering rate [2] r, ' =2.43&& 10 [v/(1 Hz)] s ')
and anisotropy through the phonon group velocity. The
model successfully reproduces the features of the experi-
mental time trace, including the shape of the ballistic on-
set, which is sensitive to the anisotropy of the phonon
propagation, the assumed scattering rates and the details
of the allowed anharmonic processes. Because of this
unique sensitivity, modeling of the quasidifIIusive propa-
gation can give insight into anharmonic decay processes
which are not directly measurable by other means.

The two time traces in Fig. 1(b) illustrate the impor-
tance of the crystalline anisotropy governing the phonon
propagation, which has been neglected in previous simu-
lations. The calculation which assumes degenerate T
modes and isotropy in phonon propagation (dashed
curve) reproduces the decay of the quasidiffusive tail sat-
isfactorily but the peak intensity occurs at 2.6t&. The
more realistic model (solid curve), including the anisotro-

py of the phonon propagation (i.e. , noncollinearity of
wave vector and group velocity directions and the result-
ing phonon-focusing effect) but retaining isotropic decay
gives a sharp onset of ballistic intensity followed by the
monotonically decaying tail. The tail of the quasidif-
fusive pulse can be fitted to an exponential decay, with
T: =3.6th. Thus, the theory of quasidiAusion based upon
the above assumptions gives a late-time decay constant in

good accord with our experiment. Inclusion of anhar-
monic decay within the T branches would tend to lower
the theoretical late-time decay constant r.
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FIG. 2. Comparison of focused (power density = 200
W/mm ) and defocused (power density = 2 W/mm ) time
traces. The power density is varied without changing the total
power deposited in the sample by defocusing the laser spot. The
spot size is estimated by measuring the sharpness of a target
pattern at the sample position. The excitation area is gr/4 times
the full width at half maximum of the beam profile, which
ranges from 20 pm to about 200 pm in the experiment of Fig.
4. The pulse broadening associated with the geometry of a
larger spot size is negligible —less than 1%.

Eliminating losses into the He bath at the excitation
surface is only one necessary precondition for the success-
ful observation of quasidifTusion. The crystal must also
be t. ery weakly photoexcited. Figure 2 shows the remark-
able changes in the heat pulses as we decrease the laser
spot size at constant pulse energy, an eAect discovered by
Shields et al. [4,6]. A large increase in the intensity near
the ballistic time is observed, together with a decrease in

the tail signal. Raising the excitation density appears to
produce more loiv frequency ballistic phonons Con-.
sistent with this observation, phonon images obtained at
tight focus show sharp caustics, which indicate that sub-
terahertz phonons are being emitted from very near the
excitation region. By subtracting a heat pulse slightly oA

a caustic direction (B) from one obtained along a caustic
direction (2), one obtains the lifetime of the localized
source of phonons. This "spatially filtered" trace [7] (3-
B) isolates the pure ballistic phonons and yields a source
lifetime of 160~ 20 ns, as shown in Fig. 3 (see caption).

By continuously varying the laser spot size, we have ob-
tained the peak intensity of the heat pulse as a function of
excitation density. As seen by the solid dots in Fig. 4, a
broad transition between "quasidiffusion" and "localized
source" is centered about 20 W/mm . This excitation
density is more than 3 orders of magnitude below the pre-
dicted threshold for f'ormation of a phonon "hot spot"
mediated by phonon-phonon interactions [4,8,9]. So we
are faced with two questions: What is causing the pho-
non localization, and what has happened to the high fre-

q uency quasid iftusive phonons ~

The answers appear to be associated with the none-
quilibrium carriers (electron-hole pairs) which are pro-
duced by photoexcitation of silicon. At low carrier densi-
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FIG. 3. Heat pulse for phonons traveling ballistically from

the phonon source to the detector, obtained by subtracting time
traces off (8) and on (A) a phonon-caustic direction. The inset
shows the caustic pattern around the [100] direction (Ref. [4]).
Accounting for a detector response of 65 ns gives an estimate of
the localized source lifetime, ~ =160~ 20 ns. This lifetime is
obtained using a 20 pm (FWHM) laser spot size, over a range
of incident total powers (SOO mW & P & 30 rn W).

ties hot-carrier relaxation occurs within a picosecond by
emission of high frequency optical phonons. These opti-
cal phonons down-convert within a few picoseconds and
provide the high frequency acoustic phonons which ini-
tiate the quasidiAusive process. However, a hot carrier
created within a colder electron-hole plasma can lose its
energy by either optical phonon emission or inelastic col-
lisions with other carriers [10]. The latter process would

slightly heat up the plasma as a whole, which then would
emit low frequency acoustic phonons.

lt is well known [11] that at a sufficient photoexcitation
density of Si, electron-hole (e-h) pairs condense into
droplets of electron-hole liquid, with a measured pair
density of 3.3&&10' /cm . A calculation of the carrier ki-
netics at this density, described elsewhere [8], shows that
f'or a small droplet (R =0. 1 pm) 50% of the excited car-
rier energy can be transmitted to other carriers in the
liquid by carrier-carrier scattering. This transfer of ener-

gy to the e-h plasma as a whole raises the temperature of
the droplet to about 6 K. Such a temperature would
make the droplets a rich source of low frequency (sub-
terahertz) acoustic phonons.

To test this idea, we have made photoluminescence ex-
periments under the same conditions as the phonon ex-
periments. We have observed the characteristic recom-
bination luminescence emitted by electron-hole droplets
and the result is shown as the open circles in Fig. 4.
There is an onset of electron-hole droplet luminescence at
about the same power density as the threshold for the lo-
calized phonon source.

Several previous measurements are relevant to this
problem. Most important, the lifetime of electron-hole
droplets in Si is measured to be 140 ns, which is in

reasonable agreement with that observed for the localized
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FIG. 4. Solid dots are the intensity of near-ballistic phonons

arriving in the interval tb & 1 & 1.05tb, as a function of
excitation-power density, obtained by decreasing the laser spot
size at constant excitation power. The detected phonon signal is
almost entirely ballistic at high power densities and quasidif-
fusive at low power densities. There is a broad transition to a
low frequency phonon source around a power density of 20
W/mm . Open circles show the detected photoluminescence
from carrier recombination in electron-hole droplets (EHD) as
a function of' power density, normalized at the highest power
density. The rise in luminescence intensity at about 20 W/mm
coincides with the phonon-signal transition, providing a clear
link between the EHD and the ballistic phonons. Both the pho-
non and the luminescence transitions are dependent upon power
density rather than total power deposited in the sample. The
spectra at low power displays a stronger signal from free exci-
tons (A. =1.128 pm) and a background due to excitons bound to
impurities over a broader range including 1.141 pm. Spectral
resolution =3.5 nm.

phonon source (Fig. 3). The recombination within a
droplet is predominantly via a nonradiative Auger process
[12], providing a source of hot carriers within the colder
droplets. In addition, the size and power dependence of
the cloud of electron-hole droplets [13] is similar to that
for the localized phonon source [4]. Based on this broad
range of experimental evidence and theoretical support,
we conclude that the electron-hole droplets are acting as
the localized source of low frequency phonons in Si.

From this study we have learned that the frequency
and spatial distribution of phonons emitted as a byprod-
uct of carrier thermalization in semiconductors depends
on boundary conditions, excitation density, and electronic
properties of the semiconductor. Except for quasidiffu-
sion observed at low excitation density, phonon distribu-
tions in other semiconductors are not likely to follow gen-
eric models because the electron-hole lifetimes and bound
states vary widely. For example, GaAs is a direct-gap
semiconductor having excitonic lifetimes of about l ns
and no known electron-hole liquid. Ge, on the other
hand, has an electron-hole liquid with a 40 ps lifetime
and carrier interactions are expected to eAect the phonon
distribution. The very long recombination time in Ge
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may help to disentangle the contributions of plasma heat-
ing due to nonradiative recombination and the initial
thermalization processes. In both materials, the thresh-
old for optical phonon emission is 1.5 times lower than in

Si, so that a large part of the energy emitted by the car-
rier distribution should be in optical phonons. Finally,
our photoexcitation experiments may impact the physics
of phonon-based high-energy particle detectors [14],
which involve much smaller deposited energies but possi-
bly comparable local energy density. It will be interest-
ing to view these and other situations in light of the re-
sults presented here.
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