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Acoustic phonons in InSb with wave vectors up to 30k of the zone boundary are observed to

propagate balhsticaHy over a 1 mm distance. An incoherent point source of these large-k phonons

gives risc to a distinct pattern of caustics, as detected by phonon imaging. This phonon-focusing

pattern is obtained using a frequency-selective phonon detector —a Pb superconducting tunnel junc-

tion which is sensitive to frequencics above 650 GHz. The phonon image for these high-frequency

phonons is markedly different from that obtained for longer path lengths using an Al bolometer, in

an experiment which emphasizes lower frequencies (-300 0Hz). The dispersive phonon image is

compared to Monte Carlo simulations employing various lattice-dynamics models as input. Shell,

dipole, rigid, and bond-charge (BCM) models with parameters previously optimized for neutron

scattering data each predict quite distinct phonon-focusing patterns. Qualitatively, the BCM model

agrees best with the phonon-imaging data; however, no effort has been made to adjust the many

lattice-dynamics parameters of each model. The dispersive phonon images are in agreement with a
Monte Carlo calculation which includes phonon scattering from isotopic defects, The combined ef-

fects of isotope scattering in the bulk crystal and frequency selectivity of the Pb tunnel junction re-

sult in a quasimonochromatic subset of detected phonons with a frequency distribution that is rela-

tively independent of the heat-source distribution.

I. INTRODUCTION

Elastic waves of short wavelength are a particularly im-
portant probe of the interatomic forces in crystals. His-
torically, this has been the domain of lattice-dynamics cal-
culations and neutron scattering experiments. Usually,
the phonon dispersion relation to(k) is experimentally
determined along several symmetry directions and fit to
various models of interatomic forces. A complementary
method for characterizing the propagation of high-
frequency phonons is phonon imaging. ' This technique
is sensitive to the shapes of the to(k)=const surfaces in
wave-vector space. %e report here phonon-imaging ex-
periments on large wave-vector phonons in InSb and a
comparison of these results to calculations based on exist-
ing lattice-dynamics models.

Phonon imaging requires the ballistic propagation of
phonons over macroscopic distance generally from a
movable heat source on one side of the crystal to a fixed
detector on the opposite surface. The advantage of this
technique is that a continuous variation of phonon propa-
gation directions can be sampled in a single experiment.
What is measured are the intensities of the ballistic heat
pulses arriving at the detector. The relationship between
the intensity pattern emitted from a point source and the
elastic properties of the crystal is provided by the theory
of phonon focusing. Basically, the nonspherical nature
of the constant-frequency surface in wave-vector space
gives rise to singularities (or caustics) in heat flux. A
measurement of the pattern of caustics by phonon imag-
ing reflects the shape of the co(k)=const (or "slowness" )

surface. As the wavelength of the phonons begins to ap-
proach twice the lattice constant a (i.e., k approaches
nla), the shape of the slowness surface changes. This is
the regime of phonon dispersion.

First experiments by Dietsche, Northrop, and Wolfe

showed that the pattern of caustics in Ge indeed depend
on the frequency of the detected phonons. More recent
work by Northrop, Hebboul, and Wolfe demonstrated the
focusing of dispersive phonons in GaAs, and showed that,
even for mild dispersion, different lattice-dynamics
models predicted significantly different phonon-focusing
patterns. In those experiments, the phonon wave vectors
selected by the detector had a magnitude of 12 to 18% of
the Brillouin-zone boundary. In the present experiments
on InSb, we observe distinct caustics in phonon flux for
phonons with wave vectors which are at 20 to 30% of the
zone boundary. The phonon-focusing pattern associated
with these dispersive phonons is markedly different froin
that of lower frequency, nondispersive phonons. In all
three of the above experiments, the detected phonons had
frequencies of about 700 GHz, as determined by the Pb
superconducting tunnel-junction detector. For InSb, the
"softest" of these crystals, this frequency corresponds to a
slow transverse wavelength of only 20 to 30 A.

Monte Carlo simulations are presented here for four
different lattice-dynamics models, using the parameters
determined from neutron scattering. At the experimental
frequencies near 700 GHz, the models show large qualita-
tive differences. At this point we have not attempted to
adjust the model parameters to fit the imaging data. %e
do, however, address the issue of the distribution of fre-
quencies in these phonon-imaging experiments. Recent
isotope scattering calculations by Tamura are used in a
Monte Carlo simulation to predict the frequency distribu-
tion of ballistically transmitted phonons. For the Pb
detector response and our experimental crystal thickness
(0.5 mm), there is very little variation in the transmitted
frequency distribution as the source temperature is in-
creased beyond about 5K. The spread in frequencies is
only about 10% of the central frequency.

These calculations suggest that when isotope scattering
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is strong, there is no advantage is directly photoexciting
the semiconductor —a method previously suggested to
enhance the generation of large-wave-vector phonons.
Indeed, we also performed photoexcitation experiments on
InSb. Direct photoexcitation produces essentially the
same caustic pattern as that obtained with metal-film heat
sources. Basically, the sharp onset of detector sensitivity
and the strong frequency dependence of isotope scattering
together produce a rather narrow frequency distribution
which gives rise to a well-defined caustic pattern. ' Mono-
chromatic phonon detectors, therefore, are not essential in
these experiments, greatly relaxing a previously anticipat-
ed constraint.

II. IMAGING OF DISPERSIVE PHONONS

There are three basic components to any heat-pulse ex-
periment: generation, propagation, and detection of pho-
nons. To observe the ballistic propagation of large-k pho-
nons, one must carefully consider each of these following
aspects.

(1) Phonon generation. A broadband "point" source of
incoherent phonons is produced by locally heating a metal
film which is evaporated onto the surface of the sample.
In our case, the point source is provided by a focused laser
beam. The frequency distribution of phonons emitted
from a heated metal film, taking into account the acoustic
mismatch between the film and crystal, has been exam-
ined in detail by Kappus and Weis: a nearly Phnckian
distribution of phonons is produced. Alternatively, if the
incident photon energy hv is larger than the band gap of
the crystal, direct photoexcitation of the crystal produces
nonequilibrium camers which relax back to their ground
state by emission of phonons. ' Little is known about the
resulting frequency distribution; the initial carrier
thermalization process involves emission of optical pho-
nons, which subsequently decay to acoustic phonons. At
sufficiently early times after excitation, it is reasonable to
expect that the instantaneous phonon distribution is richer
in short-wavelength phonons than a Planck distribution
created with the same excitation energy.

(2) Ballistic propagation Low tem. peratures are requirtxl
to avoid phonon-phonon scattering. High-quality crystals
are required to avoid impurity and defect scattering.
Transition ions with low-lying electronic excited sites, for
example, Cr + in GaAs, strongly scatter large-k phonons.
Even in pure crystals, there is a basic limitation —phonon
scattering from naturally occurring isotopes. Analogous
to Rayleigh scattering, the isotopic scattering rate in-
creases as v . The only ways to avoid this constraint are
to use isotopically pure crystals or short path lengths.

(3) Detection. Sensitive broadband detection is achieved
with a bolometer, e.g., a granular Al film biased in tem-
perature at its superconducting transition. To obtain fre-
quency selectivity, superconducting tunnel junctions
are used. The junction is operated at a temperature well
below its superconducting temperature, and incident pho-
nons with energy greater than the superconducting gap,
25, produce a tunneling current. Fabrication problems
associated with our requirements are discussed below.

A. Experimental details

A basic phonon-imaging setup is described in detail in
Ref. 3. The objective is to map the spatial distribution of
phonon flux emanating from a point source. In the
present experiments, we use high-quality undoped InSb
samples. ' These crystals were grown along the [110]
symmetry direction by the liquid encapsulation (LCE)
method. They contain an impurity concentration of about
7 X 10' cm and have a mobility of 6)& 10 cm /V sec at
77 K. A wafer with (110) faces is mix:hanically polished
on both sides using a fine cloth covered with an alumina
suspension. ' The crystals are chemically etched in 1 part
nitric acid and 10 parts lactic acid for about 6 min to el-
iminate damage caused by mechanical polishing. ' Next,
a 2500-A film of Cu is evaporated on one face of the crys-
tal for phonon generation via laser excitation. Then, a
200-A layer of SiO is deposited on the opposite face to
electrically insulate the detector from the sample. Finally,
either an Al bolometer or a Pb-PbO-Pb tunnel junction is
fabricated on top of this film.

InSb has very small electron band-gap and effective
masses, leading to small donor binding energies and de-
generate electron statistics even for small impurity levels.
Our samples are sufficiently conducting at 2K to shunt
the detectors, thus requiring an insulating film. The SiO
layer, however, must be thin enough to allow the
transmission of high-frequency phonons. A continuous
film of about 200 A is found to be the smallest practical
thickness to ensure insulation. Empirically, we find that
depositing this silicon monoxide layer in two 100-A steps,
separated by a 10-min exposure to atmosphere, reduces
the potential for shorts. Thicker films resulted in degrad-
ed high-frequency phonon signals for the Pb tunnel-
junction detectors. The adhesion of evaporated Pb films
to SiO is poor, but a procedure which seemed to improve
this adhesion was to "flash" deposit about 5 A of Sn on
top of the SiO layer. '

Small detectors are required to resolve the angular dis-
tribution of phonon flux emitted by a localized source.
Both the Al bolometer and the Pb-tunnel-junction detec-
tors were fabricated with an effective sensitive area of
about 30X30 pm . The Al bolometer is made by vacuum
depositing about 600 A of pure Al through a mask at 10
A/sec in an oxygen atmosphere of about 3&(10 Torr.
The resulting Al strip has a weak link, as shown in Fig.
1(a), which is fine tuned to its superconducting transition
by applying a small d.c. current. Typically, the resulting
granular Al strip undergoes a superconducting transition
between 1.7 and 2.0 K which is higher and broader than
that of pure Al films (T, =1.2 K). The resistance curve
of the bolometer used to obtain the phonon image of Fig.
2(b) is shown in Fig. 1(a). The 10—90%%uo width of the su-
perconducting transition is about 0.2 K and permits the
detection of minute temperature rises.

Lead tunnel junctions, which detect only phonons
whose energies exceed twice the superconducting gap of
lead (25=650 GHz), are needed to discriminate against
the large flux of lower-frequency phonons. Small, high-
quality junctions are difficult to make, because the leak-
age current generally increases with decreasing area. The
Pb tunnel junction consists of two superimposed Pb films
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tive detector area is about 30&30 pm . This top Pb layer
is evaporated more slowly (10 A/sec} in order to avoid
damaging the thin oxide layer. Characteristic curves for
two junctions with different film thicknesses are plotted
in Fig. 1(b). Typically, the 2b gap deduced froin the I-V
curves of our junctions is between 2.3 and 2.8 meV, close
to the nominal gap for a large-area junction, 2.63 meV
(650 GHz). High resistance ratios are possible with larger
area detectors, with substrates whose thermal expansion
coefficient is better matched to Pb films, and with in-
creased thickness of the base Pb electrode. However, we
find that a tunnel junction with thicker base electrode is
not as efficient a detector of large-k phonons. Apparent-
ly, a thinner base Pb film permits a better penetration of
small-wavelength phonons to the junction.

More importantly, we find that while the heat-pulse
signal-to-noise ratio depends on the particular characteris-
tics of the junction, the phonon-focusing pattern does not
change significantly, even for I-V characteristics as dif-
ferent as the two shown in Fig. 1(b). This implies that the
junction sensitivities have a sharp onset at a frequency
close to the gap of Pb, regardless of the leakage current or
resistance ratio.

B. Experimental results
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FIG. 1. Operating characteristics of detectors used in the im-

aging experiments. (a) Resistance of an Al bolometer. The ar-
row indicates the operating point, where the slope dR/dT is
maximum. Inset: diagram of the Al strip geometry. A weak
link produces a very small sensitive area for high angular resolu-
tion. tb) I- V characteristics of two Pb tunnel junctions. The
bottom layer thickness is about 1000 A for junction A and 1500
A for junction 8. The superconducting 26 gap is estimated by
locating the intersection of two tangent lines to the I- V curves.
This construction yields about 2.8 mV for junction A and 2.3
mV for junction 8. A small current is used to bias the junction
for phonon detection. Inset: diagram of the overlap geometry.

0

separated by a thin PbO layer (10—50 A). The principle
of operation is such that an incident phonon with energy
greater or equal to 25 breaks a Cooper pair in the first
(bottom) Pb superconductor. This process generates two
free quasiparticles which can then tunnel through the
PbO layer to the second (top} Pb film, and give rise to a
detectable electric current. The base electrode of the junc-
tion is made by evaporating about 1000 A of pure lead at
20 Ajsec through a 30-p,m-wide slit, onto the SiO layer.
The sample is then removed from the evaporator and
placed in an oxidation chamber' for about 15 min under
a controlled flow of oxygen at about 80%%uo humidity. Fi-
nally, the Pb counterelectrode (2000 A) is deposited
through the same slit mask rotated 90' so that the sensi-

Two basic experiments are performed to examine non-
dispersive and dispersive phonon propagation. The first
configuration, shown in Fig. 2(a), uses a 2-mm-thick crys-
tal and an Al bolometer to emphasize the low-frequency
regime (see Sec. IV.) A relatively broad boxcar gate is
used to include ballistic pulses with velocities spanning
both slow transverse (ST) and fast transverse (FT) modes.
The delay of the time gate after the laser pulse is continu-
ously adjusted to be proportional to the ballistic path
length for each source position (i.e., a "sliding gate" or
"constant-velocity" mode). The resulting phonon image is
displayed in Fig. 2(b). As usual, the most intense regions
define a pattern of caustics which is related to the acous-
tic slowness surface. ' For comparison, we plot in Fig. 3
the caustic pattern predicted for the low-frequency
(continuum) limit, using the low-temperature elastic con-
stants of InSb from acoustic measurements o

C».Ci2.C~.".1.000:0.545:0.446. The similarity of this
"singularity map" with the phonon image indicates that
the detected phonons have little dispersion.

The second configuration, shown in Fig. 2(c), uses a
0.5-mm-thick crystal and a Pb tunnel junction to em-
phasize phonon frequencies above 650 GHz. A strikingly
different phonon image is obtained, as shown in Fig. 2(d).
The Vl' "ridge" structure (center of image) has expanded
by nearly a factor of 4, and the ST "diamond" structures
centered about the ( 100) directions have completely
changed shape. These radical changes signify a distortion
in the slowness surface, which is expected as k begins to
approach the Brillouin-zone boundary.

An important feature in the tunnel-junction image is
that rather sharp and distinct features are observed, indi-
cating that the ballistic phonons belong to a slowness sur-
face of well-defined shape. In the dispersive regime, this
implies that a relatively monochromatic subset of pho-
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FIG. 2. Phonon images for both the nondispersive and dispersive regimes. (a) Experimental configuration which uses an Al
bolometer and a relatively thick crystal (2 mm) to emphasize low-frequency nondispersive phonons. (b) Ballistic phonon image ob-
tained for the configuration in (a) and with the Al bolometer whose characteristics are given in Fig. 1(a). Bright regions correspond to
high phonon flux impinging on the {110)face of the crystal. (c) Experimental configuration which uses a relatively thin crystal (0.5
mm) and a Pb tunnel junction to detect high-frequency dispersive phonons. (d) Dispersive phonon image obtained for the configura-
tion in (c) and with junction A of Fig. 1(b). Large shifts in the focusing pattern, compared to (b), are attributed to dispersion. The
white crosses in the images indicate ( 111)directions. Those in (d) are determined from Fig. 7.

nons is being observed. This may seem surprising at first,
because the tunnel junction is sensitive to all phonons
above 650 GHz; however, as we mill discuss later, isotope
scattering inhibits the propagation of very high-frequency
phonons, limiting the detected frequencies to a small
range above the gap.

The contrast of the phonon-focusing features can be
improved by digitally processing the image to account for
finite experimental resolution. The laser spot and detector

each have a spatial resolution of about 30 pm. Thus, we
Fourier transform the 256&(256 image, divide out the
Fourier transform of a Gaussian with 45-p, m full-width at
half-maximum (FWHM), and Fourier transform the re-
sult back to real space. The deconvolved image, shown in
Fig. 4, shows an improvement in contrast and sharpness
over the raw data. Well-defined caustics are visible.

At this point we must address the issue of time selec-
tion. The heat pulses arriving at the tunnel junction are
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FIG. 3. Calculated phonon-focusing caustics using continu-
um theory. The low-temperature elastic constants of InSb are
taken from Ref. 20. Solid lines are for ST phonons and the
dashed lines are for FT phonons. The solid circles locate the in-

tersection of the three symmetry directions with the (110)plane.

observed to be much broader than the laser pulse width
(100 nsec). Typical time traces are plotted in Fig. 5 for
two situations —one with a copper generator film (as for
the images shown) and one without. Both cases show
long tails but the heat pulse generated with a metal film is
more peaked near the onset. As the delay of the boxcar
gate is adjusted, the intensities of the caustics change but
their angular positions remain fixed. The fact that sharp
features are observable at up to two or three times the
ballistic time of flight indicates that there is a relatively

FIG. 4. Spatially filtered image of the dispersive phonon pat-
tern shown in Fig. 2(d). The effective spatial broadening due to
source and detector sizes is modeled by a Gaussian of width
equal to about 45 pm. After digitaBy deconvolving this Gauss-
ian from the original image, the image gains sharpness and con-
trast. The crosses indicate (111}directions, as determined
from Fig. 7.
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FIG. 5. Heat-pulse traces recorded near the [110] direction
by a single Pb tunnel-junction detector placed on a crystal whose
excitation face is half covered with a thin copper film: (a) exci-
tation by laser heating the metal film, and (b) direct photoexcita-
tion of the bare crystal (A, =514.5 nm). Both excitation methods
yield the same spatial pattern shown in Fig. 2(d).

long-lived localized source of phonons at the excitation re-
gion. Both photoexcitation and metal-film cases show
qualitatively identical focusing patterns, but the metal-
film case yields phonon images with higher contrast
(better signal-to-noise ratio}—suggesting a more localized
source of phonons in that case.

There is, however, an interesting feature in the phonon
image that occurs most prominently at the earliest time
delays. A hint of this structure is present in Fig. 4: inside
the broad & 1 ridge appears another weak pair of FT caus-
tics. This structure is more readily seen at early delay
times, when the broad ridge is weaker. Figure 6(a) illus-
trates this case. The phonons associated with this weaker
& I' structure have larger velocities and lower frequencies.
We believe that these weaker signals are due to the tunnel
junction acting slightly as a bolometer. The thermally
generated junction current is modulated slightly by the
large flux of low-frequency phonons. Notice also that the
image in Fig. 6(a) shows two superimposed ST structures:
the square structure corresponding to -700 GHz and a
round structure from lower-frequency phonons. Figure
6(b), obtained with later delay times, illustrates the domi-
nance of the 700-6Hz structure when these more disper-
sive (lower velocity} phonons are selected. The data in
Fig. 6 was obtained with junction 8 in Fig. 1(b).

In the images shown so far, there is little evidence of
ST focusing structures near (111). As we will see from
Monte Carlo calculations, the intensity of these structures
is predicted to be much weaker. To experimentally bring
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out these features, we choose longer delay times—
corresponding to longer path 1engths and slower

velocities —and w'e digita11y deconvolve a Gaussian of 60

LMm width. This value is found to give the most image

contrast, which reasonably suggests a source spreading at

later times. Also we average together all four quadrants

of the image, making use of the fourfold symmetry to in-

crease the signal-to-noise ratio by a factor of 2. The result

FIG. 6. Dispersive phonon images obtained with Pb tunnel
junction 8 of Fig. l(b) for a 0.5-mm-thick crystal. Both images
are spatially sharpened by deconvolving a Gaussian width of
about 45 pm. (a) Early times: a narrow boxcar time gate is ad-
justed to select a group velocity of about 1.7&10 cm/sec. The
distinct caustics, characterized by the inner FT ridges and the
round ST structure centered about [100], are due to phonons
whose average frequency is lower than the 2A gap {see text). (b)
Later times: same as (a) except sampling a lower group velocity,
V=1.4& 10' cm/sec. The pattern associated with 26 phonons
is dominant.

FIG. 7. (a) Processed phonon image obtained with Pb tunnel
junction 3 of Fig. 1(b) for a 0.5-mm-thick crystal. The image is
taken at later boxcar delay times and a 60-pm-width Gaussian is
then deconvolved to emphasize the weaker ST focusing struc-
tures near ( 1 I 1 ). Also, the four image quadrants are averaged
together to increase signal-to-noise ratio by a factor of 2. (b)
The positions of the local intensity maxima in (a) are traced
from the image to indicate the positions of the caustics. Solid
lines are for the ST mode and dashed lines are for the FT mode.
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is shown in Fig. 7(a). The threefold-cusp structure about
{111)can now be seen. In Fig. 7(b) we sketch the ap-
parent positions of the caustics and indicate the crystal-
line symmetry directions. Our next task is to compare
these results with theoretical calculations.

III. CALCULATIONS OF DISPERSIUE
PHONON FOCUSING

For InSb, there is about 30% variation in the sound
velocity with propagation direction. Consequently, a
phonon's group velocity vector is not, in general, parallel
to its wave vector. It is this property of solids which gives
rise to the phonon-focusing effect and leads to highly an-
isotropic phonon-flux distributions. Since phonons travel
along the direction of their group velocity, the theoretical
problem consists of mapping the group velocity corre-
sponding to an isotropic distribution of phonon wave vec-
tars. Mathematically, the group velocity V is related to
the phonon wave vector k via the relation

V=V),co(k) .

This equation provides the basis for phonon-focusing
calculations in both dispersive and nondispersive regimes.
For each phonon frequency coo, there is one frequency sur-
face per mode in k space, given by coo ——co(k). In general,
these constant-frequency surfaces have the shape of de-
formed spheres. Since group velocity vectors extend along
surface normals, it is possible to have a situation in which
a large number of phonons with different k vectors yield
nearly a single direction for their group velocities. The
phonon flux in that propagation direction is then consid-
erably enhanced. Mathematical singularities in phonon
intensity correspond to lines on the surface where the total
Gaussian curvature vanishes.

In the long-wavelength limit (i.e., the nondispersive re-

gime), this energy channeling is well predicted in the con-
text of continuum theory of elasticity. Basically, the crys-
tal is treated as a continuous medium whose direction-
dependent elastic properties display anisotropies directly
related to the fourth-rank elasticity tensor C;~) . The
phase velocity U=nilk of mechanical vibrations (pho-
nons) is then found to be independent of the wave-vector
magnitude k but varies with direction. As a result, the
shape of constant-energy surfaces is independent of fre-
quency.

A. Lattice dynamics

When the wavelength of phonons approaches the size of
interatomic spacings, the discrete nature of the crystal has
to be taken into account and continuum elasticity theory
is no longer valid. The focusing properties of large-k
phonons in Ge (Refs. 5, 21, and 22) and GaAs (Ref. 6)
have been previously studied. Because InSb is somewhat
softer than these two crystals, a given frequency (700
GHz) gives rise to a much more pronounced effect, as
seen in the experimental data.

In order to explain the Pb tunnel-junction data present-
ed in Sec. II microscopic theories which predict wave
motion from interatomic forces need to be considered.
These lattice-dynamics models are characterized by a set

~ ~ ~

0.9

C3

CC 0.6

~ ~ ~ ~ e eo ~ 4
~ yt ~

o

—BCM—Shel l

--' Rlgld
——Dipole

~ Neutron

-scattering
data

0.0
Q.o 0.6 0.8 I.Q

FIG. 8. Dispersion curves co(k) for the TA modes of InSb
along two symmetry directions: (a) [100] propagation and (b)

[111]propagation, as calculated by BCM, shell, rigid, and dipole
models. Neutron scattering measurements are taken from Ref.
31 and shown with the experimental error bars. The computed
frequency distribution widths of heat puhes detected by Al and
Pb detectors are represented by vertical bars (see Sec. IV). The
arrows locate frequency distribution maxima.

of adjustable parameters. The parameters have been pre-
viously varied until the computed dispersion relation co(k)
along high-symmetry directions best fits existing inelastic
neutron scattering measurements for all branches. Acous-
tic measurements of elastic constants are often used as ad-
ditional input to the model calcu1ations.

Based on varying assumptions about interatomic forces,
several lattice-dynamics models have been applied to III-V
compound semiconductors, all of which agree reasonably
well with neutron scattering data. In this paper, we report
calculations for InSb which are performed with four of
the most commonly used models. Briefiy, the models are
(1) a 15-parameter deformation-dipole model using
static charges, atomic deformabilities, local polarizabili-
ties, and coupling parameters extending to second-nearest
neighbors; (2) an 11-parameter rigid-ion models 26 ob-
tained by setting the local polarizabilities to zero in the di-
pole model; (3) a 10-parameter valence-force-field shell
model 2 which views the atoms as having ionic cores
and rigid, displaceable electronic shells, and describes
core-core, core-shell, and shell-shell interactions to
second-nearest neighbors; and (4) a 6-parameter adiabatic
bond-charge model ' (BCM) characterized by interac-
tions involving massless bond charges which are allowed
to move adiabatically. Given an arbitrary wave vector k,
each model provides co(k) as an input to our phonon-
focusing calculations, No attempt has been made to ad-
just any of the published model parameters to fit our
phonon-focusing results.

Dispersion curves for the TA branch in the [100] and
[111]propagation directions, as predicted by each model,
are shown in Fig. 8 along with neutron scattering mea-
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surements ' for InSb. The model fitting procedure (not
ours) includes the neutron scattering data in the [100],
[110], and [111] symmetry directions for all phonon
branches. In this case, the four models fall fairly close to
the experimental error bars in the [111]direction, whereas
more serious deviations occur along the [100]direction for
these acoustic branches. In general, differences among
models become more prominent as k approaches the Bril-
louin zone boundary. The 25 gap of our Pb tunnel junc-
tions is indicated in Fig. 8 and the computed frequency
range of detected phonons which are transmitted through
a 0.5-mm-thick InSb crystal is shown as a vertical bar (see
Sec. V). Similarly, the computed frequency range for
phonons transmitted through a 2-mm-thick sample and
detected by a broadband A1 bolometer is shown. The ar-
rows locate the peaks for both distributions.

To see how well these lattice-dynamics models predict
phonon focusing, it is useful to plot co(k) at a constant
frequency. The curves in Fig. 9 represent the intersections
of slowness surfaces [co(k)=F00 surfaces] with a (110)
plane, which contains all three high-symmetry directions.
As the phonon frequency increases, the constant-
frequency surfaces distort differently for each model. In-
flection points where the local curvature vanishes are
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FIG. 9. Constant-frequency contour lines obtained when

slowness surfaces at 300, 700, and 900 GHz intersect a (110)
plane, as predicted by BCM, shell, rigid, and dipole models for
InSb. (a) ST mode and (b) FT mode. Circles mark inAection
points which lead to phonon-flux singularities along group velo-
city vectors Vg at those points. Dispersion causes these
constant-frequency surface to distort and results in a substantial
shift in the focusing pattern. For a given frequency, the models
predict different shapes for the slowness surface and conse-
quently yield different focusing patterns.

represented by open circles. Large phonon intensities are
predicted along the direction of surface normals, or group
velocities, at these inflection points. For example, the an-
gle that the group velocity vectors make with the [110]
direction in Fig. 9(b) corresponds to half the angular
width of the I i' "ridge, '* as illustrated with the dashed
lines in Fig. 3. All four models predict that the angle in-
creases with frequency, in agreement with experiment.
However, each model yields a different value for this an-
gle [Fig. 9(b)]. Consequently, dispersive phonon imaging
appears to be a very sensitive tool in evaluating the rela-
tive merit of lattice-dynamics models in predicting the
acoustic modes, because it provides a direct handle on the
curvature of constant-frequency surfaces. Similar re-
marks can be made about the ST focusing features.

B. Monte Carlo simulations

Phonon-focusing patterns associated with each lattice-
dynamics model are produced by assuming an initial ran-
dom but isotropic distribution of wave vectors k and
mapping them into real space using Eq. (1). Each phonon
contributes to the brightness of the image pixel corre-
sponding to its particular propagation direction in the ex-
perimental plane. Monte Carlo images for each of the
four above-mentioned lattice-dynamics models are shown
in Fig. 10.

In order to produce these clear phonon-focusing pat-
terns, approximately 10 k vectors need to be processed.
Since, depending on the lattice-dynamics model, it takes
anywhere from 0.5 to about 30 sec of central processing
unit (cpu) time to map one phonon on a VAX 750 com-
puter, direct computation is impractical. Instead, we
resort to a "neighborhood Monte Carlo" scheme to simu-
late the phonon-flux patterns. ' First, the symmetry-
reduced section of the Brillouin zone is divided up into
about 10 cells, and co(k) is determined at the center of
each cell. Coefficients for a second-order Taylor expan-
sion of co(k) are determined at each point, which provides
an efficient k to V mapping of all wave vectors in the
neighborhood of that point. Determining the array and
local expansion coefficients requires about 3—70 h of cpu
time. A large number of randomly sele:ted wave vectors
can then be converted to group velocity vectors and
mapped onto the experimental plane, where their density
represents phonon flux. Next, we calculate Monte Carlo
phonon-focusing patterns by imposing constraints on co,
V, or k. This part of the processing is relatively fast;
about —,

' h of cpu time is required for 10 phonon trajec-
tories.

The Monte Carlo images shown in Fig. 10 are produced
for the frequency interval 650—750 GHz, to compare
with a Pb tunnel-junction data. This range of selected fre-
quencies is justified in Sec. V. For each model, both the
ST and 0 l' phonon modes are displayed in the same im-
age. Significant variations are apparent among the
models. For example, the widths of the Fi' ridges (center
of pattern) vary by a factor of about 1.5. More striking,
however, are the differences in the shapes and sizes of the
ST focusing structures around the (100) directions. The
BCM model predicts a pattern in Fig. 10(d) which is qual-
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FIG. 10. Calculated phonon-focusing patterns for the frequency range 650—7SO 6Hz using four lattice-dynamics models: {a)
shell, {1)rigid, (c) dipole, and (d) BCM. These are to be compared with Pb tunnel-junction data presented in Figs. 2(d) and 7.

itatively the most similar to the Pb tunnel-junction data
(Fig. 7). Dipole and rigid models yield markedly different
ST structures around the [100]direction even though their
associated contour lines in Fig. 9(a) almost coincide at 700
GHz. This demonstrates the sensitivity of phonon-
focusing structures to small differences in the curvatures
of the constant-frequency surfaces.

Next we illustrate the frequency-dependence of the
phonon-flux distributions. Figure 11(a) is a Monte Carlo
simulation using the continuum-limit elasticity tensor.
Figures 11(b) and (c) show the focusing patterns produced
with the BCM model for the frequency intervals 250—350
and 850—950 GHz, respectively. The focusing pattern of
Fig. 11(c) is due to dis'persive phonons which lie deep in
the Brillouin zone at about 0.5k,„.Figure 11(b) is in
good qualitative agreement with the Al bolometer data of
Fig. 2(b), but the sizes of the structures do not match ex-
actly. Even at frequencies as low as 300 GHz, therefore, a
significant effect of dispersion on the phonon-focusing
pattern of InSb can be observed.

IV. FREQUENCY DISTRIBUTION
OF THE BALLISTIC PHONONS

The elastic scattering rate of a phonon traveling
through an isotopically impure crystal increases as the
fourth power" of its frequency v, that is, r '=Av The.
attenuation coefficient, e ""'~, represents the probabili-
ty that a phonon with frequency v and group velocity V
propagates ballistically a distance R. This isotope scatter-
ing can be incorporated into our Monte Carlo calculations
as follows.

(1) A phonon wave vector k is selected at random as be-
fore and its corresponding frequency v(k) and group velo-
city V=2m Vl,v(k) are obtained by the linear interpolation
method described above, using a given lattice-dynamics
model.

(2) The isotope scattering rate is computed ustnII
Tamura's low-frequency-limit expression
=(1.62 X 10 ')v sec ', which is assumed to hold
throughout the 0—1000 GHX range.
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FIG. 11. Frequency dependence of the computed phonon-
flux patterns. (a) Elasticity theory„v=0 GHz. The elastic con-
stants are taken from Ref. 20. (b) BCM, v=250—350 GHZ, and
(c) BCM, v=850—950 GHz.

(3) The transmission probability e ~ ' is evaluated,
and a point is added to the image with this probability. In
effect, phonons which scatter are ignored and ballistic
phonons are tabulated.

The frequency distribution of transmitted phonons ori-
ginating from a selected initial phonon distribution can
now be investigated theoretically. In particular, a Planck
spectrum is known to describe the frequency distribution
of phonons emitted from heated metal films. The re-

sults of calculations using the bond-charge model (BCM)
are shown in Fig. 12 assuming an initial 10-K Planck dis-
tribution. The small circles in Fig. 12(a) and 12(c)
represent the number of ST phonon counts tabulated at
25-6Hz intervals, summed over all propagation direc-
tions. The initial Planck distribution is obtained by set-
ting the crystal thickness to d =0 mm, which eliminates
the effects of isotope scattering in the computation.

%e consider two particular situations, corresponding to
the two experimental images in Fig. 2. The calculation of
Fig. 12(a) is for a 2-mm-thick crystal with a broadband
detector. The transmission factor assuming a single non-
dispersive velocity VsT[110]=1.68X105 cm/sec is plot-
ted for comparison. The transmitted distribution, howev-
er, is calculated using the actual dispersive velocity for
each phonon. We see that the combined effects of disper-
sion, V( v), and varying path lengths, R, pull the
transmitted distribution slightly towards smaller frequen-
cies and allow fewer phonons, especially in the high-
frequency region, to follow a collision-free path to the
other side of the crystal. The corresponding image of bal-
listically transmitted phonons is printed in Fig. 12(b).
The result is similar to the data of Fig. 2(b).

In the second calculation, Fig. 12(c), we consider a 0.5-
mm-thick crystal and a detector with a sharp onset
threshold at 650 6Hz (=2bpb). In this case, the com-
bination of detector response and isotope scattering pro-
duces a remarkably sharp distribution of transmitted pho-
nons, with a FWHM of only 9' of the center frequency.
The calculated image for this distribution is shown in Fig.
12(d). This theoretical image is quite similar to the data
of Fig. 4.

So far, we have only discussed the case of an initial
Planck distribution which is characterized by a single
heater temperature T =10 K. Next, we examine changes
in the transmitted phonon distribution as the heater tem-
perature is varied. In Fig. 13(a) are plotted the frequency
of the peak (v&), the FWHM (b) and the "cutoff" frequen-
cy (v, ), all derived from the transmitted distributions as
defined in Fig. 12(a). A striking feature is the rapid sa-
turation of the distribution characteristics with increasing
heater temperature. This result stresses that isotope
scattering acts to severely limit the mean free path of
high-frequency, large-k phonons in crystals, regardless of
the original form of the phonon distribution. Figure 13(b)
shows that the FWHM of the tunnel-junction distribution
strongly saturates at about 11%of the gap frequency. %e
believe that this is why the phonon images using a Pb tun-
nel junction exhibited essentially the same caustic pattern
as when the crystal face was directly photoexcited, i.e., no
metal film. Huet and Maneval, however, have observed
an upward shift in the transmitted spectrum of LA pho-
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nona when the crystal is photoexcited. LA phonons suffer
less scattering from isotopes due to their relatively higher
sound velocities ( Vz [110]=3.8 X 10 cm/sec), and weaker
cBsper sion.

The continuous curves of Fig. 13 are obtained by fitting
a simple model which takes into account the experimental
geometry. The dispersion relation, v(k), is approximated
throughout the Brillouin zone by a sinusoidal function

whose zone-boundary value is made to coincide with the
neutron scattering measurement ' of 1.12 THz. The
transmitted phonon fiux is then integrated over the image
plane, and the resulting v~, b,v, and v, of the distribution
are plotted against heater temperature. The single fitting
parameter is a sound velocity which turns out to be
2.0X10 cm/sec, which is close to the average TA veloci-
ty'4 at k =O.
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FIG. 12. Predicted frequency distributions of ballistic phonons and their associated focusing patterns when the isotope scattering
effect is included. Results are presented for the two types of detector responses: Al bolometer [(a) and (b)], and pb tunnel junction
l«) and (d)] u»ng BCM. (a) Cal«iattons for a 2-mm-thick InSb crystal: (1) initial 10-K Planck distribution, obtained for a vanish-
ng crystal thickness in the computation, (2) transmitted phonon distribution, (3) transmitted distribution, planck ~e ~ ', along the
[110]direction (d =2 mm) for a single sound velocity VsT ——1.68 X 10 cm/sec (from Ref. 34), and (4) transmission factor, e ~ ', in
(3). (b) Computed focusing pattern due to the transmitted distribution (2) in (a). (c) Calculations for a 0.5-mm-thick crystal: (1) ini-
tial 10-K Planck distribution (divided by 4), (2) transmitted distribution, and (3) ideal Pb tunnel-junction response function with a gap
at 26pb ——650 GHz. (d) Computed focusing pattern due to the transmitted distribution {2) in (c).
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V. SUMMARY AND PROSPECTS

While much quantitative analysis of dispersive focusing
patterns remains, we beheve that these experiments on
InSb have overcome some major hurdles. Ballistic propa-
gation of acoustic phonons with wave vectors up to 30%
of the zone boundary have been observed, and their
phonon-focusing pattern is markedly different from that
of nondispersive phonons. The sharpness of these disper-
sive structures and their insensitivity to time selection im-

ply a major simplification in the interpretation of disper-
sive phonon images: an almost monochromatic set of
ballistic phonons is being detected. Our Monte Carlo
analyses, making use of Tamura's model for isotope
scattering in InSb, show why this is the case. The com-
bination of a detector with sharp frequency onset and iso-
tope scattering acting as a relatively sharp low-pass filter
produces a relatively narrow frequency distribution of

FIG. 13. Dependence of the transmitted phonon distributions
in Fig. 12(a) and (c) on heater temperature. Data points are ob-
tained from Monte Carlo calculations as in Fig. 12. The con-
tinuous curves are the result of fitting a simple sine-like model
for dispersion co(k) to the Monte Carlo data. (a) F%'HM peak,
and cutoff frequencies, as defined in Fig. 12(a), versus heater
temperature for Al bolometer response. (b) The width hv de-
fined in Fig. 12(c) versus heater temperature for Pb tunnel-
junction response.

ballistic phonons (hv/v~10%). We have found that
direct photoexcitation of the crystal is not necessary, or
even desirable, for producing large-k phonons (as previ-
ously thought): metal-film excitation seems to produce a
more localized heat source which is desirable for angular
resolution. Therefore, even optically transparent crystals
may be studied by this method.

Future experimental directions may include the use of
other types of tunnel junctions such as PbBi with b, =870
GHz and NbN with 2b,=1 THz to probe deeper into the
Brillouin zone. In situ frequency tunability is a real possi-
bility: for example, an external magnetic field can be ap-
plied to lower the superconducting gap. In each case, the
thickness of a crystal must be chosen with consideration
for spatial resolution and phonon scattering lengths.

The analysis of the phonon images is still at an early
stage. Methods must be devised to numerically fit a given
lattice-dynamics model to a particular phonon image.
Presently each model depends on a large number of ad-
justable parameters. It is possible that data from both
neutron scattering measurements (which also contains in-
formation on optical branches) and phonon images could
be used in obtaining an optimal set of fitting parameters.
One way to quantify the phonon images would be to fit
them with a phenomenological lattice-dynamics theory,
the parameters of which could be incorporated into a par-
ticular lattice-dynamics model much as the low-frequency
constants are now incorporated. No universal
phenomenological theory like continuum mechanics has
been developed for a discrete lattice, but progress has been
made recently towards that end. DiVincenzo has exam-
ined the form of the dynamical matrix in cubic crystals
up to second-order in wave vector. So far, his approach
should be applicable to mildly dispersive phonons. Obvi-
ously, it would be very useful if the positions of the caus-
tics in Fig. 7 could be reproduced using one or two adjust-
able parameters in the dynamical matrix in addition to the
elastic constants.

Despite these technical difficulties, one thing remains
clear: the dispersive phonon images of InSb at 700 GHz
contain information about the elastic wave surfaces which
is not completely accounted for in any of the lattice-
dynamics models we used —at least as they are presently
fit to the neutron scattering data. BCM, which was actu-
ally devised for covalently bonded semiconductors and
has the fewest adjustable parameters, best reproduces the
qualitative features of the phonon image. It would be in-
teresting, for example, to see if adjustment of the model
paraxneters could provide better agreement with the pho-
non images without significantly affecting the fit to the
neutron scattering data. If so, a more accurate representa-
tion of elastic wave propagation in InSb would be
achieved.
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