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Measurement of Acoustic-Wave Dispersion in Solids
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By measuring the time of flight of heat pulses using superconducting tunnel junctions,
we have obtained the frequency dependence of the energy velocity of acoustic waves in
indium antimonide. This yields, with good accuracy, the dispersion relations for long
wavelengths.

Dispersion of acoustic waves in a perfect lat-
tice arises from the discreteness of the crystal-
line array, and becomes important for wave-
lengths comparable to the dimension of the unit
cell. ' The frequency versus wave-vector rela-
tions (v versus q) can, in general, be obtained
from neutron or x-ray scattering data; however,
the frequency dependence of the acoustic velocity
has not been observed directly in a solid. We
present here the measurement of group-velocity
dispersion in indium antimonide by means of heat
pulses at liquid-helium temperatures.

Acoustic phonons, having energies of a few Kel-
vin (lo" to 10" Hz), can be generated in a crys-
tal by Joule heating of a metallic film evaporated
on the surface. The phonons, thus produced in
a wide spectrum, propagate ballistically and

reach the crystal boundary —each with its own

velocity. If the film is excited with a current im-
pulse, the front edge of the heat pulse will signal
the arrival of those phonons that have the largest
group velocity, and this usually corresponds to
the lowest frequency, while later times will cor-
respond to the arrival of dispersed phonons. The
available detectors are quadratic and are mainly
of two kinds: (i) superconducting bolometers, '
sensitive to the energy flux irrespective of the
frequency content of the heat pulse, and (ii) super-
conductor-barrier-superconductor tunnel junc-
tions, ' which are only sensitive to the phonons
able to break the Cooper pairs. Therefore, they
have a threshold of detection equal to the super-
conducting eriergy gap 24, which usually stands
inside the spectrum emitted by the metallic film.
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FIG. l. (a) Sample arrangement. (b) Heat pulses de-
tected by an aluminum boiometer (upper curve) and a
tin junction (lower curve) (c).Magnification of the FT
pulses showing the delay of the junction signal.

If the group velocity of the phonons, of enexgy
2+ shows disperSlon the time of flight of heRt
pulses wiB appear different when measuxed with
a bolometex ox' with a tunnel junction.

The expex'imental arrangement for the puxe sin-
gle InSb sample used is shown in Fig. 1(a). The
gold emittex' has a thickness of 500 A and is ex-
cited by electxical pulses of 1,0 ' see duxation.
Gn the opposite face of the sample, an aluminum
film, 300 A thick, and a Sn/oxide/Sn junction are
superposed for simultaneous reception of the heat
pulses. All thx ee elements, emitter, bolometer,
and junction, have an equal ovex'all area of 1x 1
mm, Rnd Rx'e sepRx'Rted from one Rnothex' Rnd
from the substrate by Rn SiG layer, 4000 A thick.
The bolometer has such a shape that it dogs not
screen more than 50% of the heat flux incident on
the junction.

On the recordings [Fig. 1(b)j, corresponding to
a 1.30-cm pat along [»0], t e time which sep-
arates the fast transverse (FT) heat pulses, as
detected by the bolometer and by the junction, is
quite appreciable. It is much smaller in the case
of longitudinal (L) waves, because, at a given
frequency q dispersion ls R dec x'easing function of
the velocity of sound. The slow t:ransverse heat
pulse was too small to allow accurate time-of-
fhght measurements. Figure 1(c) represents the
magnification of the FT pulses, where the two .

signals have been made equal by adequate attenu-
ation of the bolometer si.gnal, which is the larg-
est, so as to provide all instruments with the
sa e a plit de. The delay eas ed wa &00
nsec, or 1.8% of the transit time, independent of

FT,.$-
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FIG. 2. Belative delays (tq -ts)/f ~, measured with
various junctions, versus (M/h)2. Dashed lines, bait
fits according to the expansion of Eq. (1) (see text).
Inset, taken fram Hef. 7.

the emission power from 10 to 100 W/mm' On
the other hand, the energy gap of tin, as deduced
from an I-V characteristic curve taken at the
working temperature, 1.4 K, was found, to be 24
=1.I45 meV.

The accuracy of ti.me measurements is detex'-
mined by the response times of the detectors Rnd
of the signal integrator. But, since here the sig-
nal-to-noise ratio was high, the delay could be
obtained with a much better precision (+ 5 nsec)
than the overall response time (~40 nsec) would
indicate. In the ease of the tunnel junction, the
sharp rise of the heat-pulse signal is particular-
ly interesting: It shows that the detection occurs
at a vrell-defined energy threshoM and confirms
that the mechanism is paix' breaking, at least in
the limit of low temperatures and relatively small
bias eux'rents.

We have Rpplled this time-of-flight- speetl ome-
try to the detexmination of the dispersion rela-
tions along the [110]direction in InSb. We have
measured the difference between the -apparent ar-
rival times t& and t& at the bolometex' and at the
junction„respectively, for several junctions
made of granular aluminum (2& =0.72 meV), tin
(2s =1.145 meV), or a lead-thallium alloy (2s
=2.25 meV). With the superconducting energy
gap deduced, each time, fx'om the I-V charaeter-
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istics, we have plotted (Fig. 2) the relative delay
(f ~ t-s)/ts versus the square of the detection
threshold frequency 2b/h. The origin corre-
sponds to the measuxement at the bolometer,
which serves then as a calibxator.

The time of flight t~ is inversely proportional
to the energy velocity v, = 2w dv/dq at the fre-
quency v=24/h. If we approximate the disper-
sion relations, for wave vectors along [110], by
a development

2n'v=v q(1 —s2qm+&4q~+ .. ~ )

we can deduce from our measurements the pa-
rameters 6, and a. We find, for the FT mode
(polarization vector along [001]), v, (FT) = 2.35
km/sec (+ 1%), a(FT) = 1.03 A (+ 5%), and can ten-
tatively propose for b the value 0.9 A. For the L
polarization, we find e, (L) = 3.85 km/sec, and
a=0.83 L. The dashed lines of Fig. 2 represent
the function v,/e, —1 obtained from Eq. (1) with
this choice of the paxameters.

We could observe the dispersion of acoustic
waves because heat pulses provide phonons of
large wave vectors, up to about one fourth of the
Brillouin zone, far above the domain of ultrason-
ic waves. But the applicability of our method is
limited, on the high-frequency side, ' by the larg-
est available energy gap (2.6 meV for Pb-Pb junc-
tions). The complete dispersion curves of InSb
have been obtained (with decreasing accuracy at
small wave vectors, however) from studies of
x-ray scattering' and, more xecently, from stud-
ies of neutron scattering' at xoom temperature
(see inset of Fig. 2). Although the first data of
Ref. 7 are for q = 0.2 times the distance between
the I' and the X point (1.37 A ' in InSb), that is,
above our xange of investigation, we substituted
the neutron data at @=0.2 and q=0.4, fox the pur-
pose of comparison, into a sine-type dependence
of v versus q. We obtained v, (FT)=2.25 km/sec,
a(FT)=0.89 A, and for the L mode, v, (L)=3.4
km/sec and a(L) = 0.78 A. Let us recall that the
velocities of sound determined by ultrasonic
pulse techniques' at 0 K are v, (FT) = 2.33 km/sec
and u, (L) = 3.82 km/sec.

We will discuss at last about the effect of the
SiO layer between the bolometer and the junction
[Fig. 1(a)]. It is not obvious a Priori that this
layer does not introduce any delay of the heat
pulses, thus reducing the accuracy of our mea-

surements. To this objection we cRQ give two
answers: (i) In the course of our experiments,
on InSb along [100] and [110], and on germanium
along [110], the measured time differences ranget
from 290 nsec down to 15 nsec, and we have nev-
er met any inconsistency which could have been
traced to SiO. (ii) A superconductor-oxide-su-
pex'conductox' diode has been formed alone. At
low temperature, the diode was used as R tunnel
junction with its detection threshold at 2&; at a
temperature equal to the midpoint of the super-
conducting tx'RQsltlon one Rrm of the diode %'Rs

used as a bolometer. This very simple method,
which eliminates the intermediate Bio layer, was
successfully applied to the case of granular alu-
minum, giving exactly the same result as the
first arrangement.

Differential measurements of the time of flight
of heat guises appear to be a valuable tool for in-
vestigating the onset of dispersion in solids. The
essence of the heat-pulse technique is the separa-
tion of modes according to their velocities. By
improved time resolution, it applies not only to
the separation of different polarizations, but also,
to a certain extent, to the separation of the differ-
ent frequencies. This "time-domain" spectrome-
try makes use of broad-band, rather than mono-
chromatic, emission, and of dispersion, which
is an intrinsic property of solids.

We are indebted to B. J. Elliott for helpful dis-
cussions.
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