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Attenuation of longitudinal-acoustic phonons in amorphous SiO, at frequencies up to 440 GHz
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We report measurements of the attenuation of longitudinal-acoustic phonons in amorphous SiO, for
frequencies between 76 and 440 GHz, and in the temperature range 80-300 K. The samples are
chemical-vapor-deposited films grown on tungsten substrates, and the phonons are generated and detect-
ed using picosecond optical techniques. The phonon attenuation is found to depend only weakly on tem-
perature. In the upper part of the frequency range, there is some evidence that the frequency depen-
dence is faster than quadratic, thus indicating that the attenuation cannot be explained by classical relax-
ation theory. A discussion of the relation between these results and the analysis of thermal-conductivity

measurements is given.

I. INTRODUCTION

Despite much work the thermal and acoustic proper-
ties of amorphous materials remain imperfectly under-
stood. Experiments have shown that! while the behavior
of amorphous and crystalline materials are very different,
the properties of a wide range of different amorphous
solids are surprisingly similar. These properties include a
specific heat C that varies linearly with temperature
below about 1 K, an anomalously large T term in C at
higher temperatures,” a thermal conductivity x varying
approximately as T2 below 1 K, and a plateau in «(7T)
(i.e., a nearly temperature-independent region) at temper-
atures between roughly 2 and 10 K. The ultrasonic at-
tenuation is much larger than in crystals, and has a com-
plicated dependence on temperature, sound amplitude,
and frequency.’

Even at the phenomenological level, it is only below 1
K that these properties of amorphous materials are un-
derstood. In this temperature range the specific heat,
thermal conductivity, and ultrasonic attenuation can all
be understood* by the two-level-system model (TLS) in-
troduced by Phillips’ and by Anderson, Halperin, and
Varma.® Despite much experimental work the nature of
the TLS defects has not been determined.” At higher
temperatures, there is no generally accepted explanation
of the T3 term in the specific heat or of the temperature
dependence of the thermal conductivity. If it is assumed
that heat in glasses is carried by phonons, then the
thermal conductivity should be given by the kinetic for-
mula

K(T)=%f0mDC(cu,T)A(a),T)v do, (n

where C(w, T) is the contribution to the specific heat per
unit volume from phonons of angular frequency
w, Alw,T) is the mean free path of these phonons, and v
is their velocity.® From the single experimental quantity
«k(T) it is clearly impossible to determine uniquely the
dependence of A on the two variables w and 7. If one as-
sumes, however, that A is primarily a function of fre-
quency (i.e., that the T dependence of A can be ignored),

4“4

then a reasonably definite estimate of the form of A re-
quired to give the correct «(7T) can be made.’ For fused
quartz this is shown'® in Fig. 1. At a critical frequency
v., which for a-SiO, is estimated to be about 100 GHz, A
begins to decrease very rapidly, and over a narrow fre-
quency range falls to a value of about 10 A. This sharp
drop in A is necessary to give the plateau in «( 7).

The frequency dependence of the mean free path could
be quite different if A has a significant dependence on T.
There are a few experiments that bear on this issue, but
at the present time these do not provide a complete pic-
ture. It is possible to use the tunnel-junction tech-
nique!! 1% to make measurements up to several hundred
GHz at low temperature, typically 77<2 K. Data have
been obtained by several groups, but there are some im-
portant differences in the results obtained, as we will dis-
cuss later. At higher temperatures, where junctions can-
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FIG. 1. Estimated frequency dependence of the phonon
mean free path based on an analysis of the thermal conductivity
k. The fit is taken from Ref. 10.
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not be used, the highest-frequency measurements!’ have
been made by Brillouin scattering and are around 30
GHz. We have made preliminary reports'®!® of measure-
ments obtained at higher frequencies using a new method
based on picosecond optics techniques. In this paper we
describe the results of a more extensive set of measure-
ments that cover the temperature range 80-300 K and
extend in frequency up to 440 GHz. We describe the ex-
perimental method in the next section, and in Sec. III
present the results and discuss uncertainties associated
with this type of measurement. In Sec. IV we discuss the
relation of these results to other probes of the phonon
mean free path in glasses, including thermal conductivity
and tunnel-junction measurements.

II. EXPERIMENT

A. Apparatus

The experimental arrangement is shown schematically
in Fig. 2. The a-SiO, sample was a thin film deposited
onto a (100) single-crystal tungsten substrate. An
aluminium film for use as a transducer was evaporated on
top of the SiO,. To generate a sound pulse a short light
pulse (the “pump” pulse) was focused onto a small area of
the Al film. The increase in temperature of the Al caused
it to expand, thereby launching a strain pulse into the
sample. This strain propagated through the SiO, sample
and was then partially reflected at the SiO,-W interface.
On returning to the Al transducer the strain caused a
small change in the optical reflectivity. This change was
measured by means of a time-delayed probe pulse. To
make the measurements the time dependence of the
reflectivity change AR (¢) was measured by sweeping the
time delay of the probe. The magnitude of AR was typi-
cally of the order of 107>, and so it was necessary to use
modulation techniques together with a large amount of
signal averaging to obtain accurate measurements. Some
typical data are shown in Fig. 3. These are for a 750-A
film of SiO, with a 130-A Al transducer.

In these experiments we used?® a Nd:YAG (yttrium
aluminum garnet) mode-locked IR laser, which, after fre-
quency doubling and pulse compression, synchronously
pumped a dye laser to produce 0.5-nJ pulses at 585 nm.

PUMP
LIGHT PULSE
PROBE
LIGHT PULSE STRAIN PULSE
\ »
SiO, SAMPLE

Al TRANSDUCER W SUBSTRATE

FIG. 2. Schematic diagram of the experiment.
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FIG. 3. Experimentgl data (reflectivity change AR as a func-
tion of time) for a 750-A SiO, film at 160 K.

The pulse duration 7, was typically 0.5 psec. The pump
and probe beams were focused to a diameter of ~20 um
on the transducer surface, and the energy per pulse in
these beams was typically 0.1 and 0.01 nJ, respectively.
From the calculated heat capacity of the illuminated area
of the Al film we could find the temperature jump pro-
duced by each pump pulse. This was about 1 K at an am-
bient temperature of 300 K, rising to 3 K at 80 K. In ad-
dition, the pump and probe beams produced a steady-
state temperature increase of the Al relative to the tem-
perature of the W substrate. To make an estimate of this
we assumed that the SiO, films had the same thermal
conductivity as bulk @-SiO,. This temperature increase is
proportional to the sample thickness, and is larger at
19wer ambient temperatures. However, even for a 5000-
A sample at 80 K it is only 1.5 K. Thus, under the condi-
tions of the experiment both the transient and steady-
state heating of sample by the laser were small effects.

B. Sample and transducer

The a-SiO, film was grown on the W substrate by
chemical-vapor deposition (CVD). We chose this method
because other studies®! have shown that films prepared in
this way have properties close to those of bulk SiO,. The
substrate temperature was 720 K, and the flow rates of
the oxygen, nitrogen, and silane were controlled to
achieve a growth rate of around 2 Asec™!. The film
thickness was determined by means of an ellipsometer,
and it was found that the thickness variation over the
film area (~0.8 cm?) was less than 10%. The ellipsome-
ter measurement gave a value of 1.46 for the refractive
index at a wavelength of 633 nm, which agrees with the
refractive index of bulk Si0,.?

Tungsten was chosen for the substrate material because
of its very high acoustic impedance. This results in a
large reflection coefficient of the strain pulse at the SiO,-
substrate interface. Before deposition of the SiO, the W
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substrates’> were mechanically polished and, in some
cases, given a further electromechanical polish.?*

The Al transducer film had a typical thickness of 130
A, and was evaporated onto the SiO,. The growth rate
was 2 Asec”! in a vacuum of ~107® Torr. Aluminium
was chosen as the transducer material because it has
nearly the same acoustic impedance as SiO,. Conse-
quently, there should be only a small acoustic reflection
at this interface. In addition, Al has the advantage of
high optical absorption, which means that even a 130- A
film can absorb essentially all the light in the pump pulse.

C. Analysis of data

The measured results for AR (#) show the acoustic
echoes superposed on a smoothly decaying background
(see Fig. 3). This background arises because there is a
contribution to AR from the change in temperature of
the Al films. This temperature relaxes as heat flows from
the Al through the SiO, into the W substrate. In the first
step in the data analysis we made a fit to this background
and then subtracted it from the raw data. This left the
data in the form of a series of separated echoes with a
background between them, which was zero apart from
random noise.

The Al film, when suddenly heated by the pump pulse,
produces a strain pulse in the SiO, with a complex shape,
as discussed below. At the SiO,-W interface this pulse is
reflected with amplitude reduced by a factor rgg, and
with no change in shape. When the pulse returns to the
Al it has a shape 7(z,t) and produces a change in
reflectivity which can be written as

AR ( z)—f f(2m(z0dz, @)

where 7)(z,¢) is the strain at depth z into the film, and d is
the film thickness. The sensitivity function f(z) can be
calculated from the optical constants of Al, and their
derivatives with respect to strain (see details in the Ap-
pendix). This result assumes that the main contribution
to AR (2) comes from the strain-induced changes in the
optical properties of the Al; if sufficient light penetrates
the Al and enters the SiO, there can be a contribution to
AR from the time-varying strain in the sample itself. To
predict the shape AR ,(¢) of the echo it is necessary to
calculate not only the shape of the strain pulse as it prop-
agates through the SiO,, but also how this pulse is
modified when in the Al due to reflection at both surfaces
of the Al film. These reflections also mean that after
reflection at the Al the strain pulse 71,(z,¢) returning into
the SiO, has a different shape from the pulse 7,(z,¢) as in-
itially launched. Thus, calculating the shape of the
echoes AR, AR, is not simple.

Fortunately, this calculation does not have to be done
in order to find the attenuation. Let us write the return-
ing strain pulse 77,(z,¢) in terms of its Fourier components

7]1((0):
n(z,t)= fj dwﬂ](w)eiw(t+Z/U) . (3)

Each Fourier component will make a contribution to
AR (¢). Thus we must have
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AR, (0)=F (0)n,(0) , @)

where F(w) can, in principle, be calculated from f(z)
For the second echo

AR,(0)=F(0)n,(o) . (5)

If we assume there is no acoustic attenuation in the
transducer film then it must be true that

Ny @)=n(@)rpge 4 @e 2at)d (6)
where ¢(w) is a phase shift applied to the Fourier com-
ponent @ each time the strain pulse is reflected from the
transducer, d; is the thickness of the SiO, sample and
alw) is the attenuation per unit distance in the sample
film. Thus, from (4)—(6) we have

alw)= o)rps /AR, (0)] . (7

2d

To calculate rpg we have used acoustic mismatch
theory. For the density and sound velocity of the Si02
we took the values® for bulk SiO,, i.e.,, p=2.2 g/cm” and
v=59 A/ps, and for W we used the density 19.35 g/cm?
and the sound velocity 52 A/ps corresponding to the lon-
gitudinal velocity in the (100) direction. These parame-
ters give rgg=0.77.

Some typical results for AR, (®) (n =1,2,3) are shown
in Fig. 4. These are for a ﬁlm of thickness 750 A at 160
K. For a given film thickness such data provide a means
to calculate the attenuation over a certain range of fre-
quency. At low frequency the attenuation a becomes
small, and so |AR,rgs/AR,| is close to 1. Then the
small uncertainty that must exist in the value of rgg (due
to lack of precise knowledge of the density and sound ve-
locity in the film, for example) gives a large error in a.
At high frequency the method is limited by the rapid de-
crease of AR,(w), which eventually falls to a value com-
parable to the noise. In a typical case, data from a single
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. FIG. 4. Fourier transforms of the first three echoes in a 750-
A SiO, film at 160 K.
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sample thickness could be used to find the attenuation
over a frequency range of about a factor of 2. To mea-
sure a over a broad frequency range we therefore used a
series of samples with different thicknesses.

As an overall check on our understanding of the physi-
cal processes involved in the measurement, we have cal-
culated the expected shape AR (t) of the first acoustic
echo. To do this it is necessary to estimate the strain
1n(z,t) produced in the transducer by the first acoustic
echo and the sensitivity function f (z). This calculation is
described in the Appendix, and the sensitivity function is
shown in Fig. 5 (a). This result is subject to uncertainty
because some of the key quantities required to find f(z)
are not known (see discussion in the Appendix), and the
thickness of the Al transducer is treated as an adjustable
parameter. Nevertheless, the final result for the shape of
the first echo [Fig. 5(b)] is in reasonable agreement with
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FIG. 5. (a) Sensitivity functions f(z) as a function of depth z
into the transducer film according to the theory described in the
Appendix. 9€;/97,, has been arbitrarily set equal to —1. Cal-
culation is for an Al film of thickness 130 A. (b) Comparison of
the shape of the first acoustic echo with theory. Experimental
result is solid curve; theory is dashed curve.
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experiment.
To determine the thickness d, of the sample the fol-

lowing method was used. The time T between echoes is

the time for the sound to make a round trip through the

sample and the transducer. Thus,

T d

2 Vg

d,=v,

(8)

We could determine an approximate value for the
thickness of the Al film by varying the assumed thickness
to obtain a best fit to the echo shape by the method just
described. To within experimental error the result ob-
tained was in agreement with the thickness independently
measured by means of a quartz crystal-thickness monitor.
To determine d; from Eq. (8) we then used the experi-
mentally measured value of T, together with the litera-
ture values for the sound velocities in bulk Al and SiO,.?
The final values obtained for d; were within 109% of
direct ellipsometric measurements, except for the very
thin films for which the errors in the ellipsometric tech-
nique became larger.

III. RESULTS

Data were taken on a total of nine SiO, samples. Re-
sults for the attenuation as a function of temperature are
shown in Fig. 6. In order to make a later comparison
with the phonon mean-free-path data shown in Fig. 1 we
have plotted the rate of attenuation per unit distance of
the energy in the strain pulse, i.e., twice the quantity a(w)
defined in Eq. (7). The solid curves are given as a guide
to the eye. To within the experimental error the attenua-
tion is found to be temperature independent over the
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FIG. 6. Phonon attenuation in SiO, as a function of tempera-
ture. The quantity plotted is the rate of attenuation of the ener-
gy of the sound wave with distance. The 76-GHz data are from
the 5800-A sample, the 176- and 236-GHz data are from the
984-A sample, and the 269-, 342-, and 439-GHz data from the
280-A sample.
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range studied (80-300 K). The attenuation at 76 GHz is
taken from a sample 5800 A thick, the attenuation be-
tween 176 and 234 GHz from a 984-A sample, and the at-
tenuation between 269 and 439 GHz from a 280-A sam-
ple. As described in Sec. II A, we have carefully exam-
ined the effect of laser heating to ensure that the tempera-
ture is correct.

The attenuation as a function of frequency at several
temperatures between 80 and 300 K is shown in Fig. 7.
As in Fig. 6 the energy attenuation is plotted. The data
that are shown were obtained from the same three sam-
ples used to obtain the results of Fig. 6. For each of the
samples we have plotted data over a broad frequency
range so that the data overlap in frequency to some ex-
tent. The 280-A sample gives data in the frequency range
240-440 GHz, the 984-A sample from 140 to 300 GHz,
and the 5800-A sample from 30 to 100 GHz. Taken over
the entire frequency range studied the attenuation varies
roughly quadratically with frequency. However, one can
see from Fig. 7 that the results suggest that the frequency
dependence may, in fact, be slower than quadratic in the
lower part of the frequency range and faster than quadra-
tic at high frequencies. We will discuss this point in the
next section.

One possible source of error in the experiment comes
from attenuation in the Al film. We have calculated the
attenuation to be expected because of the interaction of
the sound wave with the conduction electrons using Pip-
pard theory.?® In the frequency range studied the at-
tenuation is negligible. More serious errors may arise
from the acoustic quality of the interfaces in the struc-
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FIG. 7. Phonon attenuation in SiO, as a function of phonon
frequency. The quantity plotted is the rate of attenuation of the
energy of the sound wave with dlstance X, 5800- A SiO, sam-
ple; () 984-A SiO,; and 0O, 280- A SiO, sample The solid lines
are fits with f2. See text for more details.
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ture. One can consider at least three possible effects. (a)
If the bonding between the SiO, and W is poor, rgg
should be larger than calculated by the acoustic
mismatch theory. This error means that our measured
attenuation values are too low. (b) A poor bond between
the Al and the SiO, does not affect the results, provided
there is no dissipation (acoustic loss) at this interface.
Poor bonding at this interface shows up in ringing of the
transducer, and an example is shown in Fig. 8. Trans-
ducers showing this behavior were not used. (c) If the
bond between the transducer and the film produces
acoustic loss the measured values of attenuation are too
high. With a single sample (a) and (c) cannot be detected.
The only possible approach is to study a series of samples
of different thickness, and to see if the results are con-
sistent. Analysis of the data taken on the six other sam-
ples gives values for the attenuation which are, in gen-
eral, consistent with the data shown in Figs. 6 and 7.

The roughness of the substrate surface can, in princi-
ple, lead to a spurious attenuation which is hard to elimi-
nate even by measurements on a series of samples of
different thickness. We expect that, to some extent, the
area of the surface illuminated by the pump and probe
beams will be corrugated as shown qualitatively in Fig. 9.
It is reasonable to expect that the thickness d; of the sam-
ple film measured in the direction normal to the average
orientation of the substrate surface will be nearly con-
stant. But this means that the actual acoustic path d,,
will be different for different points on the sample (see
Fig. 9). This variation in acoustic path is proportional to
the thickness of the sample, and hence gives an acoustic
loss (due to different parts of the wave front becoming out
of phase) which increases with increasing film thickness.
Thus, one cannot eliminate this spurious source of at-
tenuation even by measurements on a series of samples of
different thickness. The best evidence that we have
against this being a large (or dominant) effect is the obser-
vation that we find similar values for the attenuation on
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FIG. 8. Experimental data from a sample with poor bonding
of the Al transducer to the SiO, sample film.
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FIG. 9. Corrugation of the substrate surface causes the
acoustic path d,. to vary across the sample, even though the
film thickness d; measured normal to the substrate is constant.

samples that have received somewhat different polishing
treatments.

IV. DISCUSSION

We can compare our results with other data to try to
get an overview of the dependence of the phonon mean
free path A on frequency and temperature. Several
groups have performed experiments to study phonon
propagation in glasses using tunnel-junction techniques.
The measurements lie in a range of frequency that over-
laps ours, but the temperature range is usually limited to
a fairly small region around 1 K. It should be noted that
the tunnel-junction experiments are to a good approxima-
tion measuring the mean free path of transverse phonons,
whereas we have measured longitudinal phonons. The
first experiments were performed by Dietsche and
Kinder!! with electron-beam-evaporated SiO, sample
films. They made measurements from around 100 GHz
up to 290 GHz and found a mean free path varying as

~29 (y=phonon frequency). At 290 GHz A was found
to be about 5000 A. Within experimental error no tem-
perature dependence was detected, but this was based
only upon data taken at 1.05 and 1.25 K. Wolter and
Horstman'? studied films prepared by the oxidation of a
silicon surface in a similar temperature range to that in-
vestigated by Dietsche and Kinder and obtained much
larger values for A. Their conclusion was that at 300
GHz A was larger that 4 um. No significant temperature
dependence was detected between 45 and 450 mK. Fur-
ther measurements in the same frequency range were
made by Long and co-workers!*. Radio-frequency sput-
tered films were used and at 240 GHz the measured value
of A was found to be 2.2 um, varying roughly as v 5.

Quantitative measurements at higher frequencies are
not available, but there are at least two experiments that
set approximate lower limits on the phonon mean free
path. In an experiment by Rothenfusser, Dietsche, and
Kinder!® acoustic standing-wave resonances were Ob-
served in a 530-A SiO, film grown by thermal oxidation.
The results implied that the value of A at 400 GHz was
at least 1500 A. In a somewhat similar experiment Ko-
blinger et al.® studied phonon transmission through
amorphous Si-SiO, multilayer structures and were able to
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detect the stopbands of the periodic structure. The total
thickness of SiO, was 490 A and it was possible to see
some structure in the transmission due to the stopbands
even up to 700 GHz. They did not make an estimate of
the limit that this imposes on the value of A, but it seems
unlikely that one could see this type of structure if A
were less than the total thickness of the SiO,.

The values of A obtained by the tunnel-junction
method are much larger that the results we have obtained
at higher temperatures. At 300 GHz we obtain a value of
A of 300 A (roughly constant within our temperature
range), whereas the tunnel-junction experiments just
mentioned give A in the vicinity of 1 um.

The estimate of the phonon mean free path obtained!”
from the thermal conductivity of bulk SiO2 has already
been shown in Fig. 1. This estimate gives a mean free
path at 300 GHz of 1500 A, i.e., about five times our re-
sult, whereas at 440 GHz the difference is reduced to a
factor of 3.

Of course, these comparisons are all subject to the un-
certainty of differences between samples. In addition,
there could be a significantly different attenuation for lon-
gitudinal and transverse phonons. Nevertheless, taken as
a whole the results from our experiments, together with
the tunnel junction and thermal-conductivity data do
suggest that for a given frequency the general trend is
that

Aty>Apc>Apy 9)

where Ay, Arc, and Apy are the values of A measured
by tunnel junctions, thermal conductivity, and pi-
cosecond ultrasonics, respectively. The tunnel-junction
measurements are made at around 1 K. Thermal conduc-
tivity measures the average mean free path for phonons
thermally excited at temperature T, i.e., phonons of typi-
cal frequency around 3kzT /# (kg=Boltzmann’s con-
stant). Thus, when the thermal conductivity is analyzed
to yield the frequency dependence of A one should con-
sider that it gives for a particular frequency w the mean
free path at a temperature of about #iw/3ky. Thus, in the
frequency range where we have been comparing values of
A (i.e., roughly 100-500 GHz) the effective temperature
(2—-8 K) for the A determined from thermal conductivity
is higher than the temperature at which the tunnel-
junction measurements were made. In turn, in this same
frequency range the temperature for our ultrasonic mea-
surements is higher than the thermal-conductivity
effective temperature. Thus, taken together the three sets
of data indicate that the mean free path has a significant
temperature dependence.

Measurements at lower frequencies (in the vicinity of
30 GHz) by Vacher et al.'” do give a mean free path that
decreases substantially as the temperature is raised from
helium temperatures up to 80 K, and then becoming
essentially independent of temperature at higher tempera-
tures. Thus, the present analysis suggests that this behav-
ior persists at higher frequencies. Of course, it would be
interesting to try to confirm this directly by extending the
picosecond ultrasonic measurements to lower tempera-
tures. Unfortunately, this is very hard to do because of
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the heating of the sample by the laser pulse.

If it is true that A for a constant frequency decreases
with increasing T, then to be consistent with the tempera-
ture dependence of the thermal conductivity it would be
required that the rapid decrease in A in the frequency
range 10''-10'? be slower than indicated on Fig. 1. It
must, nevertheless, still have a fairly rapid decrease with
increasing frequency in order to be consistent with the
experiments of Zaitlin and Anderson,’ who studied the
effect on the thermal conductivity of introducing into a
glass sample a large number of small holes.

Finally, we make some comments about the possibility
of interpreting the measured attenuation in terms of a re-
laxation theory. Ultrasonic attenuation data at lower fre-
quencies in SiO, and other glasses have been analyzed in
terms of different models of relaxing structural defects.?’
In these models it is assumed that some defects in the
glass can make thermally activated transitions between
two or more states. The temperature dependence of the
attenuation is determined by the spectrum of the barrier
heights and the separation in energy of the different states
of the defects. In Fig. 10 we show the attenuation in SiO,
over the frequency range from 660 KHz to 440 GHz. We
have made this plot for 90 K because at this temperature
a large amount of data exists over a broad frequency
range.? 732 One can see that, considering the variety of
samples and techniques that were used in these measure-
ments, the different measurements form a reasonably con-
sistent pattern. According to a relaxation theory at any
given temperature the frequency dependence of the pho-
non attenuation (or equivalently the inverse of the pho-
non mean free path) can be expressed as

co27'

——dT,
1+’

Ao, T)= [ F(z,T) (10)
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FIG. 10. Attenuation versus frequency in SiO, over a broad
frequency range. The quantity plotted is the rate of attenuation
of the energy of the sound wave with distance. The measure-
ments of the present paper are denoted by X. Lower-frequency
data are taken from: (+) Ref. 30, (O) Ref. 32, (@) Ref. 28. The
solid line is a fit of low-frequency data with f!-%, the dashed line
is a fit of our data with f2.
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where F describes the spectrum of relaxation times 7 for
the defects at temperature 7. There are serious problems
in explaining the measured mean free path in terms of
any theory of this type. The first difficulty is that our at-
tenuation data at the upper end of the frequency range
have a frequency dependence that appears to be some-
what faster than quadratic. Regardless of the form of the
function F, Eq. (10) always will give an attenuation that
goes slower than quadratically, and hence cannot fit the
data. The only way out of this difficulty is to argue that
the accuracy of the data at high frequency is insufficient
to justify the assertion that the frequency dependence is
faster than quadratic. A second problem arises from the
range of relaxation times that are required. The data ex-
tend up to a maximum frequency v,,, of 440 GHz. To
get a theoretical attenuation close to quadratic up to this
frequency one needs there to be defects with relaxation
times 7 such that

T — (11)

max

Thus, one needs defects with 7 much less than
3.6 X107 13 sec. The relaxation time can be expressed as

T:vaztlemptexp( U/kB T) ’ (12)

where vy emp i the frequency with which the defect at-
tempts to go from one state to the other and U is the
height of the barrier. Since v,yemp must be in the THz
range (i.e., comparable to the frequency of atomic vibra-
tions) it is unlikely that Eq. (11) can be satisfied even if it
is assumed that some barriers are extremely low. Conse-
quently, it appears that a relaxation theory cannot ex-
plain the experimental results.

In the future we plan to make similar measurements in
the same frequency range for other amorphous materials,
including polymers. As part of this work we hope to look
for correlations between acoustic and optical absorption
as a function of material properties. A discussion of pos-
sible correlations of this type has been given by
Strom.>»3 It is interesting, for example, that in SiO,
both the acoustic and optical absorption in the range
50-440 GHz vary nearly quadratically with frequency
and are independent of temperature.3*
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APPENDIX

Let the dielectric constants of the Al and the SiO, be €,
and e,, respectively. We consider a probe light pulse with
wave number k, at an angle of incidence 6 polarized with
its electric field parallel to the surface. The reflection and
transmission coefficients across the interfaces between the
air (medium 0), Al (medium 1), and SiO, (medium 2) are
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most conveniently expressed in terms of the z com-
ponents k,, k,,, and k,, of the light in the three media:

ko, =kqcos , (A1)
ki, =koV €,—sin%0 , (A2)
ky,=koV €,—sin%6 . (A3)

Then, at the air-Al interface the reflection and

transmission coefficients for the electric field amplitude

are35

ka—klz
For = ——koz Fa (A4)
2k,
to) = ‘m . (AS)

The amplitude reflection coefficient from the entire
structure is *°
2ik,, d
rOl + rlze 1z
ro =
147y re

2ik,,d ° (A6)

Suppose now that at a distance z into the Al film there
is a thin layer of material of thickness 8z whose dielectric
constant has been changed by Ae;. A wave of amplitude
E, incident on this layer gives a reflected wave with am-
plitude Eyr’, and a transmitted wave of amplitude
Ey(1+7r’). It is straightforward to show that

k]
’ 2klz

A€dz . (A7)

Now consider the reflection coefficient of light from
the Al-SiO, structure, allowing for the layer of material
in the Al of changed dielectric constant. We calculate
this by summing up all possible multiple reflections, sub-
ject to the restriction that only one reflection at the layer
8z is allowed. The result is that the reflection coefficient
becomes 7y + Ar, where
21k12(d*z))2 ik(z)AGISZ

2ik, z
tortipe P (l1+rye
=

- (A8)
(1 +r01r12e2'k12d)2

In deriving this result it is important to allow for the
fact that the layer modifies the wave transmitted through
it, as well as generating a reflection. The change in the
reflected intensity is then
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4“4
AR =|ro+Ar|*—|ro|?=2Re(rg Ar) , (A9)
correct to first order in Ae;. We can express A€, as
Je,
Aelza—mz—'r]zz . (A10)

Then using (A6), (A8), (A10) and comparing with (2)
we obtain, for the sensitivity function,

2ik, a 2ik, (d —z)
= (14rpe

2ik, d

kiz (roptripe ')

)2

f(z)=—Rk3Im

ael/anzz
2ik |, d ’

)

(A11)
(]+I‘01r126

where R is the intensity reflection coefficient |r0|2. For
Al at 590-nm wavelength36 €,=—48.8+16.4i, and for
SiO, (Ref. 22) n,=1.46. Because the real part of € is
much larger than the imaginary part we have approxi-
mated J€,/97,, in (All) as a purely real quantity, as-
sumed to be negative. This then gives F(z) varying with
z as shown in Fig. 5(a). This result is for probe light at an
angle of incidence of 45 degrees, and the Al film is as-
sumed to have a thickness of 130 A.

To calculate AR (¢) we then need the time- and space-
varying elastic stress in the Al film due to the returning
echo. This is a problem in elasticity theory somewhat
similar to the problems treated in Refs. 37 and 38. The
initial condition is a uniform thermal stress set up in the
Al by the pump pulse. The shape of the strain pulse that
is launched into the SiO, film is affected by the acoustic
mismatch between the Al and the SiO,, and this
mismatch also produces further reflections of the return-
ing echo inside the Al. In addition, we have corrected
the pulse shape by including the effect of acoustic at-
tenuation in the SiO, film. To do this we took the
Fourier transform of the predicted pulse shape, and then
multiplied each Fourier component by a factor
exp[ —2a(w)d, ], where d; is the thickness of the SiO,
sample and a(w) is the experimentally measured attenua-
tion at frequency w. The modified spectrum was then
transformed back to the time domain, and the final result
for the echo shape was shown in Fig. 5(b). The absolute
magnitude of the experimental AR (t) is not reliably
known, and so the data have been multiplied by a scale
factor to get a good fit to the theory.
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