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We have used a picosecond optical technique to measure the attenuationa of longitudinal-acoustic phonons
in several disordered solids. We find a universala;n2 behavior for frequenciesn up to 320 GHz and for
temperatures between 80 and 300 K. Within this temperature range the phonon attenuation increases by a
factor of between 2 and 3 with increasing temperature for the amorphous polymers poly~methyl methacrylate!,
poly~styrene!, and poly~ethyl methacrylate!, and for the metallic glass TiNi. We discuss our results in relation
to current theories of high-frequency vibrations in glasses and thermal conduction.@S0163-1829~96!04325-1#

I. INTRODUCTION

In the 25 years since the seminal study by Zeller and
Pohl,1 much work has been devoted towards an understand-
ing of the thermal and acoustic properties of glasses. These
properties include: a specific heatC(T) which varies linearly
with temperatureT below about 1 K; a bump in the quantity
C(T)/T3 around 5 K; a thermal conductivityk(T) varying
approximately asT2 below 1 K; and a plateau ink between
roughly 2 and 10 K followed by a rise ofk(T) with increas-
ing T above 10 K. The ultrasonic attenuation is much larger
than in crystals, and has a complicated dependence on tem-
perature, sound amplitude, and frequency.2 Experiments per-
formed on a wide variety of materials, including inorganic
glasses, amorphous metals, and polymers, have established
that these properties3 are universal to disordered solids.

In the temperature range below 1 K the specific heat,
thermal conductivity, and ultrasonic attenuation can all be
understood4 at a phenomenological level by the two-level-
system~TLS! model introduced by Phillips5 and by Ander-
son, Halperin, and Varma.6 At higher temperatures, there is
still no generally accepted explanation for the bump in
C(T)/T3 or for the temperature dependence of the thermal
conductivity.

If it is assumed that the heat is carried by propagating
modes, then the thermal conductivity can be related to the
phonon attenuationa(v,T) through the kinetic formula7

k~T!5
1

3E dvC~v,T!L~v,T!v, ~1!

whereC(v,T) is the contribution to the specific heat per unit
volume from phonons of angular frequencyv, L(v,T)
@equal toa21(v,T)# is the mean free path of these phonons,
and v is their velocity. In Eq.~1!, both longitudinal and
transverse phonons participate in the heat flow; since the
contribution to the specific heat is greater from transverse
phonons one might expect that their contribution would
dominate that of the longitudinal modes. However, the pos-
sibility exists for glasses that longitudinal phonons with large
L may provide a contribution to Eq.~1! which is signifi-
cantly larger than expected from these density-of-states con-
siderations alone. Even if one neglects differences between
phonons with different polarization, from a measurement of

k(T) it is clearly impossible to determineL(v,T) uniquely
as a function of bothv and T. If instead the relation

k5 1
3CvL̄ is used, the average mean free pathL̄ is found to

decrease rapidly1 for temperatures in the region of the pla-
teau. As the dominant phonon frequencyv̄/2p53kBT/h ap-
proaches about 1 THz, the mean free path becomes so small
that the Ioffe-Regel condition,8 i.e., the mean free path be-
coming smaller than the phonon wavelength divided by 2
p, is nearly satisfied. This has been taken by some authors as
evidence that the propagating phonon picture becomes in-
valid, and alternative mechanisms of heat conduction have
been proposed to describe the rise ink(T) above the plateau.

The soft-potential model~SPM! is a phenomenological
theory capable of explaining many of the universal proper-
ties of glasses within a single framework. This theory, first
proposed by Karpov, Klinger, and Ignat’ev,9 generalizes the
TLS theory by assuming a distribution of parameters which
describe both single- and double-well defect states, resulting
in a crossover from double-well to soft single-well potentials
as the energy scale is increased. The consequences of the
SPM have been investigated in several publications.10–15

From general considerations of the distribution parameters a
softmode defect density of statesgdef(v);v4 is calculated
for frequencies just above the crossover,11,12 leading to a
specific heat that varies with temperature asT5. In the SPM,
the plateau in k(T) is attributed to a temperature-
independent resonant scattering of phonons from the soft
modes, thereby accounting in a straightforward manner for
the observed correlation between the temperatures of the pla-
teau and the bump inC(T)/T3. Buchenauet al.13 have
shown that experimental results fora(v,T) in SiO2 glass for
a range ofv and T can be fit with the use of the same
phonon-to-defect coupling constant for tunneling, relax-
ational, and resonant vibrational states, with no additional
adjustable parameters. With the use of Eq.~1!, the calculated
values ofa(v,T) for a-SiO2 anda-Se were shown

13 to pro-
duce good agreement with the experimental measurements of
k(T) at temperatures up to and including the plateau region.
Karpov and Parshin14 suggested that the rise ink above the
plateau could be caused by low-frequency ‘‘prethermal’’
phonons with largeL, but this has been discounted16 ~at
least for phonons with frequency below 0.5 THz! by
measurements17 of a(v,T) for a-SiO2. Recently, Gilet al.
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have attributed this rise ink to the decrease ingdef(v)/v
2

observed18 for frequencies above 3 THz.
In the formulation of the SPM discussed above, the Ioffe-

Regel condition is satisfied for a narrow band of vibrational
states close to the peak ingdef(v), whereas the highest-
frequency modes are propagating. Other theories of the ther-
mal properties of glasses predict thatall modes above a criti-
cal frequencyvc are localized. The fracton model of glasses,
originally proposed by Alexanderet al.,19 postulates that
glasses are self-similar20 at length scales below a critical
lengthj.v/vc . In this model, the plateau ink(T) is caused
by a crossover at the frequencyvc from propagating
phonons to localized21 ‘‘fracton’’ states. A bump in
C(T)/T3 nearTc5\vc /3kB has been derived in this model
by various approaches.22,23 Since the fractons are localized
they can only contribute to thermal transport through anhar-
monic hopping processes. Perturbative calculations of the
fracton hopping lifetime24,25 predict a conductivity
khop(T);T, but to produce quantitative agreement with ex-
periments fora-SiO2 it is necessary to postulate an anhar-
monic coupling between phonons and fractons25 an order of
magnitude larger than the third-order elastic constants mea-
sured by ultrasonic methods.26 Although this is troubling at
first glance, experiments on the vibrations of self-similar
structures27 show that this enhanced coupling between the
phonon and fracton modes could occur through a favorable
overlap of their wave functions.28 At sufficiently high tem-
peratures~around 50 K fora-SiO2) the lifetime broadening
of the fracton states from hopping becomes so large that
perturbation theory breaks down andk hop(T) increases more
slowly than linearly with temperature.25 Recently, the hop-
ping conductivity of localized vibrational modes has been
calculated beyond the perturbation limit using a model
Hamiltonian system;29 however, no quantitative comparison
with experimental results was attempted.

In another approach, Allen and Feldman30 ~AF! have used
the Kubo formalism to develop a theory of heat conduction
in a disordered system made up of atoms connected to their
neighbors by linear springs. In a numerical simulation of
a-Si, Feldmanet al.31 found that over most of the frequency
spectrum the vibrational modes were extended, but could not
be sensibly assigned a velocity or wave vector for use in Eq.
~1!. The thermal conductivity due to these modes was calcu-
lated fromk(T)5( iCi(T)Di , whereCi(T) andDi are the
specific heat and the temperature-independent diffusivity of
the i th mode, respectively. AfterDi was calculated from the
AF theory for each normal mode, the effects of TLS resonant
and relaxational scattering were added into the model. The
theory then gave a good description ofk(T) as measured
experimentally fora-Si from below 1 up to 150 K. In this
simulation no low-frequency peak in the density of states is
seen, and so the plateau ink(T) has to be considered to be
unrelated to the bump inC(T)/T3. In similar work, Sheng
and Zhou32 calculatedk(T) using as a model a harmonic
three-dimensional percolation cluster. By a suitable choice of
parameters they could fit experimental results for several
glasses.

Vibrational states at frequencies above 1 THz dominate
the thermal transport for temperatures above the plateau in
k(T) for all the theories we have discussed, but there are

very few experiments which have studied the dynamics of
these vibrations. Recently, experimental evidence for vibra-
tional localization at frequencies above 3 THz has been
found ina-Si:H at 2 K by Scholten, Akimov, and Dijkhuis33

using time-resolved anti-Stokes Raman spectroscopy. Anhar-
monic lifetimes were observed toincreaserapidly with fre-
quency from 3 to 15 THz—a result which can be construed
as evidence for localization.33,34 If the spatial extent of the
modes decreases with increasing frequency, their overlap
will also decrease on average and this can lead to increased
lifetimes.

Because of the lack of theoretical understanding of the
universal thermal properties of glasses, it is important to
have measurements ofa(v,T) over as broad a range of fre-
quencies and temperatures as possible. Such measurements
can provide more detailed information than can be gained
from measurements ofk(T). Attempts have been made to
use the tunnel-junction method to measure the attenuation up
to 1 THz at low temperatures, typically below 2 K. However,
various tunnel-junction studies ofa-SiO2 have led to widely
different results for the frequency dependence of the attenu-
ation and disagree as to whether the scattering of phonons is
predominately elastic35,36or inelastic.37,38At higher tempera-
tures, measurements have been performed up to around 30
GHz by Brillouin scattering.39 The attenuation ina-SiO2 at
higher frequencies and for temperatures above 80 K was
studied using picosecond optical techniques by Zhu, Maris,
and Tauc.17 They found a quadratic dependence of the at-
tenuation on frequency from 76 to 440 GHz with no signifi-
cant temperature dependence from 80 to 300 K. In this paper
we report on similar measurements for other amorphous ma-
terials in order to investigate the possible universality of this
high-temperature attenuation. The samples are three amor-
phous polymers and a metallic glass, and the attenuation is
measured for frequencies up to 320 GHz in the temperature
range from 80 to 300 K. For all the samples studied we find
a quadratic frequency dependence of the attenuation. For the
polymers the magnitude of this attenuation is found to be
much larger than fora-SiO2,

17 and mean free paths as short
as 70 Å are observed.

II. EXPERIMENT

A. Apparatus

The experimental setup for measurements on transparent
samples is shown schematically in Fig. 1. The samples are
thin films of amorphous polymers deposited onto substrates.
A thin Al film is evaporated on the sample surface for use as
a transducer. A longitudinal-acoustic wave is launched into
the sample when a subpicosecond ‘‘pump’’ light pulse is
focused onto a small area of the transducer film, causing it to
rapidly heat and expand. The strain propagates into the
sample and a fractionr FS is reflected at the interface between
the sample film and substrate. On returning to the transducer
the strain causes a small change in the optical reflectivity.
This change is detected by means of a ‘‘probe’’ light pulse
which is time delayed relative to the pump pulse. By varying
the time delayt of the probe a measurement of the time-
dependent reflectivityDR(t) is obtained for the sample. The
magnitude ofDR/R is on the order of 1025 so that it is
necessary to use modulation techniques together with signal
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averaging to obtain accurate measurements. Typical data
DR(t) are shown in Fig. 2 for a 620 Å film of poly~methyl
methacrylate! on a Al2O3 substrate with a 170 Å Al trans-
ducer. For the opaque TiNi samples the pump pulse can be
absorbed directly at the sample surface and no transducer
film was used.

As a stable source of light pulses we use a Ti:sapphire
mode-locked laser,40 operating at approximately 750 nm
with a repetition rate of 76 MHz. The light pulses have an
autocorrelation width of 200 fsec, with typical pulse energies
of 0.5 nJ for the pump and 0.1 nJ for the probe. The pump
and probe pulses are focused to a spot of diameter 20mm on
the sample surface. Given these experimental conditions it is
straightforward to show17 that the steady-state heating of the
samples is small~less than 5 K! at ambient temperatures
above 80 K. At lower temperatures the effects of laser heat-
ing become progressively more important because of the rap-
idly decreasing heat capacity of the sample and the increas-
ing thermal boundary resistance between sample and
substrate.

B. Sample preparation and characterization

The polymer samples, either poly~methyl methacrylate!
~PMMA!,41 poly~styrene! ~PS!,42 or poly~ethyl methacrylate!

~PEMA!,43 were spin-coated from solution onto either
Al2O3, Si, or GaAs substrates. Chlorobenzene was used as
solvent for the PMMA, whereas methyl ethyl ketone was
used for the PS and PEMA solutions. The solutions con-
tained between 0.5 and 4% polymer by volume; the polymer
concentration was chosen to obtain the desired sample thick-
ness~from 295 to 1470 Å ). The coated substrates were spun
at 4500 rpm for 30 s and then baked to remove the solvent
and to improve the film uniformity. The samples were baked
for 2 h attemperatures of 120 °C for PMMA, and 110 °C for
films of PS and PEMA. The film thicknessesds for samples
on Si and GaAs were measured by ellipsometry. The thick-
ness was found to be uniform over a 1 cm2 area to within
65%. Atomic-force microscopy measurements with lateral
scale 10mm yielded approximate rms surface roughnesses of
5 and 10 Å for PMMA films of thickness 350 and 620 Å,
respectively. In the next section we will return to discuss the
effects of surface and interfacial roughness on the attenuation
measurements.

Films of the amorphous44 metallic alloy TiNi were
sputtered45 onto prime grade~100! Si substrates. Stylus pro-
filometry was used to measure the sample thicknessds and
this was found to be uniform to within610% over the 2
inch wafers.

The Al transducer films, with thicknessesdAl ranging
from 100 to 400 Å , were resistively evaporated onto the
polymer samples in a vacuum of better than 531026 Torr at
growth rates of 3 to 10 Å s21. The thinner transducers were
used to study the attenuation of higher frequency acoustic
waves. The samples which were used to study the attenua-
tion are listed in Table I along with the respective frequen-
cies of measurement.

C. Data analysis

The dataDR(t) shown in Fig. 2 have an oscillatory
acoustic component with a frequency given by
v0/2p5vAl /2dAl , wherevAl is the longitudinal sound ve-
locity in Al. There exists a large acoustic mismatch between
Al and PMMA so that only a small fraction of the strain is
transmitted into the PMMA during each Al vibrational pe-

FIG. 1. Schematic diagram of the experiment for transparent
sample films.

FIG. 2. Change in reflectivity versus timeDR(t) for a 180 Å Al
transducer on a 620 Å PMMA film on a Al2O3 substrate.

TABLE I. Summary of sample properties and frequencies of
measurement. For the TiNi samples the measurement frequencies
are taken from the Fourier transforms of the acoustic echoes as
described in the text.

Sample Substrate ds (Å ) Frequency~GHz!

PMMA Al 2O3 1 450 89, 92, 114
PMMA Al 2O3 620 136, 188
PMMA Al 2O3 350 232, 265, 320
PS GaAs 1 345 80
PS GaAs 690 132
PS GaAs 305 109, 116, 150, 174, 189
PEMA GaAs 690 94, 123, 154
PEMA Si 680 80, 104, 113, 119
PEMA Si 295 175, 213, 255
TiNi Si 28 900 33, 50
TiNi Si 12 900 83, 99
TiNi Si 2 300 175, 200
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riod. As a result the Al vibrations are slowly damped and this
allows the quantityv0 to be precisely defined. To vary the
measurement frequencyv0 /2p for a given sample, Al is
evaporated in different thicknesses on separate areas of the
polymer surface.

For a given polymer sample and transducer, the following
procedure is used to determine the attenuationa(v0) from
the dataDR(t). As a first step in the data analysis, the slowly
varying background in Fig. 2 is fit to a polynomial and then
subtracted from the raw data, leaving only the acoustic con-
tribution. The background arises because there is a contribu-
tion to DR from the change in temperature of the Al film.
This temperature slowly relaxes as the heat flows from the Al
through the polymer and into the substrate. The result of this
subtraction procedure applied to the data of Fig. 2 is given
by the solid line in Fig. 3.

We then compare these acoustic data to results obtained
from a numerical simulation in which it is assumed that there
is no attenuation in the sample film. The simulation time
develops the one-dimensional equations of elasticity for the
structure, taking the initial strain distribution to be constant
in the transducer film and zero elsewhere. The change in
reflectivity is taken to be proportional to the total strain in the
transducer film. The inputs to the simulation are the thick-
nessesds anddAl , along with the densitiesr and longitudi-
nal sound velocitiesv for the transducer, sample, and sub-
strate. Room-temperature values ofr andv for the materials
we have used are listed in Table II. We use bulk values of
r for the polymers, and ofr andv for the substrates and Al
transducer. Values ofvs and ds listed in Table II for the
polymer samples are determined experimentally as discussed
below. Results of the simulation are shown by the dashed
line in Fig. 3 for a 180 Å Al transducer on a 620 Å PMMA
film on a Al2O3 substrate.

To determine the attenuation our approach is to compare
the ratio of the amplitudeA(0) of the initial ringing of the
transducer to the amplitudeA(1) of the first acoustic echo as
calculated in the simulation with the same ratio measured

experimentally. The attenuation ratea(v0) of the energy of
the sound wave per unit distance is then

a~v0!5
1

ds
lnF Asim

~1!/Asim
~0!

Aexp
~1!/A exp

~0! G . ~2!

One difficulty in this approach arises from the long ringing
time of the transducer. For the thin polymer samples the
ringing of the transducer has not completely damped out at
the time that the first acoustic echo appears. To correct for
this, the initial transducer oscillations are fit to a cosine func-
tion multiplied by a decaying exponential. This fit is then
subtracted from the experimental data in the time range
where the first acoustic echo appears so that a better estimate
of the true amplitude of the acoustic echo can be obtained.

The longitudinal sound velocityvs for each sample was
determined from the relation

ds5
vst
2
, ~3!

where t is the round-trip acoustic transit time through the
sample and is calculated fromDR(t). For each polymer
sample the velocityvs was first calculated from Eq.~3! using
the valueds measured by ellipsometry. It was found that
vs determined in this manner for samples withds,400 Å
was consistently 10 to 20% higher thanvs found for samples
with ds.600 Å . These variations could be caused by real
structural differences between thin and thick polymer films,
for example from strain near the polymer/substrate interface.
However, it is well known that ellipsometry becomes in-
creasingly sensitive to error as the film thickness is
decreased46 and we assumed that this was the source of the
discrepancies observed forvs . To calculateds for use in the
simulation and in Eq.~2!, we thus used Eq.~3! with vs
determined for each polymer from an average of measure-
ments on samples thicker than 600 Å . These average values
of vs for the polymers are listed in Table II. The experimen-
tal uncertainties forvs determined in this manner are less
than 5% for all three polymers. If instead the ellipsometry
values fords are correct, then our results fora(v) are 10 to
20% too large for the samples withds,400 Å as given in
Table I.

For the TiNi samples we use a different procedure to ana-
lyze the data. In Fig. 4 the measuredDR(t) is shown for a

FIG. 3. Solid line: acoustic contribution toDR(t) for the data
shown in Fig. 2. Dashed line: result from the numerical simulation
used in Eq.~2! to calculate the attenuation.

TABLE II. Density r and room-temperature longitudinal sound
velocity v used in calculation of the attenuation. For the polymers
and fora-TiNi, v was determined from our measurements as dis-
cussed in the text.

Material r ~g cm23) v(105 cm s21)

Al 2.7 6.4
Si ~100! 2.33 8.43
GaAs ~100! 5.31 4.73
Al2O3 ~1000! 3.98 11.2
a-TiNi 6.3 5.5460.03
PMMA 1.18 2.8360.08
PS 1.1 2.4160.09
PEMA 1.05 2.6260.10
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2300 Åa-TiNi film on Si. The data were taken with a wave-
length of 750 nm for both the pump and probe. To determine
the attenuation we subtract the slowly varying thermal back-
ground and calculate the Fourier transformsDR1 andDR2 of
the first and second acoustic echoes, respectively. The at-
tenuation is given by17,47

a~v!5
1

ds
lnF r FSDR1~v!

DR2~v! G . ~4!

The stylus profilometry values fords are used in Eq.~3! to
calculate the valuevs55.54(60.03)3105 cm/s included in
Table II. To calculater FS we use acoustic mismatch theory
with the densities and longitudinal sound velocities for TiNi
and Si listed in Table II.

Acoustic waves with Fourier components in a range from
approximately 30 to 90 GHz can be generated and detected
in the TiNi samples when a laser wavelength around 750 nm
is used. For a given material this range is determined by a
combination of the elastic properties and the optical con-
stants at the pump and probe wavelengths.47 Measurements
with 750 nm light were made on TiNi samples of thicknesses
28 900 and 12 900 Å as listed in Table I. To make measure-
ments at higher frequencies, the pump and probe laser pulses
were frequency doubled to a wavelength of 400 nm. For the
TiNi sample of thickness 2300 Å this wavelength was used
to measurea(v) at frequencies of 175 and 200 GHz.

III. RESULTS

A. Acoustic attenuation

Results for the attenuation as a function of frequency at
300 K are shown in Fig. 5 for PMMA, PS, PEMA, and
a-TiNi. We have also included the results fora-SiO2 from
Zhu, Maris, and Tauc.17 For clarity the PS results have been
offset as indicated in Fig. 5. The procedure used to calculate
the error bars will be described later below. We find a qua-
dratic dependence of the attenuation on frequency for all the

glasses we have studied. The only significant deviation from
the quadratic behavior is observed for PEMA at frequencies
below 150 GHz.

The variation of the attenuation with temperature is
shown in Figs. 6, 7, and 8 for PMMA, PS, and PEMA,
respectively. For PMMA the attenuation increases by ap-
proximately a factor of 2 with increasing temperature from
80 to 300 K, for the frequencies 89, 136, 188, and 232 GHz.
For PS and PEMA, similar variations ofa within the same
temperature range can be seen in Fig. 7 for frequencies of
116 and 189 GHz, and in Fig. 8 for a frequency of 154 GHz.
For the metallic glass TiNi we have found thata increases
by approximately a factor of 3 with increasing temperature
from 80 to 300 K for frequencies near 200 GHz. We have
not attempted to measure the temperature dependence of the
attenuation in TiNi at lower frequencies becausea is already
very small at 300 K and is close to the limit of detection in
our experiments.

Figures 6 and 7 show that the temperature variations of
a for PMMA and PS are independent of frequency to within

FIG. 4. Change in reflectivity versus timeDR(t) for a 2300 Å
a-TiNi film on a Si substrate. A wavelength of 750 nm was used for
both the pump and probe.

FIG. 5. Phonon attenuation as a function of frequency at 300 K
for PMMA, PS, PEMA, anda-TiNi. Also shown are the results for
a-SiO2 ~Ref. 17!. The results for PS have been offset for clarity, and
are plotted in accordance with the scale on the right.

FIG. 6. Phonon attenuation in PMMA as a function of tempera-
ture. The data at frequencies of 89, 136, 188, and 232 GHz are from
samples as listed in Table I.
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the experimental error. Thus the quadratic frequency depen-
dence ofa is found to hold for these polymers within the
entire temperature range from 80 to 300 K. As is shown in
Fig. 5, an attenuation varying roughly quadratically with
frequency was found in the earlier measurements17 for
a-SiO2, for frequencies from 76 to 440 GHz and tempera-
tures between 80 and 300 K. No significant variation ofa
with temperature within this temperature range was observed
for a-SiO2.

To check for a dependence of the attenuation on acoustic
intensity, measurements were performed on PMMA at 300 K
for pump pulse energies from 0.4 to 1.3 nJ. No variation of
a was observed within this range of pump intensities, which
corresponded to strains from 1 to 331024 and acoustic
intensities from 5 to 1531026 W/cm2. Since our time-
resolved technique is phase sensitive, both elastic and inelas-
tic processes can contribute to thea we have measured, and
cannot be distinguisheda priori in the data.

B. Temperature and frequency dependence of the sound
velocity for polymers

We have measured the temperature dependence of the
sound velocity in PMMA for the frequencies 130 and 195
GHz. To do this, two Al transducers with different thick-
nesses~yielding different frequencies of measurement! are
evaporated on a sample of PMMA. The transducers are de-
posited in close proximity~within 0.5 cm! to minimize the
difference in the underlying sample thickness. In Fig. 9 we
have plotted the measured acoustic round-trip time for a
PMMA film approximately 600 Å thick, for temperatures
between 80 and 300 K. It can be seen that the curves for the
transit timet(T) at the two frequencies have an approxi-
mately constant separation of less than 0.2 ps, independent of
temperature. To within experimental error the difference in
the acoustic transit time is consistent with the thickness gra-
dient of the sample as measured by ellipsometry. Thus, there
is no evidence for velocity dispersion within this range of
frequencies and temperatures.

The temperature dependence of the velocity is most con-
veniently discussed in terms of the temperature derivative
b(T) of the logarithm of the sound velocity. The data for
PMMA in Fig. 9 give the result

b~T![
1

vs

dvs
dT

52531024 K21 ~5!

over the temperature range 80 to 300 K. In the determination
of this value no correction was made for the dependence of
sample thickness on temperature. The bulk coefficient of
thermal expansion for PMMA~Ref. 48! is approximately
531025 K 21 within the temperature range investigated, so
that the variation inds with temperature can be safely ne-
glected. The above value ofb(T) is in good agreement with
the value found for PMMA at Brillouin frequencies.49

Higher precision experiments50 at MHz frequencies find a
similar value ofb(T) for temperatures down to 120 K. Be-
low this temperature there is a rather sudden drop inb to a
value of22.831025 K 21, andb remains almost constant at

FIG. 7. Phonon attenuation in PS as a function of temperature.
The data at frequencies of 116 GHz and 189 GHz are from samples
as listed in Table I.

FIG. 8. Phonon attenuation in PEMA at 154 GHz as a function
of temperature.

FIG. 9. Round-trip acoustic transit timet(T) versus temperature
for a sample of PMMA with thicknessds'600 Å on a Al2O3 sub-
strate for frequencies of 130 and 195 GHz.
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this value down to 4 K.50 Another abrupt change in the value
of b(T) is observed51 for PMMA at the glass transition tem-
perature,Tg.380 K. We will return in Sec. IVB to discuss
the temperature dependence of the sound velocity in glasses
in relation to the fracton model. A similar analysis for PS
and PEMA in the temperature range from 80 to 300 K gives
approximately constant values forb(T) of 2731024 K21

and2931024 K 21, respectively.

C. Error analysis

A discussion of some possible sources of error in this type
of experiment has been given previously in Ref. 17. The
most difficult errors to eliminate can arise from the acoustic
quality of the interfaces in the structure. To calculate the
attenuation from the data, we have used the acoustic-
mismatch value forr FS. If there is acoustic loss at the inter-
faces or poor contact between layers, the true value ofr FS
will differ from this value and our result for the attenuation
will be in error. These errors will be minimized when the
attenuation experienced by the acoustic wave in the bulk
sample is very large. This favors the use of a very thick
sample, such thatads@1. An upper limit for ads occurs
when the amplitude of the returning echo becomes compa-
rable to the noise in the experiment.

It is found that the results fora on polymer samples thin
enough to satisfy the conditionads,1 are usually higher
than for samples withads.1. These differences in the mea-
sured attenuation are consistent with a value ofr FS approxi-
mately 10% below the acoustic-mismatch value, and hence
are consistent with some acoustic loss at the interfaces. To
minimize the measurement errors as discussed above, we use
polymer samples for which the condition 2,ads,4 is sat-
isfied. The estimated error bars shown in Fig. 5 have been
calculated for each data point by varyingr FS by 610% from
the acoustic-mismatch value.

In principle, theroughnessof the interfaces provides a
source of error which is very difficult to eliminate. Acoustic
loss occurs in a rough sample since various parts of the
acoustic wave travel different path lengths through the
sample and become out of phase. Since the variations in path
length due to roughness can vary with sample thickness, this
error cannot be easily eliminated, even by measurements on
a set of samples with varyingds . In our experiments we
have used very smooth substrates of Al2O3, Si, and GaAs to
minimize the scattering of the acoustic wave at the sample to
substrate interface. The Al2O3 substrates52 had rms
roughnesses53 of 4 to 6 Å over a lateral scale of 50m m. The
Si substrates were prime grade~semiconductor industry stan-
dard! with rms surface roughnesses estimated to be below 5
Å , based on a study of similar wafers.54 The roughnesses of
the GaAs substrates are believed to be in a similar range. In
any event, measurements on samples with GaAs as the sub-
strate gave attenuation results consistent with the values
found on similar samples with Al2O3 or Si as the substrate.

To investigate the effect of roughness at the sample to
transducer interface we have studied a series of amorphous
polymer samples with various surface roughnessess and
correlation lengthsz of the roughness. These samples were
vapor deposited on Si substrates and characterized using
atomic force microscopy~AFM! by Collinset al.55 At a fre-

quency of 70 GHz (dAl 5 470 Å!, we found consistent at-
tenuation results from measurements on two samples which
had values (ds , s, z) respectively of~7500, 51, and 90 Å!
and~7900, 16, and 40 Å!. For both these samples the condi-
tion ads.4 was satisfied at 70 GHz. The polymer samples
used for our measurements have comparable values of the
product ads and similar, or smaller, values ofs/dAl and
s/ds . This gives us confidence that surface roughness does
not contribute significantly to the results fora shown in Fig.
5. In addition, the observed dependence ofa on temperature
for the samples appears to rule out the possibility that the
attenuation is dominated by interfacial scattering, or by any
other scattering process not intrinsic to the amorphous
sample.

IV. DISCUSSION

A. Comparison with other data

We first compare our results with other data to try to get
an overview of the dependence of the phonon attenuation
a(v,T) on frequency and temperature. Several groups have
performed experiments to study phonon propagation in
glasses using tunnel-junction~TJ! techniques. These mea-
surements can be made in a frequency range which overlaps
ours, but the temperature range is usually limited to below 2
K. Many of the TJ attenuation measurements35–38have been
performed for transverse phonons ina-SiO2, and have found
widely differing frequency dependences of the attenuation
~from v2.9 to v6). These experiments also disagree as to
whether the phonon scattering is elastic or inelastic. Never-
theless, fora-SiO2 the attenuation as measured by all these
TJ experiments is significantly smaller than the attenuation
as measured in the same frequency range at higher tempera-
tures by Zhu, Maris, and Tauc.17

Results of a number of measurements on PMMA are
shown in Fig. 10. Tunnel junction experiments at a tempera-
ture of around 1 K have been performed for PMMA by
Scherget al.,56 who used a stress-tuned spectrometer to dis-
tinguish between longitudinal and transverse phonons. The
attenuation was observed to vary asv4.5 for transverse
phonons and asv6 for longitudinal phonons. Also included
in the figure are Brillouin-scattering results for longitudinal
phonons57,58at 1 and at 300 K, along with the estimate of the
attenuation obtained59 from the thermal conductivity of
PMMA. The TC results for the attenuation at frequencyv
have an effective temperature ofT5\v/3kB , i.e., roughly 2
to 8 K for the frequency range from 100 to 500 GHz. It can
be seen that the TJ results for the attenuation of transverse
phonons are in close agreement with the thermal conductiv-
ity fit, although considering the status of the TJ measure-
ments fora-SiO2 no definitive conclusions can be drawn
from this agreement. However, in Fig. 10 the attenuation of
longitudinal phonons does, in general, appear to be substan-
tially smaller than the attenuation of transverse phonons.

The results in Fig. 10 also show a significant increase in
the attenuation of longitudinal phonons with increasing tem-
perature from 1 to 300 K. In our measurements for PMMA
we find an increase of only a factor of 2 for the attenuation as
the temperature is increased from 80 to 300 K. The attenua-
tion we measure at 80 K is typically an order of magnitude
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larger than the attenuation measured by the TJ experiment at
1 K. Thus a more rapid variation of the attenuation with
temperature is required in the range between 1 and 80 K than
in the range between 80 and 300 K. We next turn to discuss
the frequency dependence of this high-temperature attenua-
tion.

In Fig. 11 we show the attenuation in PMMA, PS, PEMA,
and TiNi over a broad frequency range, for a temperature of
300 K. We have also included the frequency dependence of
the attenuation at 90 K fora-SiO2.

17 The results below 20
GHz are from ultrasonic51 and Brillouin-scattering60 experi-

ments. The results fora from the various techniques form a
consistent pattern for all the glasses. At low frequenciesa
has a dependence on frequency which is close to linear,
changing above 10 to 50 GHz to the quadratic frequency
dependence we observe. For frequencies below approxi-
mately 1 GHz, the attenuation results have been interpreted
in terms of different models of relaxing structural defects.61

However, difficulties arise when attempting to interpret the
Brillouin-scattering results using such a theory.62,63 Further
problems of attempting to explain the attenuation above 80
GHz ina-SiO2 with a relaxation theory have been previously
discussed.17 In the case of PMMA, to account for the qua-
dratic frequency dependence of the attenuation as observed
up to 320 GHz, most of the defects would need to have
relaxation times satisfying the conditiont rel!5310213 s.
Since a typical attempt frequency is in the THz range, it is
very unlikely that the experimental results fora can be ex-
plained by any theory of relaxing defects.

B. Comparison of results with the fracton model

Attempts have been made to explain the strong attenua-
tion found in glasses for Brillouin frequencies and high tem-
peratures in terms of anharmonic processes. For many crys-
tals, the attenuation results can be adequately explained by
processes which couple three acoustic phonons;64 however,
to account for the Brillouin-scattering~BS! results for
a-SiO2 in this manner requires

62 an unreasonably large value
of the Gruneisen parameter (g.200). For Perovskite crys-
tals a strong attenuation is observed65 which is difficult to
explain by three phonon processes involving acoustic
phonons. Barrett65 has attributed the attenuation to an anhar-
monic coupling between acoustic phonons and the soft optic
modes which are found in such crystals. It has been
proposed66 that the BS results fora-SiO2 can be explained in
a similar way by anharmonic coupling of the acoustic
phonons with optic modes. This theory requires a very short
lifetime for the optic modes (10213 s!, but it is uncertain
whether this condition is satisfied for glasses.

Anharmonic scattering processes have also been consid-
ered within the fracton model of glasses.24,25 This micro-
scopic model19 postulates that glasses are self-similar, either
in the mass density or in the connectivity between atoms, at
length scales shorter than a crossover lengthj. In analogy
with percolation networks, at length scales larger thanj the
glass looks homogeneous and the vibrational modes are
propagating phonons. For length scales smaller thanj the
vibrational modes are localized21 excitations on the fractal
geometry. A frequencyvc52pv/j is associated with the
crossover from phonons withv,vc to fractons with
v.vc , wherev is the phonon velocity. Using perturbation
theory, Jagannathanet al.25 have found that at temperatures
high enough thatkBT/\vc.1, the attenuation of phonons is
dominated by the process

phonon1 fracton→ fracton8 . ~6!

In this temperature range the fractons make a hopping con-
tribution to the thermal conductivitykhop(T) which is pro-
portional toT, and the phonon attenuation is given by the
expression

FIG. 10. Attenuation results for PMMA from a number of dif-
ferent techniques. The dashed line is the estimate of the attenuation
from a fit to the thermal conductivity of PMMA~Ref. 59!. The
measurements of the present paper and the Brillouin-scattering~BS!
measurements~Ref. 58! are taken at a temperature of 300 K and are
denoted byd. The Brillouin-scattering measurements at 1 K~Ref.
57! are denoted by,. The tunnel-junction~TJ! measurements at 1
K ~Ref. 56! are denoted byh for transverse~T! and byL for
longitudinal ~L! phonons.

FIG. 11. Attenuation versus frequency in PMMA, PS, PEMA,
anda-TiNi over a broad frequency range for a temperature of 300
K. Also shown are results fora-SiO2 at 90 K ~Ref. 17!. Low-
frequency results are from Brillouin-scattering measurements~Ref.
60! and ultrasonic measurements~Ref. 51!. The quantity plotted is
the rate of attenuation of the energy of the sound wave with dis-
tance.
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a fr~v,T!5
2p

vc
3kB

P~d% ,D,df!v2k hop~T!. ~7!

The coefficientP(d% ,D,df) is a function of the fracton~spec-
tral! dimensiond% , the fractal dimensionD, and the superlo-
calization exponentdf , and is found25 to have the value
P50.09 whend% ,D, and df are given values for a three-
dimensional percolating network~4/3, 2, and 1.75, respec-
tively!. The value ofP depends only weakly on these param-
eters. The other quantities in Eq.~7! can be calculated from
experimental measurements as described later; thus the pre-
dictions of the fracton model can be compared with our re-
sults for a(v,T) using essentially no free parameters. In
particular, the anharmonic coupling coefficient, which enters
into the fracton model as an adjustable parameter in the con-
stant of proportionality betweenkhop(T) and T, does not
enter into Eq.~7!.

The perturbative approach leading to Eq.~7! is valid for
temperatures above the plateau ink(T), provided that
vct fr(T).1, wheret fr is the fracton hopping lifetime.25 As
the temperature is increased,t fr decreases and perturbation
theory begins to break down at a temperatureT0 . For tem-
peratures slightly aboveT0 @i.e., to first order in
(vct fr)

21#, Jagannathanet al.25 find that Eq.~7! should still
hold, but the hopping conductivity should increase more
slowly than linearly with temperature, i.e., a ‘‘rollover’’ of
khop(T) should occur atT0 . Such a temperature dependence
for the thermal conductivity is observed for many glasses.
Furthermore, Freeman and Anderson67 ~FA! have found that
the experimental values ofk(T) for many amorphous solids
can be scaled to a single universal curve for temperatures
above the plateau by plottingk(T)v/QD

2 as a function of the
quantity T/QD , whereQD is the Debye temperature. For
many different glasses the rollover ofk(T), and hence the
breakdown of perturbation theory, is found to occur when a
temperature ofT0.0.15QD is reached. Fora-SiO2 this tem-
perature is approximately 50 K.

If the rise in thermal conductivity above the plateau is due
to the phonon-assisted hopping of localized modes, then it
may also be expected that our results fora would scale with
T/QD . For this reason, in Fig. 12 we have compared our
attenuation results to the fracton predictions together for the
various glasses as a function ofT/QD . We have plotted for
PMMA, PS, TiNi, anda-SiO2 the ratioa/a fr , i.e., the ratio
of the observed magnitude of thev2 attenuation to the mag-
nitude of thev2 attenuation as predicted from Eq.~7!. For
PMMA, PS, anda-SiO2, we have used values ofuD as given
by Freeman and Anderson.67 For TiNi we calculateQD from
the measured value ofvs assuming the velocity for trans-

verse phonons to be given byv t5
1
2vs . The values of

T/QD in Fig. 12 range from approximately 0.2 fora-SiO2
for a temperature of 80 K, to 5 for PMMA and PS for a
temperature of 300 K. To calculatea fr from Eq. ~7! we as-
sumeP50.09 and determinekhop(T) andvc for each glass
as follows. The conductivitykhop(T) due to the hopping of
fractons is taken to be the experimental value ofk(T) minus
the contribution due to phonons. We estimate the phonon
contribution to be the value of the conductivityk plateauat the
plateau. This simple procedure neglects the increase in at-
tenuation of the phonons with temperature, but should only

slightly underestimatekhop(T). For PMMA anda-SiO2, we
have used values ofk(T) andkplateauas measured by Cahill
and Pohl68 to calculatekhop(T). Accurate measurements

69 of
k(T) for PS are only available below 100 K, so in this case
the FA scaling relation has been used to extrapolatek(T)
into the temperature range from 100 to 300 K. For TiNi,
experimental results are not available for the nonelectronic
contribution tok(T), so we have taken the nonelectronic
thermal conductivity values70 for another metallic glass
~PdSi! and applied the FA scaling procedure to estimate
k(T). To calculatevc for use in Eq.~7! for PMMA, PS, and
a-SiO2 we have used the experimental values forvs along
with the values forj as obtained by Graebneret al.59 from
fits to the thermal conductivity. For TiNi, we have used the
values ofk(T) as estimated above, along with a fitting pro-
cedure similar to the one used by Graebneret al. to obtain
the valuej 5 20 Å for the calculation ofvc .

The fracton predictions for the attenuation are within an
order of magnitude of our results over the range
0.2,T/QD,5 for all the glasses studied in Fig. 12. The
ratios a/a fr fall within the range between 0.1 and 0.5,
whereas the experimental results for the attenuation shown in
Fig. 5 vary in magnitude by a factor of 40 between PS and
TiNi. Considering that the fracton model gives a very sim-
plified description of a real glass, the correlation found be-
tween the experiment results and the fracton predictions is
surprisingly good.

To achieve a more direct comparison with the predictions
of the fracton model it would be desirable to extend our
measurements down to lower temperatures such that
T/QD,0.1. Unfortunately, this is very difficult to accom-
plish because of heating of the sample by the laser pulse.
Alternatively, if other theories describing the hopping con-
ductivity in glasses are valid for temperaturesT@T0 , it may
be instructive to compare our attenuation results with the
predictions of such theories. For example, Bo¨ttger and
Damker29 have carried out calculations of the hopping con-

FIG. 12. Ratio of the magnitude of thev2 dependence of the
attenuation to the prediction of the fracton model@Eq. ~7!#,
a/a fr , versusT/QD , for PMMA, PS, a-TiNi, and a-SiO2. The
vertical dashed line atT/QD50.15 marks the breakdown of pertur-
bation theory in the fracton model.
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ductivity of localized optic modes using a model Hamil-
tonian system. They obtained results for the hopping conduc-
tivity for temperatures as high asT/QD.1. It would be
interesting if these calculations were extended to include the
decay rate of phonons caused by hopping of the optic modes
in this temperature range.

The variation in sound velocity with frequency and tem-
perature, caused by the hopping process given by Eq.~6!, has
been calculated by Jagannathan and Orbach.71 They per-
formed a Kramers-Kronig analysis of Eq.~7! and to lowest
order inv/vc obtained a result for the change in sound ve-
locity, relative to the value atT50, which can be written in
the form

dv~v,T!

v
52

vvc

p

a fr~v,T!

v2 @12~v/vc!
2#. ~8!

We note that Eq.~8! is just one contribution to the tempera-
ture dependence of the sound velocity; the sound velocity is
also affected by thermal expansion and other anharmonic
effects. These other contributions, however, are independent
of frequency. Forv!vc the contribution~8! to the velocity
is also frequency independent, whereas for frequencies ap-
proachingvc a dispersion of the velocity with frequency is
predicted which should increase with increasing temperature.
If in Eq. ~8! we use the experimental values ofa(v,T)/v2

for PMMA, we can calculate the variation with frequency of
the temperature dependence of the sound velocity as de-
scribed by the parameterb5d lnvs/dT. We find that
b(130 GHz)2b(195 GHz)5 431025 K21 for tempera-
tures from 80 to 300 K. Unfortunately, the difference be-
tween these two values ofb is just within the experimental
uncertainty of our results shown in Fig. 9.

C. Relation to other theories

Buchenau and co-workers13 have shown that the soft-
potential model is capable of explaining many of the attenu-
ation results obtained by Brillouin-scattering and tunnel-
junction experiments in an elegant way, but their theory does
not appear to predict a quadratic frequency dependence of
the attenuation for the frequency and temperature ranges we
have measured. More recently, Kozubet al.72 have consid-
ered attenuation processes which involve inelastic scattering

of phonons from soft modes; however, none of these pro-
cesses appears capable of explaining our observations for
a.

The theory of Allen and Feldman30 and the numerical
simulations of Feldmanet al.31 and Sheng and Zhou32 all
suggest that the rise in thermal conductivity above the pla-
teau can be understood in terms of the dynamics of structur-
ally disorderedharmonicsystems. It is assumed that anhar-
monic processes are unimportant for the description of the
thermal conduction at high temperatures; the conduction is
assumed to be limited by elastic-scattering processes arising
from the disorder. In these studies, tunneling and relaxational
attenuation processes for low-frequency phonons are added
at a phenomenological level to fit the behavior ofk(T) at
low temperatures. Within these theories, as currently devel-
oped, it would appear that the attenuation in our temperature
and frequency range should be independent of temperature.
To explain the temperature dependence observed experimen-
tally one would have to consider the anharmonic interaction
between the sound wave and the thermal phonons, these
phonons having complex displacement patterns due to the
disorder in the system. It would be interesting to see whether
this incorporation of anharmonicity into the model of Allen
and Feldman, or of Sheng and Zhou, would give the right
answer for the attenuation.

In the future we plan to examine the transition from crys-
tal to glass by performing attenuation measurements on a
series of samples which are implanted with varying doses of
ions. It would also be interesting to extend the measurements
for polymers to temperatures in the vicinity of the glass tran-
sition.
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