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Résumé. — L’atténuation et la variation de vitesse d’ondes ultrasonores de fréquences jusqu'a 2,14 GHz ont été
mesurées dans une résine époxy dans le domaine de température 0,1 2 80 K. Aux plus basses températures(T < 0,8 K)
I'atténuation varie comme le cube de la température et est indépendante de la fréquence comme le prévoit la théorie
standard des systémes a deux niveaux. L’ensemble de nos résultats est discuté dans le cadre de cette théorie.

Abstract. — Attenuation and velocity changes of ultrasonic waves of frequencies up to 2.14 GHz have been measur-
ed in an epoxy resin in the temperature range 0.1 to 80 K. At the lowest temperatures (T < 0.8 K) the attenuation
varies as the cube of the temperature and is frequency independent, as predicted by the standard TLS theory.
All of our results are discussed in the framework of this theory.

1. Introduction. — Amorphous materials have low
temperature properties quite different from those
observed in crystals. Their specific heat contains an
excess below about 1 K which varies linearly with the
temperature T. Their phonon thermal conductivity
varies as T2. Their acoustic behaviour is also quite
characteristic : the velocity first increases logarith-
mically with temperature and the absorption is satu-
rable. All these properties are believed to be intrinsic
to the amorphous state. They have been observed
in insulating glasses [1]. In amorphous metals the
observed behaviour is similar; the main differences
can be attributed to the presence of conduction elec-
trons [2]. Most of the low temperatures properties of
semiconducting glasses and also amorphous polymers
are similar to those of insulating glasses [1]. All these
particular features are well explained in the framework
of the two-level system (TLS) theory which assumes
the existence of a particle moving in a double-well
potential by quantum-mechanical tunnelling [1]. The
TLS theory predicts that TLS and an acoustic wave
interact via two different processes. In the first mecha-
nism phonons of energy hw are resonantly absorbed
by the TLS of energy splitting £ = hw. In the second

(*) Associated with the Centre National de la Recherche
Scientifique.

mechanism the modulation of the TLS splittings by the
acoustic wave induces relaxation effects and then
finally acoustic absorption. When the relaxation is due
to absorption or emission of one thermal phonon (as
is the case in insulators) the acoustic attenuation varies
as w° T? at low temperatures (T < 1K); at higher
temperatures it varies as wT°, independently of the
relaxation process [3]. The change between the two
regimes arises at a temperature which depends on
the frequency. This behaviour has been observed in
several amorphous insulators or disordered solids
especially the T* law [1, 4]. In amorphous polymers
the situation is somewhat different. As predicted by the
TLS theory the resonant absorption has been observed
in amorphous polymethylmethacrylate (PMMA) by
Brillouin scattering [5] and the logarithmic temperature
increase of the velocity in several amorphous polymers
[5-8]. But the temperature and frequency dependences
of the acoustic absorption in the 1 K range in amor-
phous polymers is unexpected. The attenuation can be
well described by a wT law in the 100 MHz range
near 1K in selenium [9] and polystyrene (PS) [6].
Moreover Brillouin scattering experiments in PMMA
and polycarbonate (PC) have revealed a linear beha-
viour of the attenuation of 18 GHz acoustic waves in
the 2 to 10 K range [5]. A question arises concerning
the possible existence of a new relaxation mechanism
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for the TLS in polymers. For this reason we have per-
formed ultrasonic experiments in an amorphous epoxy
resin down to lower temperatures (0.1 K) and up to
higher frequencies (up to 2.14 GHz) than in previous
ultrasonic work. Under these conditions we can
expect to observe the T law of the absorption because
this regime is reached more easily at low temperature
and high frequency. Our results show that the beha-
viour predicted by the standard TLS theory for
amorphous insulators is indeed observed in the epoxy
resin. A preliminary account of this work has been
published previously [10].

2. Samples and experimental methods. — Samples
of commercial epoxy resin [11] of length 2.14 mm
and section 4 x 4 mm? were prepared with two flat
and parallel faces. The density is 1.2 g.cm ™ 3. Because
epoxy resin is a rather soft material, acoustic propa-
gation experiments in this material are somewhat
difficult. We have obtained the best results by bonding
the sample with a silicone oil on a quartz delay line.
For the present our results are restricted to longitu-
dinal waves. The method used for the attenuation and
phase velocity measurements was a standard pulse
echo technique. First we have measured the velocity
of longitudinal acoustic waves. At 0.1 K we have
found v, =3.25 x 10°cm.s™'. This value is in
agreement with previous determinations in other
epoxy resins [5, 12].

The low temperatures were obtained with a dilution
refrigerator for the range 0.1 K to 1.5K and with
an He® refrigerator for the range 0.8 K to 80 K. We
have verified that the agreement of the two sets of
measurements is very good in the common tempera-
ture domain covered by the two refrigerators.

3. Experimental results. — The results of the atte-
nuation measurements of acoustic longitudinal waves
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Fig. 1. — Temperature-dependent part of the attenuation of
longitudinal acoustic waves propagating in an amorphous
epoxy re<in as a function of the temperature on a Log-Log
scale for five frequencies. Solid lines are calculated taking
into account only the direct process in the relaxational part
of the attenuation.
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in epoxy resin are presented in figure 1 in a Log-Log
plot for five different frequencies ranging from 150 MHz
to 2.14 GHz for the temperature range 0.1 K to 10 K.
The main features are the following :

— at the lowest temperatures (T < 0.8 K) there is a
region where the attenuation falls on the same line
within the experimental accuracy (except for the
lowest frequency). The slope of this line is very close
to 3, so that the dependence on the frequency and
temperature is described by o ~ w° T3;

— at higher temperatures the attenuation becomes
frequency dependent. This feature is seen more clearly
in figure 2 where the data are plotted on a linear scale.
They are restricted to the three lowest frequencies as
a consequence of the large attenuation at the highest
frequencies ;

— at a temperature close to 3 K, which is in fact
frequency dependent, there is a marked change of the
slope of the attenuation as a function of the tempera-
ture (see Fig. 2);

— from about 4 K up to the highest temperature
reached in our experiment (80 K) the attenuation
increases monotonically (see Fig. 3).

At the lowest temperatures (below 1 K) we have
searched for an intensity dependence of the atte-
nuation. Upon varying the acoustic intensity by about
20 dB, no variation of the attenuation was detected.
On the other hand we have observed an w° T® law.
Therefore we conclude we have measured the high
intensity (or saturated) part.

The results of the measurements of phase velocity
changes are shown in figure 4 for two different fre-
quencies on a semi-log plot. The behaviour is quite
characteristic of an amorphous material. First the
velocity increases as the logarithm of the temperature
with a slope which is frequency independent, passing
through a maximum and then decreasing with a quasi-
linear temperature dependence (see Fig. 5).

4. Theory. — We interpret our results in the fra-
mework of the TLS theory. As mentioned in the intro-
duction, an ultrasonic wave of frequency w/2 =
interacts with a TLS via two different processes. In the
resonant process a phonon of energy #w is absorbed
resonantly by the TLS. This results in an attenuation
and also a velocity change of the ultrasonic wave. This
velocity change is given in the case iw < kT by [4] :

él—:i = CIn(T/T,) D

where T, is an arbitrary reference temperature.
C = Py?*/pv? where P is the spectral density of the
TLS [13], and y is a deformation potential which
characterizes the phonon-TLS coupling.

In this paper we do not deal with the resonant
absorption because it is observable only at low
acoustic intensities not reached in our experiment.

In the second process the acoustic wave modulates
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the TLS splitting. The new thermal equilibrium takes
place with a characteristic relaxation time T',. This

process leads to a relaxational attenuation which can be
written as [3, 14] :

Loo d(ﬁzg) sech? ﬁ—2€ x

X j dr(1 — ¥2 1

w? C
v

T,

. (2
1 + w? T? 2

The corresponding velocity change is given by :
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If the relaxation of the TLS occurs via the one-phonon
process, T, is given by [3] :

3
-%D- =rK, T3<ﬁTE> coth Ezli )
1
with ,
4k 7y’
REEL §
7tp T vt

where B = l/kg T and © = L or T (longitudinal or
transverse). In these formulae the distribution of the
coupling constants is taken into account by the
parameter r = (4,/E)*> where 4,/h is the tunnelling
frequency. As a consequence there is a distribution
of the relaxation times T,. By setting » = 1 in equa-
tion (4) the minimum value (T}) for T, is obtained. The
integral over r in equations (2) and (3) is calculated
analytically and the integral over E is calculated
numerically. However the attenuation and the velocity
can be obtained exactly in the following limits :

— oTT > 1 (low temperature regime)

4 K
*=ggCH T )
Av n® CK2T®
R ©

a=ﬁwC W)
Av C. o 3C, T
T-—EIHQTO——Z'—IH'T‘—E), (8)

where wy/2 n and Ty are arbitrary frequency and
temperature references.

5. Discussion. — The first result of our experiments
is a qualitative one : the observation of a w® T3 law for
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Fig. 2. — Same as figure 1 with a linear-linear scale but for
only the three lowest frequencies. Solid lines have the same
meaning as in figure 1. Dashed lines are calculated taking
into account the direct plus the Raman process.

the acoustic attenuation at low temperature in an
epoxy resin shows unambiguously that this amorphous
polymer behaves in exactly the same manner as the
usual insulating glasses such as silica, for example.
Therefore there is no need to introduce a new relaxation
mechanism for the TLS, specifically for the glassy
polymers. Although the structure and the bonding in
polymers are quite different from those of silica-based
glasses, the low-temperature behaviour, which is a
consequence of the existence of TLS, is the same in the
two types of glasses.

The marked change of slope of the «(T') curves near
3 K (see Fig. 2) could be interpreted as the occurrence
of the plateau of the attenuation (Eq. 7). But at tempe-
ratures above 3 K the attenuation still increases with
the temperature. Therefore it is difficult to say if the
plateau is indeed observed.

In order to test the TLS theory in detail we have
calculated the acoustic attenuation and velocity
change over all the temperature range from 0.1 K
up to 30 K, using equations (2) and (4).

5.1 ATTENUATION. — The following procedure was
used. First we attempted to obtain good agreement
between calculated and experimental values for the
attenuation. C and K, in equations (2) and (3) were
taken as adjustable parameters (p and v, were given
in part 2). It was possible to obtain a very good fit for
the lowest temperatures (T < 3 K) using the same
values of C =5 x 107* and K; =24%x10°K3.s7!
for all the five frequencies (see the solid lines in Fig, 1
and 2).
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At higher temperatures (T = 3 K) the agreement is
not very good as can be seen on the linear plot of
figure 2. In a second step of our procedure we tried to
improve the fit by introducing a supplementary
relaxation mechanism : the so-called Raman process
in which the return to equilibrium of the perturbed
TLS population occurs via the interaction with two
thermal phonons [14]. As shown in detail in refe-
rence [14], the corresponding relaxation time is given
by :

1
T® = rK, T" F,(BE) ()]
1
with
kg 62
K, = 7 10
W é(pvf) (pv3) (10

T and o stand for the polarizations, ¢ is the coupling
constant for this TLS-phonon interaction process,
and

— l 2 2 4 22,2 _12 4
F,(u) = 7O(u +7 )(u T ut + T >cothu.
(1
The effective relaxation time of one TLS is given by

1 1 1
T, 0 + T (12

With the Raman process, using K, =5 x
10* K~7.s7! the fit is improved for the 530 MHz
curve up to about 7 K. But, in fact, it was rather worse
for the 270 MHz and 150 MHz curves. The results are
given by the dashed lines in figure 2. Therefore the
Raman process is not sufficient to explain all the
acoustic attenuation in the epoxy resin.

As a temporary conclusion, it appears that the TLS
theory, via the relaxational attenuation, gives a very
good description of the acoustic attenuation in the
epoxy resin below about 3 K. Above 3 K another
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Fig. 3. — Temperature-dependent part of the attenuation of
longitudinal acoustic waves propagating in an amorphous
epoxy resin as a function of the temperature for the lowest
frequency.
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attenuation contribution arises, which is presently
unidentified.

In most of the glasses [4] studied up to now (and
especially in glassy polymers [9]) the acoustic atte-
nuation at intermediate temperatures (from about
10 K to 100 K) is characterized by a peak. This peak is
usually interpreted as the consequence of a thermally
activated process (Arrhenius process) with a broad
spectrum of the activation energies. We do not consider
this process here because we have not observed such
a peak in our measurements in the epoxy resin up to
80 K. In fact it is possible that the peak occurs at
higher temperatures. And the excess of attenuation
above 3 K can be interpreted as the low temperature
side of an Arrhenius peak.

5.2 VeLocity. — Now we turn to the discussion
of the velocity changes. Besides the relaxational contri-
bution to the velocity as given by equation (3) we
have to take into account the resonant contribution
given by equation (1) which cannot be saturated.

Immediately a first difficulty appears. It is necessary
to use for the coefficient C, which is in front of equa-
tion (1), a value Cy which is different and lower than
the value C inferred from the relaxational attenuation
(Eq. 2). This problem was encountered previously in
the disordered material Na-fAL,O; [14]. It is in
contradiction with the TLS model, at least in its
standard version. In [14] a modified TLS distribution
function has been proposed in order to take into
account this experimental finding. In the following we
use simply two values : Cy for the resonant process
and C for the relaxational process. From the logarith-
mic increase of the velocity between 0.1 K and about
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Fig. 4. — Semi-log plot of the relative phase velocity of
530 MHz longitudinal acoustic waves propagating in an
amorphous epoxy resin as a function of the temperature.
The solid line is calculated taking into account the resonant
part and the relaxational part with only the direct process.
The dot-dashed line is a calculated curve including a resonant
contribution, a relaxational contribution (only direct pro-
cess) plus an anharmonic term as explained in detail in the
text.
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1 K we found Cy = 2.8 x 107*. We then calculated
the velocity change with equations (3) and (4), using
the same values C=5%x10"% K=24x10° K3 .s7!
as for the attenuation and adding the resonant contri-
bution (Eq. 1) with Cz=2.8x10"% The result is
shown by the solid lines in figures 4 and 5. Obviously
the fit is very bad above 3 K.

As for the attenuation we have tried to improve
the fit by adding a Raman process for the relaxation
ofthe TLS. Using the same value K, =5x 10> K7 .s7!
as above, we have obtained the dashed line in figure 5.
It cannot be said that the fit is really better !

It appears that above about 3 K most of the acoustic
velocity change in the epoxy resin cannot be attributed
to the TLS-phonon interaction, at least in terms of the
presently known interaction processes. Therefore
we have tried to interpret the observed velocity change
as a consequence of the phonon-phonon interaction
(or anharmonic process). In this case the velocity
change can be written [15]

A G T
v anh - PUZ

where 7y is an average Griineisen constant and C,
is the Debye specific heat given by

TN\ (™ x* e
Cv = 9Nkn<§) J dx(;;—_—TV

0

(13)

(14

with 6 the Debye temperature, x, = 6/T and N is the
number of acoustic modes. This contribution gives, at
low temperatures, a T* variation (C, oc T?) and at
high temperature a linear T variation for the velocity.
0 and y, were taken as free parameters. The dot-
dashed lines in figures 4 and 5 show the result of the
calculation taking into account the resonant and
relaxational contributions with the coefficients Cy, C
and K, as above and the anharmonic contribution
with y; = 10 and 8 = 150 K (which corresponds to
N =022 x 10*3 cm™?). The fit is certainly better.
But the calculated curve varies more rapidly with the
temperature than the experimental curve. It is possible
to obtain a better fit but in that case the value of 6
becomes unphysically small. It can be also mentioned
that the value of y; used here for the epoxy resin is
high as compared to the values usually found in
crystalline materials [15].

As a conclusion of this discussion of the velocity
results, we cannot rule out the presence of an anhar-
monic term in the acoustic velocity variation but
another presently unidentified term (related to the
unidentified term of the attenuation ?) probably
exists. However at the lowest temperatures (T < 3 K)
the velocity variation is well described in the frame-
work of the TLS model.

5.3 TWO-LEVEL SYSTEMS IN THE EPOXY RESIN. —
Now we will discuss our results in comparison with
other work on glassy polymers. First from the values
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Fig. 5. — Same as figure 4 with a linear plot. The solid and
dot-dashed lines have the same meaning as in figure 4.
The dashed line is calculated including the resonant part
plus the relaxational part in which two processes (direct and
Raman) have been taken into account.

of C and K,, if we suppose y{ ~ 2 y% as for most of
the amorphous insulators [4] and with vy = 1.6 %
10° cm.s™ ! [8, 12] we can deduce the TLS spectral
density P ~ 5.4 x 10°2 erg”'.cm™? and the TLS-
phonon coupling constant y; ~ 0.2 eV. These values
can be compared to the TLS density of states deduced
from specific heat experiments (1.3 x 10*3 erg™* .cm ™3
[12], and 1.6 and 1.1 x 10** erg”!'.cm™? for two
different epoxy resins [8]). The agreement can be
considered good, if we take into account our assump-
tions in_the determination of P and the fact that
usually P is about one order of magnitude smaller
than the density of states. The same authors, from
their thermal conductivity experiments, have found
for y, values between 0.12 eV and 0.4 eV.

Now if we compare our results to other ultrasonic
work, we note that our value Cy = 2.8 x 107* for
epoxy resin is very close to the value 3.9 x 107*
reported for PS [6] and to the value 5.1 x 10™* for
PMMA in a Brillouin scattering experiment [5].

Finally we were informed as this paper was being
written that similar results have been obtained in
other glassy polymers [16]. In glassy PMMA, PEMA
(polyethylmethacrylate) and PC, Federle and Hunk-
linger have observed an w® T* law below about 0.2 K
for ultrasonic frequencies up to 410 MHz. Also they
mention that Cy, is different to C. These results added
to those presented here confirm the generality of the
T3 law in glassy polymers.
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6. Conclusion. — The measurement of the atte-
nuation of high frequencies ultrasonic waves down
to 0.1 K in an epoxy resin has permitted us to observe
for the first time in a polymer the w® T? law usually
found in amorphous insulators. Therefore we have
concluded that the standard TLS theory can be
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applied to the amorphous polymers. A more detailed
discussion has confirmed the agreement of the pre-
dictions of the TLS theory with our results up to
about 3 K. At higher temperatures some presently
unidentified mechanisms seem to play a dominant
role.
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