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For most glassy materials at temperatures below =1 K, the magnitudes and tempera-
ture dependences of specific heat, thermal conductivity, and ultrasonic dispersion are
qualitatively similar, independent of chemical composition. It has been suggested that
thermal expansion also exhibits this universal behavior. However, from measurements
made on amorphous SiO,, As,S;, and two glassy polymers at 7'<1 K, it is found that the
linear expansion coefficient can be positive, negative, large, or small.

PACS numbers:

The universal behavior of amorphous solids at
temperatures T < 1 K has attracted much atten-
tion over the past ten years.! For nearly all
glassy materials the specific heat is roughly lin-
ear in temperature and of the same magnitude in-
dependent of chemical composition. This is very
different from the (T/6p)* dependence observed
in pure crystals, for which 6y is the Debye tem-
perature. Also the thermal conductivity and ul-
trasonic dispersion are similiar among glassy
solids, but very different from crystalline solids.
This universal low-temperature behavior in amor-
phous materials is caused by a broad spectrum
of localized excitations having a nearly energy-
independent density of states. Each excitation
would appear to have a ground state and one ex-
cited state well separated from other states of
higher energy, hence the name two-level states
(TLS). A phenomenological model®? suggests
that the TLS arise from the tunneling of some
entity between two neighboring potential-energy
wells.

A proposed test of the tunneling nature of the
TLS is a measurement of the TLS contribution to
thermal expansion.* This suggestion is based on
the observation that, in crystals containing im-
purities, the expansion coefficient may be very
large if the impurity can reorient by tunneling.®
In a discussion of thermal expansion, it is con-
venient to use the Gruneisen parameter® T" de-
fined as T'=3Ba/C, where B is an elastic modu-
lus, « is the linear thermal expansion coefficient,
and C is the specific heat. For phonons I'= 1,
while for crystalline impurities with associated
tunneling states, T may be as large as 300, and
either positive or negative.® Indeed, measure-
ments of thermal expansion in amorphous sol-
ids* ™ ® appear to indicate a universal behavior,
as for specific heat, with a T" which is large and
negative, I'= —20. However, those measure-
ments were made only at 7>1K. It is primarily
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at lower temperatures that the TLS make the
strongest contribution to thermal properties. We
therefore have measured the thermal expansion
coefficients of four glassy solids to temperatures
below 1 K. We find that, contrary to expectation,
there is not a universal behavior for the thermal
expansion coefficient.

Our dilatometer® uses a SQUID circuit as a po-
sition-sensitive detector to monitor the periodic
length changes of a sample caused by an imposed
square-wave temperature modulation. The reso-
lution is 2% 10"* A. Samples of ~ 3 em length
were cut from vitreous silica’ (SiO,), amorphous
As,S,," polymethylmethacrylate'® (PMMA), and
an epoxy’® (SC5). The low-temperature limit for
each sample was determined by a length change
of five times the resolution for a temperature
modulation of 10%. The accuracy of a measured
expansion coefficient is believed to be =+ 10% as
determined by measurements on high-purity cop-
per.

The expansion data are displayed in Figs. 1 and
2 where « (T') has been divided by T° to emphasize
any departure from the 73 dependence contribut-
ed by phonons, a source of low-temperature ther-
mal expansion other than TLS., Also shown are
data from previous measurements on these ma-
terials at 7>1K. Below 1K the «(T) of SiO, is
large, negative, and proportional to 7' as predict-
ed by the earlier measurements.'* On the other
hand, the o (T) of SC5, PMMA, and As,S, are
small and positive over the available temperature
range. The empirical Grineisen parameters!®
are plotted in Fig. 3, where the vertical scale
for SiO, has been compressed by a factor of 10.
Also shown are the direct measurements® of T
for SiO,. In the direct measurement one observes
a temperature change resulting from an imposed
change in length instead of observing the length
change caused by an imposed change in tempera-
ture as in the present measurements.
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FIG. 1. The negative linear thermal expansion co-
efficient o of vitreous silica, divided by T'® to empha-
size departure from a T° phonon contribution. The da-
ta from two independent sets of measurements are in-
distinguishable. Dashed line, data of Ref. 4. Dotted
line, data of Ref. 7. Insets: (a) Possible effect of local
strain e on energy E; of a TLS. (b) Speculated distribu-
tion of strain-coupling coefficients D; .

The specific heats C of amorphous solids may
be fitted" by the expression C=c,T +c;T? for 0.1
<T <1K. The first term, which dominates C at
T <1K, is attributed to the TLS. The thermal
expansion of SiO, also can be fitted by a =a, T
+a,T3. If this fit is applied to all samples at T
<1K, and if the linear term is assumed to be
contributed by TLS, we obtain for the TLS Grun-
eisen parameter 3Ba,/c, values of roughly — 30,
-1, -0.4, and +0.3 for SiO,, PMMA, As,S,, and
SC5, respectively.® Thus it is clear from these
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FIG. 2. The positive thermal expansion coefficient «
(divided by T3) of glassy As,S; (circles), PMMA (cross-
es), and epoxy SC5 (triangles). Dashed line, data of
Ref. 7 for PMMA. Dotted line, data of Ref. 8 for As,Ss.
The specific heats of these materials are of the same
magnitude, but a factor of = 2 larger than for vitreous
silica.

results and Figs. 1-3 that the expansion coeffi-
cients, or the Gruneisen parameters, of glassy
solids do not obey a universal behavior at low
temperatures.

The commonly used theory®? for TLS is phe-
nomenological and, as such, permits one to cor-
relate the results of different measurements. In
particular, ultrasonic attenuation measurements
may be compared with the present thermal-ex-
pansion results. The energy E of each TLS is
changed slightly by the stress of an ultrasonic
wave, thus altering the statistical probability
that the excited states are populated. This proc-
ess of thermal relaxation causes an attenuation
of the ultrasonic wave. To be more specific, the
change in energy E; at TLS site { is 81nE;/81nV
=D,;/E;. The quantity D; has generally been
treated as a constant in the literature, in which
case the ultrasonic attenuation'”'® is proportion-
al to D? with |D| =1 eV. The Grineisen param-
eter may be defined® as T'=)},T';C,/>;,C,, where
the sum is over all TLS sites and I'; =— 9 1nE,/
8InV =D,/E,;. Again assuming that D is a con-
stant and using the magnitude determined from
ultrasonic measurements, we have |T| =073}, C,/
E;)/3,;C,~10*/T. Hence at T=1K, |T|=~10%
This may be contrasted with the weaker temper-
ature dependences of the measured T in Fig. 3
and with the much smaller measured magnitudes,
namely, |T'| <15 at 1 K. Inbrief, the coupling of
individual TLS to strain fields (measured ultra-
sonically) indicates a much larger thermal ex-
pansion coefficient than is observed. A cancella-
tion of the contributions of individual TLS to ther-
mal expansion must occur as has been discussed

FIG. 3. The empirical Grineisen parameters I for
glassy As,S;, PMMA, SC5, and, on a scale compressed
by a factor of 10, vitreous SiO,. Dashed line, direct
measurement of I" for SiO, from Ref. 15,
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previously.*

A cancellation could occur if the D; were a
function of the energy E; at TLS site . Then
D,..=(D;®»)"? is a quantity more appropriate to
ultrasonic attenuation, since the relaxation proc-
ess is independent of whether E; increases or de-
creases with application of stress. For thermal
expansion D,,=(D;) is a more appropriate quan-
tity, as the individual signs are now important in
determining whether the sample expands or con-
tracts. The energy dependence of D, . must be
weak, or the temperature dependence of the com-
puted ultrasonic attenuation would not agree with
observation.'™®2%21 On the other hand, D,
must have a linear energy dependence to give a
temperature-independent I', or a dependence of
~EY? to give I'(T) roughly proportional to 7~ '/2
as observed for vitrious silica (Fig. 3). An illus-
tration of how D, might differ from D,, is pro-
vided by the inset in Fig. 1. The energy E; at
site { may be perturbed by local strain® e as in
Fig. 1(a). The slope of the E; vs e curve at
strain e; is just D;. A spectrum of local strains
e; would create a spectrum of D;. For conven-
ience we take the distribution of the I; to be a
Gaussian lying slightly off center as shown in
Fig. 1(b). If the distribution #(D;) should shift
slightly as a function of E (or temperature or
material), a large fractional change would occur
for D ,, but not for D ..

In summary, we have observed that the ther-
mal expansion coefficients of amorphous solids
do not follow the universal behavior observed for
specific heat, thermal conductivity, and ultra-
sonic dispersion. It would appear that a distribu-
tion of strain-coupling coefficients D; must be
added to the broad distributions over energies
and over relaxation times which are believed to
exist for the TLS,
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