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The triplet state Hg-Li, is likely formed to
some extent, but it would be electrically in-
active.
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Light scattering has recently been used to
study second-order transitions in solids. In
the ferroelectric crystal rochelle salt, Be Mar-
tini' observed a discontinuity in the threshold
for stimulated Brillouin scattering; in trigly-
cine sulfate, also a ferroelectric crystal, Gam-
mon and Cummins' observed an anomalous
change in the frequencies of the longitudinal
and transverse Brillouin components. In this
Letter we report on studies of the light-scat-
tering spectrum of an amorphous solid, poly-
ethyl methacrylate, in the region of the "glass
transition. " At the glass-transition tempera-
ture, T&, the material undergoes a change from
a, viscous (or rubbery) liquid to a brittle glass,
but the detailed nature of this transition is not
well understood. '~' Our measurements reveal
a sharp discontinuity in the intensity ratio of
Rayleigh to Brillouin scattering at T& which
may be interpreted as evidence of a second-
order transition.

It is well known that amorphous polymers,
inorganic glasses, and strongly associated liq-
uids undergo a glass transition during which
changes in the temperature coefficients of var-
ious physical properties associated with the
free volume occur. However, there is no large
change in volume as the material passes through
the glass transition, no latent heat, nor abrupt
changes in the thermodynamic quantities such
as occur in first-order transitions. Consider-

able interest has developed as to the possible
thermodynamic origin of the glass transition. '~'

Some authors'~' have interpreted the glass tran-
sition as involving an Ehrenfest second-order
transition, that is, one with a discontinuity
in the specific heat, but with no latent heat.
Others' have suggested that it is caused by
relaxational effects associated with the volume
change.

For our light-scattering experiments, the
polymer polyethyl methacrylate was chosen
because its glass temperature is in a convenient
range, T&=63'C, and because its optical prop-
erties are excellent. The sample of polyethyl
methacrylate was made from highly purified
monomer to which 0.1% azobisbutyronitrile
had been added as an initiator. To eliminate
dust, this liquid was passed through a filter
of 0.01-p. pore size. The monomer was then
polymerized in an evacuated glass cell at about
40'C and annealed at 100'C for 24 h. For this
experiment the sample was prepared in the
shape of a cylinder (2 in. in diameter and 2

in. in length) and was surrounded by a thermo-
statted metal jacket.

The light-scattering apparatus was essential-
ly that described by Chiao and Stoicheff. ' The
He-Ne laser emitted 20 mW of radiant power

0
at 6328 A. A 1-cm spacer was used in the pres-
sure-scanned Fabry-Perot interferometer and
the resultant instrumental linewidth was 750
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Mc/sec. The photomultiplier detector was
followed by a linear amplifier, pulse-height
analyzer, and ratemeter.

The frequency spectrum of light scattered
at 70' to the incident beam was recorded at
various temperatures in the range 20 to 85'C.
At each temperature approximately 30 min
was allowed for the sample to reach thermal
equilibrium. A series of measurements were
taken with temperature increasing up to 85'C
and a second series with temperature decreas-
ing down to 20'C. Typical spectra below and
above the glass transition are shown in Fig. 1.
The salient features in these spectra are (a) the
very high intensity of the central or Rayleigh
component in comparison with the shifted or
Brillouin components and (b) the increase in
intensity in both the Rayleigh and Brillouin
components immediately above T&,

' the Ray-
leigh peak changes by approximately 5% and
the Brillouin peaks by approximately 20%.

The intensity ratio of Rayleigh to Brillouin
components, Ic/2IB, commonly called the Lan-
dau-Placzek ratio, is shown as a function of
temperature in Fig. 2. This ratio decreases
markedly with increasing temperature. More-
over it exhibits a sharp discontinuity at 61.4
+0.5'C, well within the normal range of T&.
No discontinuity was found in the frequency
shifts of the Brillouin components to 0.5%',
thus there is no corresponding discontinuity
in the velocity of the hypersonic thermal waves
although a smoothly decreasing velocity with

Rayleigh
XIO

+t above TgI

increasing temperature was observed. (Un-

fortunately, our experimental resolution was
not sufficient to detect the true width of the
Brillouin lines nor changes in this width, re-
sulting from possible changes in the temporal
absorption coefficient. ) Finally, the very large
magnitude of the Landau-Placzek ratio shown
in Fig. 2 should be noted. This is to be com-
pared with values of less than 1 in many liq-
uids' ~" and values of up to 8 in very viscous
liquids. "

The Landau-Placzek ratio for liquids is giv-
en j.n its simplest form by

where PZ and PS are the adiabatic and isother-
mal compressibilities, Cp and C„are the heat
capacity at constant pressure and volume, re-
spectively. In the numerator, the static val-
ues (st) are used since the Rayleigh component
is due to scattering from slowly damped entro-
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FIG. 1. Light-scattering spectra of polyethyl metha-
crylate recorded immediately below the glass transi-
tion temperature && (solid line) and immediately above

&& (dashed line). The H,ayleigh component is reduced
by 10, and only the Stokes Brillouin component is
shown. The dotted lines indicate zero intensity.

FIG. 2. Graph of the intensity ratio of H, ayleigh to
Brillouin scattering, Ic/2111, plotted against tempera-
ture of specimen. Measurements with temperature in-
creasing are indicated by triangles, and with tempera-
ture decreasing by circles.
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py fluctuations which do not propagate in nor-
mal liquids. In the denominator, the hyperson-
ic (hs) values are used because the Brillouin
components arise from propagating pressure
fluctuations oscillating at hypersonic frequen-
cies.

According to Eq. (l) the observed magnitude
of Ic/2IB, its change with temperature, and
the sharp discontinuity in the region of T& find
a ready explanation in a large ratio of the heat
capacities [Cp —Cv]st/[Cu]hs —[pT —

I S]st/[pS]hs,
a decrease in this ratio with increasing tem-
perature, and a discontinuity in this ratio at
or near T&. This behavior seems plausible
for amorphous polymers. It is reasonable to
assume that the density of low-frequency mo-
lecular degrees of freedom will be proportion-
ately higher in polymers than in low molecu-
lar-weight liquids. This would result in a larger
value of [Cp C~]st/[Cz) ]hs ——[pT —pS]st/[pS]hs
and in a larger ratio of Ic/2IB for polymers
than for normal liquids (although we cannot
rule out completely the possibility that para-
sitic scattering or scattering from crystallites
is contributing to the large Rayleigh intensity
observed). As the temperature of the polymer
is increased and the polymer approaches the
rubber state it acquires new degrees of free-
dom at both low and high frequencies as shown

by the slow increase in both the Rayleigh and
Brillouin peaks. At T& there is a discontinu-
ity in the ratio [Cp —C~]st/[C~]hs and a, marked
increase in both low- and high-frequency de-
grees of freedom as shown by the large increase
in the intensities of both the Rayleigh and Bril-
louin components. Moreover, although the
fractional change in the intensity of the Ray-
leigh line (5%) is smaller than that of the Bril-
louin lines (-20%), the absolute change is much
larger (-3:l) and therefore at T& the absolute
change in [Cp —C~]st is larger than that in [C~]hs.
This is in keeping with the usual definition.
of the glass transition in polymers as that tem-
perature below which the main chain config-
urations (associated with low-frequency mo-
tions) are "frozen in. " The observed discon-
tinuity in Ic/2IB and increase in Rayleigh scat-

tering at Tg in polyethyl methacrylate are thus
manifestions of a structural change at T&, with
a sudden onset of low-frequency motions above

T& and a sudden freezing in of these motions
below Tg

The present investigation has shown that the
ratio of Rayleigh to Brillouin scattering is a
very sensitive probe for observing structural
transitions in amorphous polymers. Moreover
such investigations will be of general interest
in the study of phase transitions in solids and
will complement studies using other experiment-
al techniques. Finally, the very sharp change
in Ic/2IB, which is in marked contrast to the
changes in expansion coefficient and mechan-
ical properties known to occur within a 2-3'C
range of T&, may serve as a more definite
measure of the glass transition.
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