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We compare specific-heat-spectroscopy and dielectric susceptibility measurements of salol

(phenyl salicylate) near the glass transition. The specific-heat-spectroscopy measurements cover 5

decades in frequency; the dielectric susceptibility measurements cover 13 decades. Over their com-
mon range, both probes measure the same characteristic relaxation time. In contrast to the viscosi-

ty measurements of salol reported in the literature, the characteristic relaxation time measured by
these techniques shows non-Arrhenius behavior near Tg. The Vogel-Fulcher divergence tempera-
ture is consistent with the Kauzmann temperature. As is seen in other glass formers, the relaxation
widths broaden rapidly with decreasing temperature.

I. INTRODUCTION

As a practical matter, the transition from a super-
cooled liquid to a glass is the result of the liquid slowing
down and falling out of equilibrium as it is cooled. The
temperature at which the characteristic relaxation time ~
reaches —10 sec is commonly designated the glass-
transition temperature T . A fundamental question
arises: Is the observed dynamic slowing down in the
liquid being driven by an underlying thermodynamic
phase transition or is it simply a kinetic effect? At
present, there is no clear answer to this question; unlike
most simple phase transitions, the glass transition does
not have a clear order parameter with a simple symme-
try.

An observation in favor of the phase-transition picture
of the glass transition was made by Kauzmann he noted
that for most glass formers, an extrapolation of the super-
cooled liquid entropy below T crosses the associated
crystalline value at a nonzero temperature T~. This im-

plies that the equilibrium liquid must change in some way
at, or above, Tz to avoid this paradoxical situation. If
the characteristic relaxation time ~ of the liquid were not
to diverge above Tz, then such an entropy crossing
would occur. For many glass-forming liquids, ~ can be
fit with a Vogel-Fulcher form r=~oexp[A /(T To)], —
with T, = Tz. This suggests that Tz plays a role in both
the statics and dynamics of the glass transition.

In the entropic theories of the glass transition, Tz is
identified as the equilibrium glass-transition temperature.
The basic premise of these theories is that the relaxation
of a supercooled liquid is due to the activated exploration
of the possible particle configurations available on the
potential-energy hypersurface. The configurational en-
tropy b,S =S(liquid) —S(crystal) is a measure of the num-
ber of configurations available at a given temperature.
By assumption, b,S( Tz ) =0, meaning that the number of
potential-energy minima available to the system as
T~T~ approaches a number of order unity; as a result,

the time scale required for the system to relax diverges.
In the "strong" to "fragile'* classification scheme pro-

posed by Angell, it has been found that this picture of
the glass transition is consistent with the observed dy-
namics for the strong and intermediate glass formers.
Unfortunately, this picture appears to break down at the
fragile end of the spectrum. Viscosity measurements '

on a number of fragile glass formers indicate that the
shear relaxation time ~, is diverging in an Arrhenius
fashion, ~, =w, oexp(A, /T), near T . Salol (phenyl sali-
cylate) is one of the fragile glass formers for which this is
the case. The fragile end of the spectrum is where the en-

tropy crisis is the most dramatic, with Tz typically
30—60 K below T . Since we can get closer to Tz in
these liquids than in the strong liquids, we expect that the
equilibrium dynamics near T in these cases will more
clearly reAect the underlying phase transition if it exists.
The reported Arrhenius behavior indicates that there
may be no phase transition at all; the glass transition may
be a purely kinetic effect.

%e have tried to resolve this issue by studying the
equilibrium dynamics near T in salol using specific-heat
spectroscopy ' (SHS) and dielectric susceptibility. '5

The entropy crisis at Tz is due to the fact that the
specific heat c of the liquid is higher than that of the
corresponding crystal; this extra specific heat is the con-
tribution of the slowly relaxing liquidlike degrees of free-
dom. Clearly, it is more appropriate to measure the re-
laxation in c directly; SHS was designed to do precisely
this.

Dielectric susceptibility has the advantage that it can
be used to obtain exceptionally precise measurements of
the relaxation over a large bandwidth; this makes it a
good complement to SHS, which is limited in both. The
extremely large bandwidth (13 decades) that was covered
in dielectric susceptibility allows one to track the evolu-
tion of the primary relaxation from the simple liquid be-
havior above the melting point all the way down to T .
Since both of these techniques are frequency-dependent
susceptibilities, we can obtain not only the behavior of
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their mean relaxation times, as in a viscosity measure-

ment, but the entire form of the relaxation.

II. TECHNIQUE

A. Specific-heat spectroscopy

SHS measures the frequency-dependent specific heat
c (v). It is the linear response of the enthalpy of a system
in equilibrium to a small temperature oscillation at a fre-
quency v; in the limit v=0, it is the conventional specific
heat. In practice, the basic technique measures the prod-
uct of the specific heat and thermal conductivity col~(v).
In a previous experiment' we showed that c is the dy-
namic variable; ~ shows no dispersion through the glass
transition. For a thorough review of the technique, we
refer the reader to Refs. 8—10.

As in previous experiments, ' we made measurements
with three heaters of differing width to cover the range 20
mHz & v& 5 kHz. The combination of the limited signal
to noise of this technique and the need to maintain equi-
librium throughout the measurement required us to use
very slow cooling rates ( —1 —3 K/h) in the neighborhood
of T . This led to a very high probability of crystalliza-
tion of the liquid. This, in turn, resulted in the destruc-
tion of a number of the heaters because the growing crys-
tal pulled the heaters off the substrate. The crystalliza-
tion invariably destroyed the low-band heater first; conse-
quently, we were unable to obtain high-precision low-
band heater data above 100 mHz. As a result, we do not
have the base line necessary to separate out the contribu-
tions of c and ~ to the dynamics as we did in a previous
measurement. '

B. Dielectric susceptibility

Dielectric susceptibility measures the frequency-
dependent dielectric response e(v). For polar liquids like
salol, it allows us to measure the relaxation of the molec-
ular component of the polarization of the liquid. For a
review of dielectric susceptibility measurements, we refer
the reader to Refs. 16—18.

The data were taken by a variety of means. Over the
range 1 mHz & v & 10 MHz, we used a multiplate
parallel-plate capacitor (dry capacitance —100 pF) total-
ly immersed in the liquid in a temperature-controlled
can; this resulted in a "wet" capacitance of —1 nF
(E-10 for salol). From 1 mHz to 10 kHz, we used a
Hewlett-Packard 3325A synthesizer, a Keithley 427
current amplifier, and a Digital lock in' of our own
design in a conventional virtual ground impedance mea-
surement configuration. From 10 kHz to 10 MHz, we
used a Hewlett-Packard 4275A four-probe impedance
analyzer.

Temperature control and measurement for the
configuration above was by way of calibrated platinum
resistance thermometry. All of the data was taken while
ramping at a constant rate anywhere from 1 to 0.05
K/min, depending on the measuring frequencies and
temperature range. We measured temperature using two
thermometers: one embedded in the temperature control

can and the other embedded in the capacitor itself. This
allowed us to determine and correct for thermal gradients
due to a variety of effects including the ramping. More
importantly, it gave us a method independent of the
dielectric measurement to determine whether or not the
liquid was in equilibrium. The temperature difference be-
tween the two thermometers includes a term proportional
to c /v of the intervening liquid. When cooling through
the temperature at which the liquid falls out of equilibri-
um for a given cooling rate, we observed a drop in the
temperature difference between the two thermometers,
analogous to the drop in c measured by differential scan-
ning calorimetry. Equivalently, for heating, we ob-
served the corresponding jump in the temperature
difference. This allowed us to accurately determine our
equilibrium temperature range for any given run; all of
the data we present were measured in equilibrium. We
controlled temperature to a precision better than 10 mK;
we estimate that our temperature data are accurate
within a global shift of 0.5 K.

Over the frequency range 50 MHz & v&20 GHz, the
data were taken in both transmission and reflection with
a 50-0 coaxial transmission line and a Hewlett-Packard
8510B network analyzer. A known length of the
transmission line was filled with the liquid. To maintain
a filled cell over a broad temperature range, the liquid
was allowed to flow between the transmission line and
fluid reservoirs through small pinholes. We designed the
cell and analyzed the data using techniques discussed in
the relevant Hewlett-Packard 8510 network analyzer ap-
plication notes. ' The coaxial liquid cell was contained in
a temperature-control support structure. This data was
taken while ramping temperature at a constant rate in a
manner similar to the technique outlined above.

C. Sample preparation

We obtained our salol samples from the Aldrich Chem-
ical Company in crystalline form; the supplier assay of
our sample (lot No. 04129LT) claims a purity greater
than 99&o. Although salol appears to be relatively im-
miscible with water, we took the precaution of always
maintaining our liquid samples in a dry-nitrogen atmo-
sphere. Before placing the liquid in our various measur-
ing cells, we kept it in a vacuum oven at —60'C
(T =44—46'C) for at least 24 h. We discovered that
prolonged exposure to excessive temperature ( )80'C) or
bright light led to a brownish discoloration of the liquid.
This discoloration was accelerated in the presence of
copper and brass; consequently, all of our measurement
cells were made out of aluminum, which showed no such
effect.

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Specific-heat spectroscopy data

We performed SHS measurements on supercooled salol
in equilibrium above T . In Fig. 1 we show the real
(cpK ) and imaginary ( c x.") parts of c N( v) versus
logio(v) at three temperatures. As is apparent in the
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FIG. 1. (a) Real cpK and (b) imaginary c~x" parts of c~~
(J /K cm s) vs log, 0[v (Hz)] at the labeled temperatures. The
curves are best fits to the data using the stretched-exponential
form.
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FIG. 2. (a) Real e' and (b) imaginary e" parts of e vs log, 0[v

(Hz)] at the labeled temperatures. The curves are best fits to the
data using the stretched-exponential form. Note that the fits are
deficient in the high-frequency tails.

figure, the relaxing component of cpK is asymmetrical and
the average relaxation time grows with decreasing T.
These features are common to all equilibrium susceptibil-
ity measurements at the glass transition.

The curves drawn through the c ~" data are best
fits using the Kohlrausch-Williams-Watts (stretched-
exponential) form: the Fourier transform of
—d [b(c~a)exp[ —(2~vsEt) ]I ldt, where A(c Ir)=[c a(v
=0)—c~ir(v= ~ )]. The curves drawn through the c a'

data are obtained by using the parameter values obtained
from the c a." data and allowing c a(v= co ) to be the
only additional fitting parameter. The quality of the c ~'

fits confirms that the data obey the Kramers-Kronig rela-
tions. We also tried the Davidson-Cole form'
c~a(v) =c~a(v= ac )+b(c ~)l(1+iv/vDc), but found
the stretched-exponential form superior.

B. Dielectric susceptibility data

We also present the dielectric susceptibility measure-
ments for salol taken from Ref. 15. The data cover the
range 1 mHz &v&20 GHz. In Fig. 2 we show the real
(e') and imaginary (e") parts of e(v) versus log&o(v) at
the labeled temperatures. These data show the same
qualitative features evident in the c ~ data of Fig. 1.

As was the case with the c ~ data, the curves drawn
through the data are best fits using the stretched-
exponential form. Again, we also tried the Davidson-
Cole form, ' but found the stretched-exponential form su-
perior. These data also obey the Kramers-Kronig rela-
tions as expected. In this case, the measurement is pre-
cise enough to determine that neither form fits the data
well in the high-frequency tail. Even though the
stretched-exponential fits are clearly inadequate, they still
measure adequately the peak position, width, and general
asymmetry of the relaxation.

and

log&0(vsE) =log&o(v )+0.272(1 —w '),

(1 —P) =1.047(1 —w ') .

C. Peak relaxation frequencies, low T

In Fig. 3{a) we show the logarithm of the peak relaxa-
tion frequency log&o(v ) versus 1/T for both techniques.
To compare the relaxation times obtained from the two
techniques, we must take into account the different ther-
modynamic basis of the two measurements. The dielec-

The inadequacy of these empirical forms to fit the
dielectric data is not unique to salol. This property was
found for all of the supercooled liquids measured in Ref.
15. The fact that the stretched-exponential form is ade-
quate to fit the SHS data should not be misinterpreted as
a confirmation of the relaxation form in that case. Our
SHS data do not have the precision necessary to observe
deviations on the order of those observable in the dielec-
tric susceptibility measurements. A close examination of
the data suggests that it is very possible that the relaxa-
tion shape that we see in the dielectric susceptibility data
will show up in future SHS measurements with improved
precision.

Since we know that the fitting forms are inadequate, we
choose to parametrize the data in a fashion divorced
from any particular form. We have used the peak relaxa-
tion frequency v and the normalized width w; w is the
full width at half maximum (W) divided by the Debye
width ( WD = l. 142 decades): w = W/WD. The
stretched-exponential fitting parameters vsE and P can be
obtained from the peak position and width. To a very
good approximation over the range 0.4&w '&1.0, we
find that
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TABLE I. Fitting parameters for the data in Fig. 3(a) using

the Vogel-Fulcher form: v =vf exp[ —
A& /( T T—o)]. The

dielectric data have been fit over the range 1 mHz & v &10
kHz.
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To and Tz values are within error, but these data show a
feature seen in many glass formers; the measured values
of To are typically -5—20 K below Tz. This common
discrepancy is not understood.

Considering that the dielectric data in Fig. 3(a) cannot
be fit with a single Vogel-Fulcher form over the entire
range, the following question arises. Is the observed cur-
vature in the low-T regime just an effect of the crossover
from some high-T behavior to a low-T Arrhenius behav-
ior with a high activation energy? In other words, does
the measured TO~0 as T~O'? We have tried to answer
this question by measuring To locally using a three-
decade fit and sliding the fitting window through the data
to observe the trend in To as T is lowered. In Fig. 4 we
plot the To measured for the three-decade fits versus the
logarithm of the low-frequency cutoff of the fits
log, p(vto ). For example, the dielectric To value plotted
for log, o(v~,„)=1 was obtained by fitting the dielectric
data in Fig. 3(a) over the range 10 Hz & v~ & 10 kHz. It
is clear from Fig. 4 that values of To obtained from the
data below 10 kHz in both techniques appear stable.
There is no evidence in our data that the relaxations are
crossing over into Arrhenius behavior. This leads us to
two possible conclusions. Either the shear relaxation is
decoupling from the relaxation mechanism measured
with SHS and dielectric susceptibility, or the viscosity
measurements on salol are inaccurate. We believe it is
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FIG. 3. (a) Logarithm of the peak relaxation frequency

log, 0[v~ (Hz)] vs 1000/T (K ') for SHS (6) and dielectric sus-

ceptibility ( o ). The curve is a best fit to the dielectric data over
the range 1 rnHz& v~ &10 kHz using the Vogel-Fulcher form;
the data points that were fitted are designated by solid circles.
The Vogel-Fulcher fitting parameters for both sets of data are
listed in Table I. (b) Normalized inverse width w = W&/W vs

1000/T (K ') for SHS (8, ) and dielectric susceptibility (0).
The curves are fits to the data using the form m

' =a+ b/T;
the dielectric data were fit over the range 1 mHz & v~ & 10 kHz;
again, the fitted data points are designated by solid circles.
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FIG. 4. Vogel-Fulcher divergence temperature To (K) ob-

tained from three-decade fits to the data in Fig. 3(a) vs the low-

frequency cutoff of the fits, log, o[v„„(Hz)]. The dielectric data
{0) show a clear crossover in To from the high-T range to the
low- T range; the SHS ( 0 ) data do not extend to high enough
frequency to observe this. Note that the values of To obtained
from fits to the data with v~ & 10 kHz appear stable.

tric data, which are adiabatic, have been corrected by the
factor v;„=[c~(v=~ )/c~(v=0)]v, db to compare them
to the SHS data, which are isothermal. The values of
cz(v=ae) and c (v=O) were obtained from Ref. 4;
c (v= ao )/c (v=O)-0. 7 and is slowly varying. The "el-

P P
bow" region where the relaxations of fragile liquids cross
over from their high- to low-T regime is clearly evident in
the dielectric data. Over their common range, the two
techniques appear to measure the same characteristic re-
laxation frequency. More important, the relaxations
show no sign of crossing over to Arrhenius behavior near

Tg as has been seen in viscosity measurements in this
range. Let us first discuss the low-temperature behavior
of these relaxations where we have data from both tech-
niques and then broaden the scope of our discussion to
the entire range covered by the dielectric data.

The curve in Fig. 3(a) is a Vogel-Fulcher fit v =vf
exp[ —Af/(T To)] to the dielec—tric data in the lowT-
regime (1 mHz to 10 kHz) with To = 141+5 K; a fit to the
SHS data gives To =13S+14K. The complete fitting pa-
rameters for both measurements are listed in Table I. Us-
ing the specific-heat data for both liquid and crystalline
salol obtained from Ref. 4 and the heat-of-fusion data
from Ref. 23, we calculate Tz =157+12 K for salol. The
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the latter case; a close inspection of the viscosity data re-
veals that the scatter in those data are too large to distin-
guish a Vogel-Fulcher behavior consistent with our data
from an Arrhenius form.

D. Relaxation widths

In Fig. 3(b) we plot the inverse of the normalized width
w

' vs 1/T for both measurements. Both techniques
show strong temperature dependence of the width. In
particular, the dielectric data show a rapid broadening in
the same temperature range where the peak relaxation
frequency data steepens; the behavior of the width and
peak position appears to be correlated. The relationship
between the dielectric and SHS values of the width is not
understood and does not show any clear correlation from
one liquid to another. "" It should not be surprising
that the values of m are different for the two techniques,
considering that SHS couples to relaxing modes in an un-
biased manner, whereas dielectric susceptibility couples
in proportion to a mode's dipole moment.

The temperature dependence of these SHS width data
is similar to the behavior observed in a previous measure-
ment of the fragile glass former o-terphenyl. ' As was the
case with o-terphenyl, fitting these SHS w ' data with a
form linear in 1/T [shown in Fig. 3(b)j gives an extrapo-
lation to w '=0 at T=130+15K, which is very close to
the divergence temperature TO=135+14 K obtained
from the peak frequency data. Following this same pro-
cedure with the low T(1 mHz&-v~ &10 kHz) dielectric
data leads to an extrapolation of w '=0 at T=114+9
K, which does not correlate well with To =141+5K.

It is apparent from looking at Figs. 3 and 4 that there
may be a correlation between the behavior of the peak
position and width of these relaxations. This has been
noticed before ' ' in the context of comparing a nurn-

ber of different susceptibilities of the glass transition that
probe smaller nonoverlapping windows of the frequency
range covered by this dielectric susceptibility measure-
ment. ' The relationship between the peak position and
width becomes more apparent when these data are plot-
ted in a different fashion. In Fig. 5 we plot the inverse
width ttt

' versus the peak position log, o(v ). These data
show a clear change in slope in the frequency range
where the measured To values in Fig. 4 appear to stabi-
lize; this suggests the possibility that the relaxation mech-
anism may be changing in this range. A continuation of
the high-frequency trend in these data will lead to a nor-
malized width of 1 at a frequency in the neighborhood of
v —10' Hz (~ =2m.v —10' rad/sec). In other words,
it appears as if the relaxation is tending toward a simple
Debye form as the characteristic relaxation time ap-
proaches phonon frequencies.

E. Static susceptibilities

Along with the dynamics information that we obtain
with these techniques, we also obtain information about
the static properties of the liquid, namely, the static sus-
ceptibilities. In Fig. 6(a) we plot the static susceptibilities
be=[a(v=0) —e(v=ac)] and bcp~ versus 1/T. Both

E
O

CV

1.4

1 .2

1.0

0.9—

0.8—

0.7—

0.6—

SHS gk
k Lg

g ~4k
k

~ yOOyO
~ 0

~ ~ ~ ~
~ ~

ielectric

I

1200

(b)~ 1100—

1000—

~ ~ ~
~ ~

~ 0
~0

gO

900—

800
2.5

I

3.0
I I I

3.5 4.0 4.5 5.0
100C)/T (K 1)

10 o

0.8

0.5 I l I ( I

—4 —2 0 2 4 6

log ~p v& (Hz)
8 10 12

FIG. 5. Inverse width w ' for SHS (E) and dielectric sus-
ceptibility (c ) vs the peak position log, o[v (Hz)]. The dielec-
tric susceptibility data show a clear change in slope in the fre-
quency range where the measured To values in Fig. 4 appear to
stabilize. A continuation of the high-frequency trend in these
data will lead to a normalized width of 1 in the neighborhood of
vp —10' Hz; it appears as if the relaxation is tending toward a
simple Debye form as the characteristic relaxation time ap-
proaches phonon frequencies.

FIG. 6. (a) Static susceptibilities b e( o ) and b cp ~
(J /K'cm s) (6) vs 1000/T (K '). Both sets of data were ob-
tained from the stretched-exponential fits to the data shown in

Figs. 1 and 2. The SHS data points shown are the temperatures
in the middle of the frequency window. These points were used
to obtain the constraining form that is also shown:
(raLcpK( T ) = —1 .93 X 10 +0.703 /T (J /K cm s). The he data
in (a) are only constrained above 335 K and below 222 K. The
curve in (a) is a Curie-law fit to the dielectric data below 225 K.
(b) Product The (K) vs 1000/T (K ') for the dielectric suscepti-
bility data. If the dipoles are uncorrelated over the entire range
of the measurement, then The should be proportional to the
density of the liquid.
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sets of data were obtained from the stretched-exponential
fits to the data shown in Fig. 1 and 2.

In the case of SHS, we started by performing three pa-
rameter stretched-exponential fits to the c ~" data.
These fits systematically deviate from the "full-peak" pa-
rameter values as the relaxation moves out of our fre-

quency window. We corrected for this problem by fitting
the b,c Ir(T) data in the middle of our window and using
the form obtained to constrain the fitting to two parame-
ters: vsE and P. The SHS data points shown in Fig. 6(a)
are the points in the middle of the window that were used
to obtain the fitting form hc «.( T ) = —1.93 X 10
+0.703/T[J /K cm s], which is also shown.

Laughlin and Uhlmann have measured c for both the
supercooled liquid and the crystal over this range. Since,
in general, the difference in c between the crystal and
glass is found to be negligibly small, we can divide our
he a(T) data by their result [bc (T)=c (liquid)
—c (crystal)=2. 14—6.26X10 T (J/cm K)] to obtain
Ir(T)-0.0016 (J/cm K s). It is essentially Hat over this
range, dropping less than 3%. Although SHS has a abso-
lute accuracy of -25%, its relative accuracy [and hence
the relative accuracy of this «(T) measurement] is -2%.
We are unaware of any ir( T) data for salol, but this result
is consistent with expectations based upon data for simi-
lar organic liquids. The relative magnitude of the static
susceptibility through the relaxation c a(v= ac )/c a(v
=0)=0.68 at 240 K is found to agree within 3% with
the ratio of the liquid and crystal values from Laughlin
and Uhlmann: c (crystal)/c (liquid)=0. 66 at 240 K.
This is consistent with the proposition that x plays no dy-
namic role in the glass transition as has been found previ-
ously. ' It has been demonstrated that molecular-
dynamics simulations of the glass transition display
frequency-dependent specific heat. ' Recent results from
these simulations indicate that the thermal conductivity
shows no dispersion in the glass transition; this is in

agreement with our measurements.
In the case of dielectric susceptibility, we have a very

large bandwidth; this allowed us to perform three param-
eter fits to the data over most of the range. The b,e data
in Fig. 6(a) are only constrained above 335 K and below
222 K. In contrast to hc ~, Ae shows a very strong tem-

perature dependence. For the case of independent di-

poles, we would expect a simple Curie-law behavior of
the static susceptibility: b,e ~ 1/T. The curve in Fig. 6(a)
is a Curie-law fit to the data below 225 K. Obviously, it
is a very poor fit to the data; Ae is growing faster than
1/T over the entire range of the measurement.

Since our sample is a liquid and is free to flow in and
out of the active regions of our measurement cells, we
must take into account the fact that the number of di-
poles we measure varies with the density of the liquid
p(T), i.e., Ae ~p(T)/T. In Fig. 6(b), we plot the product
The versus 1/T. If the dipoles are uncorrelated over the
entire range of the measurement, then we would expect
The to be proportional to the density of the liquid. If we
assume that this is true, then the thermal expansion
coefficient a= —(Bp/BT)/p that we obtain from these
data varies from a(380 K)=(1.9+0.2) X 10 to a(220
K)=(3+1)X 10 . Although a shows a surprisingly rap-

F. Scaling of SHS data

It was recently determined that the dielectric suscepti-
bility data for salol and a number of other organic glass
formers can be scaled onto a single master curve that is
the same for all of the liquids. " The observation that all
of the dielectric relaxation data that was obtained deviat-
ed from stretched-exponential behavior in a consistent
fashion led the authors to ask whether all of these data
could be scaled onto a single relaxation form. These
efforts resulted in a scaling plot which satisfied this re-
quirement and established that only two parameters, the
width and peak position, are necessary to describe the
dielectric relaxation data at each temperature.

We have plotted our salol SHS data in this fashion to
determine if it also obeys this scaling relationship. In
Fig. 7 we show the SHS data over our entire temperature
range on such a scaling plot. The abscissa is w '(1
+w ')log, o(v/v ). The ordinate is w 'log, o[(c Ic")v /
(b,c Ir)v]. The motivation for this scaling form is dis-
cussed in Ref. 15. This scaling leads to a satisfactory col-
lapse of the data. The dashed line in the figure shows
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FIG. 7. Entire range of c~a" data for salol scaled in the
manner used to scale the dielectric data for salol and other
liquids in Ref. 15. The abscissa is m '(1+~ ')log&0(v/v~).
The ordinate is w 'log»[(c a"}v /(Ac~slv]. The dashed line is

a stretched exponential form with P=0.65 scaled in this

manner. The solid line is the master scaling shape obtained
from collapsing the dielectric data for salol and a number of
other liquids.

id change with temperature, these values are the right or-
der of magnitude for an organic liquidlike salol in this
temperature range. The temperature dependence of the
static quantity The appears to be correlated with the be-
havior of the relaxation. a changes rapidly in the same
region where the peak relaxation frequency appears to
break.

It is also possible that the dipoles are not behaving in
an independent Curie-law fashion. This also may con-
tribute to the deviation from Curie-law behavior. To
determine if this is the case requires an independent mea-
surement of the density over this temperature range; we

hope to do this in the future.
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what a stretched-exponential form with P=0.65 gives if
plotted in this way; the solid line shows the scaling form
obtained from the dielectric susceptibility data. Unfor-
tunately, the SHS data are not accurate enough to deter-
mine whether or not it scales like the dielectric data or
the stretched-exponential form. Planned improvements
in the technique should allow us to resolve this in future
measurements.

G. Peak relaxation frequencies, high T

Over the last 6 years, there has been significant devel-
opment in the mode coupling theories of the glass transi-
tion. ' In general, these theories treat the slowing
down in the liquid as a purely kinetic effect. Starting
from a mode coupling mechanism in the simple liquid
state (a feedback from the first Fourier component of the
density correlation function to the viscosity), they obtain
a power-law divergence of the viscosity g with decreasing
temperature: tl = tl ( T /T„—1), where T„ is the
divergence temperature and the exponent +=1.8. Other
relaxation times should obey the same relationship. The
more recent work ' ' indicates that higher-order terms
cutoff the divergence at some point. Although these
theories clearly fail in the high-viscosity regime, they ap-
pear to be successful in predicting the behavior of the
viscosity of a number of fragile glass formers for g(1
poise.

In Fig. 8 we test the mode-coupling-theory scaling pre-
diction v =v (T/T„—1)' using the dielectric peak
frequency data for salol. In Fig. 8(a) we plot v~

' versus

— „(~)

N

1.0—

~ 0.5—

0.0 200

0
0 0~ 0 0

250 300

T (K)
350 400

(b)

CL

C3

O

9 T„=BQ

FIG. 8. Mode-coupling-theory scaling plots of the dielectric
peak frequency data; the mode-coupling-theory prediction is

v~ =v (T/T, —1)' '. (a) [v (GHz)]' ' vs T(K). The curve is
a linear fit to the last four points, which gives T =300 K. (b)

log, o[v~ (Hz)] vs log, „(T/T„1), where we use t—he value

T =300 K obtained from (a). The curve is a power law with an

exponent 1.8. Clearly, the data in our frequency window do not
obey this scaling relation with the possible exception of the data
above 1 GHz.

T, which should show linear behavior if the data scale
with an exponent a=1.8; the curve is a linear fit to the
last four points, which gives T„=300K. In Fig. 8(b) we

plot log, o(vz) versus logto(T/T, —1), where we use the
value T =300 K obtained from Fig. 8(a). The curve in

Fig. 8(b) is a power law of 1.8. Our data do not extend
far enough above v =1 GHz (g-10 poise) to really test
the scaling behavior. Clearly, the data in our frequency
window do not obey this scaling relation with the possible
exception of the data above 1 GHz. These data are con-
sistent with the behavior observed in the low-viscosity re-
gime of other fragile glass formers.

Mode coupling theory is clearly inapplicable for v ( 1

GHz. The mechanism in mode coupling theory that re-
laxes local perturbations is viscous dissipation. In the en-
tropic picture of the glass transition, local rearrange-
ments of the molecules are seen as activated processes.
In 1969, Goldstein argued that the relaxation should
start to take on an activated character for v (1 GHz.
Note that this is right where mode coupling theory
breaks down. If this view is correct, then we can inter-
pret the "elbow" region in Fig. 3(a) as the crossover be-
tween these two regimes.

IV. SUMMARY

In contrast to viscosity measurements of salol, our
measurements show that the characteristic relaxation
time measured by SHS and dielectric susceptibility is not
Arrhenius near T . For v (10 kHz we find that the
peak relaxation frequency is diverging in a stable Vogel-
Fulcher manner with T0= Tz. Our SHS and dielectric
susceptibility measurements of the glass transition in a
number of other liquids also behave in this
fashion. ' "' This supports the view that the ob-
served dynamic slowing down in the liquid is being
driven by an underlying thermodynamic phase transition.

The peak relaxation frequencies obtained from these
two techniques agree quite well; this is not the case for
the relaxation widths. A comparison of SHS and dielec-
tric width data for a number of different liquids"' has
not clarified the relationship between these two widths.
A simple empirical extrapolation of the SHS width indi-
cates that it may be diverging in the neighborhood of Tz ',

we also found this to be the case for the fragile liquid o-
terphenyl. '

Applying this same extrapolation to the
dielectric susceptibility data leads to a much lower diver-
gence temperature. %e find this to be true in general for
our dielectric susceptibility measurements this suggests
that the extrapolation of our SHS width data may be for-
tuitous.

As more liquids are measured with SHS, we find that
the relaxation widths that we obtain for these different
liquids all agree within error. " This suggests that the
SHS width may be an invariant of the glass transition. In
contrast, it has been found that the width measured with
dielectric susceptibility varies greatly from one liquid to
another. ' Establishing that the SHS width is an invari-
ant of the glass transition and determining the relation-
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ship between the SHS and dielectric widths requires that
we proceed to study as wide a variety of glass-forming
liquids as possible. It is also clear that expanding the fre-

quency range of SHS on the high side would help a great
deal in answering these questions.

An interesting correlation shows up in the data. The
width of the dielectric relaxation appears to be related to
the rate of divergence of the peak relaxation frequency;
this shows up clearly in Figs. 3—5. This behavior is ap-
parent in the dielectric susceptibility data on other
liquids as well. " As yet, we do not have a good under-
standing of this; nor do we understand why the width and
local divergence temperature appear to break at v —10
kHz. We intend to broaden the scope of our SHS and

dielectric susceptibility measurements to other types of
glass-forming liquids to try to answer these questions.
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