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Selected aspects of recent progress in the study of supercooled liquids and glasses are presented in this review.
As an introduction for nonspecialists, several basic features of the dynamics and thermodynamics of supercooled
liquids and glasses are described. Among these are nonexponential relaxation functions, non-Arrhenius
temperature dependences, and the Kauzmann temperature. Various theoretical models which attempt to explain
these basic features are presented next. These models are conveniently categorized according to the temperature
regimes deemed important by their authors. The major portion of this review is given to a summary of
current experimental and computational research. The utility of mode coupling theory is addressed. Evidence
is discussed for new relaxation mechanisms and new time and length scales in supercooled liquids. Relaxations
in the glassy state and significance of the “boson peak” are also addressed.

I. Introduction

In spite of the impression one would get from an introductory
physical chemistry text, disordered solids play a significant role
in our world. All synthetic polymers are at least partially
amorphous, and many completely lack crystallinity. Ordinary
window glass is obviously important in building applications
and, in highly purified form (vitreous silica), is the material of
choice for most optical fibers. Amorphous silicon is being used
in almost all photovoltaic cells. Even amorphous metal alloys
are beginning to appear in technological applications. Off our
world, the role of disordered solids may be equally important.
Recently, it has been argued that most of the water in the
universe, which exists in comets, is in the glassy state.
Liquids at temperatures below their melting points are called

supercooled liquids. As described below, cooling a supercooled
liquid below the glass transition temperature Tg produces a glass.
Near Tg, molecular motion occurs very slowly. In molecular
liquids near Tg, it may take minutes or hours for a molecule
less than 10 Å in diameter to reorient. What is the primary
cause of these very slow dynamics? Are molecular motions
under these circumstances qualitatively different from motions
in normal liquids? For example, do large groups of molecules
move cooperatively? Or are supercooled liquids merely very
slow liquids?
In this article, we describe selected aspects of recent progress

in the fields of supercooled liquids and glasses. Section II
describes several basic features of the dynamics and thermo-
dynamics of supercooled liquids and glasses. We have at-
tempted to summarize enough material in this section so that
readers with no previous knowledge of this area will be able to
profit from the later sections. Section III describes various
theoretical models which attempt to explain the basic features
of section II. Here our goal was not to review the most recent
theoretical work, but rather to describe those approaches

(whether recent or not) which influence current research in this
area. Section IV describes areas of current experimental and
computational activity. Most of the material in this section is
organized in response to five questions. These questions are
important from both a scientific and technological viewpoint;
the answers can be expected to influence important technologies.
Because this is a review for nonspecialists, a great deal of

exciting new material could not be included. We refer the
interested reader to other recent reviews1 and collections2 which
will contain some of this material and offer other perspectives
on the questions addressed here.

II. Basic Features of Supercooled Liquids and Glasses
What Are Supercooled Liquids and Glasses? Figure 1

shows the specific volume Vsp as a function of temperature for
* To whom correspondence should be addressed.
X Abstract published in AdVance ACS Abstracts, July 1, 1996.

Figure 1. Schematic representation of the specific volume as a function
of temperature for a liquid which can both crystallize and form a glass.
The thermodynamic and dynamic properties of a glass depend upon
the cooling rate; glass 2 was formed with a slower cooling rate than
glass 1. The glass transition temperature Tg can be defined by
extrapolating Vsp in the glassy state back to the supercooled liquid line.
Tg depends upon the cooling rate. Typical cooling rates in laboratory
experiments are 0.1-100 K/min.
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Under What Conditions can a Glass be Formed? 48 1 

was given the value 1030 dyn cm ( loz3 N m), which is approximately that 
obtained in the kinetic analysis of Fisher and the author.PO) 

We note that I ,  though rising steeply with ATr, is negligible at  small under- 
cooling. In fact, to be observable within the liquid volumes and time periods 
which are practical experimentally, I must become larger than, e.g., 

This means that the part of the I -  AT, relation 
closest to equilibrium, and where the simple theory is most valid, is practically 
inaccessible to experiment. With further increase in ATr, I increases to a 
broadly peaked maximum at Tr = 2~ and then falls to zero at 0 K. 

The curves in fig. 2 indicate that liquids with 01p1/~ > 0.9 would practically not 
crystallize, unless seeded, a t  any undercooling. Thus they would form 
glasses if sufficiently undercooled. In  contrast, it should be practically 
impossible to suppress, upon cooling to 0 K, the crystallization of fluids for 
which 

Experience indicates that /3 lies between 1 and 10 for most substances and 
is near one for most simple monatomic liquids, such as metals. 01 has been 
measured directly only in a few instances and there is no rigorous theory for 
predicting it. It is reasonable to think that it may be no greater than unity, 
i.e. one melted monolayer, and plausible arguments(21), (22). (23) have been 
made which would place it from to 4. The recent measurements of Glicksman 
and V ~ l d ( ~ ~ % )  give a - 0.4 for bismuth. 

Droplet nucleation studies indicate that 01 is a t  least 4 for many simple 
materials, including metals and alkali halides.(24) Since ,!? is near unity for 
these materials, a/31f35 4. The I - ATr relation (fig. 2) for afl1I3 = 4 indicates 
that these liquids should resist crystal nucleation to a large undercooling; 
indeed, unless seeded, they should practically persist indefinitely when 
ATre0.18. At ATr=0*18, i" has been reduced to about 500 molecules. 
With further increase in AT, nucleation becomes copious and its frequency 

~ m - ~  s-l(l m-3 s-l). 

is small, e.g. < t. 

1 -301.0 oa 0.6 0.4 0.2 0 
+ Tr 

Fig 3. Variation of logarithm of frequency (in 0111-3 s-1) of homogeneous nucleation 
of crystals in liquids with reduced temperature calculated from eqn. (6). 
01/3l/3 was set equal to 4 and viscosity was calculated from the Fulcher equation 
with indicated assignments of T,,, assumed equal to  T,, in Fulcher equation. 
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A kinetic analysis based on simple nucleation theory with the additional 
assumptions that (a)  71 scales as the viscosity and ( b )  AC,=O in eqn. (3), 
leads t o  the following expression for the steady frequency of nucleus formation: 

kn I =  -exp [-ba3p/Tr(ATr)2] 
77 

where k, is a constant specified by the model, b is a constant determined by 
the nucleus shape, a and /? are dimensionless parameters defined as: 

where N is Avogadro's number. 
The principal resistance of a fluid to nucleation is due t'o a which is pro- 

portional t'o the liquid-crystal interfacial tension, u. Physically a is the 
number of monolayers/area of crystal which would be melted a t  Tm by an 
enthalphy ( A H )  equivalent in magnitude to u. 

The forms of the upper limiting nucleation frequency-reduced undercooling 
relation, with different assignments to  a/?1/3, are plotted in fig. 2. To compute 
the numbers b was assigned its value for the sphere (16n-/3), 77 was set equal to 
lop2 poise, independent of temperature, to  give an upper bound for I ,  and k, 

I I I I I I I I I 

I 1 I I I I I I 

0.8 0.6 0.4 0.2 
+ Tr 

FIG. 2. Calculated variation of the logarithm of the frequency (in ~ r n - ~ s - l )  of 
homogeneous nucleation of crystals in an undercooled liquid with reduced 
temperature for various assignments of ~yp1/3. 
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What Conditions can a Glass be Formed? 477 Under 

reduced temperature, 

where T ,  and T are, 
absolute temperature. 

The resistance of a 

Tr, and undercooling which are defined as: 

respectively, the equilibrium crystallization and actual 

liquid to nucleation, as measured by the undercooling 
necessary to overcome it, is much greater than its resistance to growth. For 
example, long ago, Fahrenheit observed that, to initiate its freezing, water 
often had to be undercooled 10 to 20 K or more, but, once begun, freezing 
continued at a temperature only slightly less than T,. The water was warmed 
to this temperature immediately after nucleation by ‘recalescence’, i.e. the 
release of the heat of crystallization by the rapidly growing ice crystals. 

We expect that the velocity of the crystallization front should be inversely 
proportional to an average jump time, 7 1 ,  of the molecules in the interfacial 
region and directly proportional to some function, f (ATr) ,  of the undercooling 
which motivates crystallization. This function must increase with AT, from 
zero a t  ATr=O; at small ATr it is linear in the limit that all crystal surface 
sites are suitable for the reception of molecules and it rises as a higher power 
of AT, in the other cases. A plausibility argument,(ll) but not proof, can 
be given that 7 1  should scale as the shear viscosity in the crystallization of 
molecules. This argument is that growth is limited essentially by molecular 
rearrangement in the liquid adjacent to the interface which positions the 
molecule properly for attachment to the crystal. Indeed, experience indicates 
that the growth rate in liquids with 77 3 1 poise is approximately described by: 

where k, is a constant which is specified in the various models. In  liquids 
with smaller viscosities, u is so large that the continued freezing becomes 
limited principally by the rate of dissipation of the heat of crystallization and 
it becomes very difficult to specify AT, at the solid-liquid interface. 

Eqn. (2) predicts that u should be of the order of 1O1O to l o l l  molecular 
spacings per second, depending on the model and the system, a t  77 = 10-2 poise 
and ATr = 0.1. For nickel under these approximate conditions Walked1% 
measured U N  lol l  atom spacings/second (5000 cm s-l). At the liquid-glass 
transition viscosity, 1015 poise, and ATr=0*1 eqn. ( 1 )  predicts that u should 
be only 1 molecular spacing per 10 to 100 days. This result indicates why 
glasses, even though less stable than the crystallized states, persist for very long 
periods. Even if well seeded with crystal nuclei, a glass with a viscosity greater 
than 1020poise should not, according to eqn. (1)) crystallize appreciably in 
10 000 years. I n  fact, some silica-based glasses are not nearly as resistant to 
crystallization as eqn. (2) predicts. However, in at  least some of these glasses 
the crystal growth is definitely catalysed by the taking up of impurities a t  the 
surface which may reduce 7 1  in the interfacial region. 

In  common experience crystallization in undercooled liquids is almost 
always nucleated ‘heterogeneously’ on seeds which are either present inadver- 
tently or deliberately injected into the system. These seeds may be crystals 
of the material itself or other solid materials such as the container walls or 
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a typical liquid. Upon cooling from high temperatures, a liquid
may crystallize at Tm. This first-order phase transition usually
results in a decrease in the specific volume (water is a notable
counterexample). A liquid that manages to get below Tm
without crystallizing is called a supercooled liquid. The specific
volume and other thermodynamic properties of a supercooled
liquid are what would be expected from extrapolating to lower
temperature the properties of the liquid above Tm.
As a supercooled liquid is cooled to lower temperatures, its

viscosity increases and the molecules which comprise it move
more and more slowly. At some temperature the molecules
will be moving so slowly that they do not have a chance to
rearrange significantly before the temperature is lowered further.
Since these rearrangements are necessary for the liquid to find
the equilibrium Vsp for that temperature, the experimentally
observed Vsp will begin to deviate from the equilibrium value
at this point. At temperatures not much lower than this, the
time scales for molecular rearrangements become hopelessly
long compared to the time scale of the experimental observa-
tions. The structure of this material is “frozen” for practical
purposes, and we call it a glass. Vsp continues to decrease as
the temperature is lowered, but the thermal expansion coefficient
()[d(ln Vsp)/dT]p) in the glassy state is significantly smaller than
in the liquid and supercooled liquid states. Thermal expansion
in the glassy and crystalline states is similar; in each case,
expansion is dominated by atomic vibrations which are very
similar in the two states.
The glass transition temperature Tg can be defined in many

different ways. One convenient method uses the change in the
thermal expansion coefficient. As shown in Figure 1, this
change does not occur suddenly, but rather over a range of
temperatures which has been called the “transformation range”
by glass scientists. Tg is different for different cooling rates. A
smaller cooling rate allows the sample to stay in equilibrium
(i.e., the supercooled liquid state) until lower temperatures.
Typically, the dependence of Tg upon cooling rate is relatively
weak; an order of magnitude change in cooling rate may change
Tg by only 3-5 K. Notwithstanding its dependence on cooling
rate, Tg is an important material property; when defined
consistently, it is the single parameter which is most useful in
estimating the mechanical properties of a polymeric material.
It is important to emphasize that the glass transition is not a

first-order phase transition. Indeed, the glass transition observed
in the laboratory is not any kind of phase transition. It is a
kinetic event which depends upon the crossing of an experi-
mental time scale and the time scales for molecular rearrange-
ments. Furthermore, glasses are not crystals or liquid crystals.
They are liquids which are “frozen” on the time scale of
experimental observation. As indicated by Figure 1, there is
not a single glassy state; the thermodynamic (and dynamic)
properties of a glass depend upon how it was formed.
In the preceding discussion, we have referred to the super-

cooled liquid as being in equilibrium. Conventionally, the
crystal is regarded as the equilibrium state below Tm. The
supercooled liquid and glassy states are considered metastable
and unstable, respectively. Nevertheless, the supercooled liquid
may be regarded as the equilibrium state as long as no crystal
nuclei are present. Although this may sound odd, chemists often
make similar statements. A mixture of oxygen gas and
benzene vapor reaches equilibrium very quickly at room
temperaturesunless one considers the very slow chemical
reaction (i.e., combustion) which will eventually occur. In the
absence of a catalyst, however, one can ignore the more stable
equilibrium state if no significant reaction occurs on the time
scale of the experiment. Similarly, a supercooled liquid which
has not crystallized may be regarded as being at equilibrium.

The characterization of the glassy state as unstable also
requires a brief comment. This is a thermodynamic statement.
For a single-component glass at constant T and P, for example,
the Gibbs free energy will not be at a local minimum. In
constrast to a supercooled liquid, a glass is continually relaxing,
possibly too slowly to measure, toward a more stable state, i.e.,
a local free energy minimum. If experimental observations are
made on time scales fast compared to the molecular motions
which allow the glass to relax, then the glass is mechanically
stable for practical purposes, even though it is thermodynami-
cally unstable.
Supercooled liquids may be stable for very long times. For

example, a pure sample of liquid o-terphenyl will not crystallize
for years in a test tube at room temperature even though this is
35 K below its melting point. Very pure liquid water is easily
supercooled in a capillary to 30 K below its melting point. Some
liquids, such as m-fluoroaniline, have never been crystallized
at atmospheric pressure. For atactic polymers (i.e., polymers
with random stereochemistry), the crystalline state is often never
obtained and may be higher in free energy than the liquid state
at all temperatures. The likelihood that a liquid remains in the
supercooled state rather than crystallizing during cooling
depends upon cooling rate, the cleanliness of the liquid, the
viscosity at Tm, the similarity of the liquid packing to that of
the crystal, and other factors.3
Dynamics as Tg Is Approached. The viscosity of a liquid

is a macroscopic measure of its resistance to flow. In Figure
2, the solid lines show the logarithm of the viscosity as a
function of temperature for three liquids which are easily
supercooled: o-terphenyl,4 glycerol,5 and SiO2.6 Temperature
is scaled in this plot so that Tg for each liquid occurs at the
right edge of the graph. The viscosity at Tg for nonpolymeric
glass formers is typically near 1013 P; in this plot, this value of
the viscosity is used to define Tg. Liquids such as water,
benzene, and ethanol have viscosities near 10-2 P at room
temperature. Clearly supercooled liquids near Tg flow very
slowly and behave as solids for many purposes.
The time scale for molecular motion increases dramatically

as a supercooled liquid is cooled toward Tg. This is illustrated
in Figure 2, where rotation times for o-terphenyl are shown as
open circles.7 The rotation time at Tg is about 104 s; values
between 10 and 104 s are typical for many materials. This is
an astoundingly long time compared to the picosecond or
nanosecond rotation times observed in “typical” liquids and in
o-terphenyl itself above Tm. Other measures of molecular

Figure 2. Viscosity as a function of reduced inverse temperature for
three liquids: SiO2, glycerol, and o-terphenyl. Reorientation times are
shown for o-terphenyl only (O). A nearly Arrhenius temperature
dependence for relaxation times and the viscosity is characteristic of
strong liquids, while fragile liquids show quite non-Arrhenius behavior.
Data from refs 4-7.
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mobility also show very large changes as the temperature is
lowered toward Tg.
The three liquids shown in Figure 2 have different temperature

dependences as Tg is approached. The viscosity of SiO2 has
almost an Arrhenius dependence while the viscosity and rotation
times for o-terphenyl are quite non-Arrhenius. On this type of
plot, almost all materials would fall in between these two
curves.8 On the basis of this property and others, supercooled
liquids have been classified as strong or fragile.8 Strong liquids
(e.g., SiO2) show Arrhenius relaxation processes and typically
have three-dimensional network structures of covalent bonds.
Fragile liquids (e.g., o-terphenyl) have quite non-Arrhenius
relaxation properties and typically consist of molecules interact-
ing through nondirectional, noncovalent interactions (e.g.,
dispersion forces).
The temperature dependence of relaxation times (or the

viscosity) for supercooled liquids is often described at least
approximately by the Vogel-Tammann-Fulcher (VTF) equa-
tion:

When T∞ ) 0, the familiar Arrhenius equation results. In this
case, the constant B is equal to E/k, where E is the activation
barrier. When T∞ > 0, the temperature dependence is non-
Arrhenius, and the relaxation time is predicted to become infinite
at T∞. At any given temperature, non-Arrhenius relaxation
processes can be characterized by an apparent activation energy
()k[d(ln Ù)/d(1/T)]). Fragile liquids may have apparent activa-
tion energies of 500 kJ/mol or more near Tg, corresponding to
changes in dynamics of 1 decade for a temperature change of
3-5 K. The Williams-Landel-Ferry (WLF) equation often
used to describe viscosity or relaxation times in polymers is
mathematically equivalent to the VTF equation.
Usually supercooled liquids show more than one relaxation

process at temperatures near Tg. Figure 3 illustrates the behavior
of o-terphenyl.9,10 For nonpolymeric liquids, the slowest
relaxation process is called the alpha (R) process and roughly
corresponds to molecular rotation. Secondary relaxation pro-
cesses occur on shorter time scales. Unfortunately, the designa-

tion of these secondary processes in the literature is not uniform.
In Figure 3, two secondary processes are marked as the slow
and fast beta (‚) processes.11 The ‚s process is believed to be
due to partial reorientation of o-terphenyl molecules.12 For
decades this process was called simply the ‚ relaxation; “slow”
has recently been added to distinguish it from much faster
processes. One of these, labeled as the ‚f process in Figure 3,
is thought to be a complex collective anharmonic cage rattling
process.13 The ‚s process has also been called the Johari-
Goldstein process.
Thermodynamics as Tg Is Approached: The Entropy

Crisis. The specific entropy, s, of a supercooled liquid, even
though it is not the state of lowest free energy, can be calculated
in the usual way by integrating over the measured specific heat.
Figure 4a shows a schematic graph of a typical specific heat
curve for the crystal, liquid, supercooled liquid, and glass.14 The
specific heat cp(T) is largest in the supercooled liquid and drops
to a lower value, close to the value found in the crystal phase,
near Tg. The temperature at which the specific heat drops
rapidly depends sensitively on the rate of cooling of the liquid.
The two separate curves in the figure indicate the result of
cooling at two different rates. Upon even slower cooling, the
curve would shift even farther to lower temperatures. The
thermodynamic relation

allows a determination of the entropy from such data. The
crystal entropy at the melting point Tm can be calculated if the
specific heat of the crystal is measured from T ) 0 to Tm. The
entropy of the liquid at Tm is obtained by adding the entropy of
fusion to the crystal entropy. Upon recooling the liquid below
Tm, one again measures cp and uses eq 2 to determine the entropy
of the supercooled liquid. This is shown schematically in Figure
4b. The slope of s versus T must be largest in the liquid and
supercooled liquid phases since that is where cp is largest. Thus,
as the temperature drops, the entropies of the supercooled liquid
and the crystal must quickly approach one another.
If the specific heat did not drop at Tg, and the rapid decrease

of the liquid entropy were to continue to arbitrarily low

Figure 3. Compilation of various relaxation times measured for
o-terphenyl. R-relaxation: dielectric relaxation (+); dynamic Kerr effect
(⇥); light scattering (x); NMR (b). ‚s-relaxation: dielectric relaxation
(O); time-resolved optical spectroscopy (4). ‚f-relaxation: neutron
scattering ([). The ordinate is the base 10 logarithm. Solid and dashed
lines are guides for the eye. Different experimental techniques often
give similar relaxation times in one-component supercooled liquids.
Data sources are given in ref 10. Reproduced with permission from
ref 9. Copyright 1994 North-Holland.

Ù ) Ù0 exp( B
T - T∞) (1)

Figure 4. A schematic diagram of the temperature dependence of (a)
the specific heat, cp, and (b) the specific entropy, s, of a crystal, liquid,
supercooled liquid, and glass. Glasses 1 and 2 are obtained with different
cooling rates and have different apparent glass transition temperatures.
Glass 1, shown by the dashed curve, represents the result of a faster
cooling rate than that used to produce glass 2, the solid curve.

s(T2) - s(T1) ) sT1

T2cp(T)
T dT (2)
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mobility also show very large changes as the temperature is
lowered toward Tg.
The three liquids shown in Figure 2 have different temperature

dependences as Tg is approached. The viscosity of SiO2 has
almost an Arrhenius dependence while the viscosity and rotation
times for o-terphenyl are quite non-Arrhenius. On this type of
plot, almost all materials would fall in between these two
curves.8 On the basis of this property and others, supercooled
liquids have been classified as strong or fragile.8 Strong liquids
(e.g., SiO2) show Arrhenius relaxation processes and typically
have three-dimensional network structures of covalent bonds.
Fragile liquids (e.g., o-terphenyl) have quite non-Arrhenius
relaxation properties and typically consist of molecules interact-
ing through nondirectional, noncovalent interactions (e.g.,
dispersion forces).
The temperature dependence of relaxation times (or the

viscosity) for supercooled liquids is often described at least
approximately by the Vogel-Tammann-Fulcher (VTF) equa-
tion:

When T∞ ) 0, the familiar Arrhenius equation results. In this
case, the constant B is equal to E/k, where E is the activation
barrier. When T∞ > 0, the temperature dependence is non-
Arrhenius, and the relaxation time is predicted to become infinite
at T∞. At any given temperature, non-Arrhenius relaxation
processes can be characterized by an apparent activation energy
()k[d(ln Ù)/d(1/T)]). Fragile liquids may have apparent activa-
tion energies of 500 kJ/mol or more near Tg, corresponding to
changes in dynamics of 1 decade for a temperature change of
3-5 K. The Williams-Landel-Ferry (WLF) equation often
used to describe viscosity or relaxation times in polymers is
mathematically equivalent to the VTF equation.
Usually supercooled liquids show more than one relaxation

process at temperatures near Tg. Figure 3 illustrates the behavior
of o-terphenyl.9,10 For nonpolymeric liquids, the slowest
relaxation process is called the alpha (R) process and roughly
corresponds to molecular rotation. Secondary relaxation pro-
cesses occur on shorter time scales. Unfortunately, the designa-

tion of these secondary processes in the literature is not uniform.
In Figure 3, two secondary processes are marked as the slow
and fast beta (‚) processes.11 The ‚s process is believed to be
due to partial reorientation of o-terphenyl molecules.12 For
decades this process was called simply the ‚ relaxation; “slow”
has recently been added to distinguish it from much faster
processes. One of these, labeled as the ‚f process in Figure 3,
is thought to be a complex collective anharmonic cage rattling
process.13 The ‚s process has also been called the Johari-
Goldstein process.
Thermodynamics as Tg Is Approached: The Entropy

Crisis. The specific entropy, s, of a supercooled liquid, even
though it is not the state of lowest free energy, can be calculated
in the usual way by integrating over the measured specific heat.
Figure 4a shows a schematic graph of a typical specific heat
curve for the crystal, liquid, supercooled liquid, and glass.14 The
specific heat cp(T) is largest in the supercooled liquid and drops
to a lower value, close to the value found in the crystal phase,
near Tg. The temperature at which the specific heat drops
rapidly depends sensitively on the rate of cooling of the liquid.
The two separate curves in the figure indicate the result of
cooling at two different rates. Upon even slower cooling, the
curve would shift even farther to lower temperatures. The
thermodynamic relation

allows a determination of the entropy from such data. The
crystal entropy at the melting point Tm can be calculated if the
specific heat of the crystal is measured from T ) 0 to Tm. The
entropy of the liquid at Tm is obtained by adding the entropy of
fusion to the crystal entropy. Upon recooling the liquid below
Tm, one again measures cp and uses eq 2 to determine the entropy
of the supercooled liquid. This is shown schematically in Figure
4b. The slope of s versus T must be largest in the liquid and
supercooled liquid phases since that is where cp is largest. Thus,
as the temperature drops, the entropies of the supercooled liquid
and the crystal must quickly approach one another.
If the specific heat did not drop at Tg, and the rapid decrease

of the liquid entropy were to continue to arbitrarily low

Figure 3. Compilation of various relaxation times measured for
o-terphenyl. R-relaxation: dielectric relaxation (+); dynamic Kerr effect
(⇥); light scattering (x); NMR (b). ‚s-relaxation: dielectric relaxation
(O); time-resolved optical spectroscopy (4). ‚f-relaxation: neutron
scattering ([). The ordinate is the base 10 logarithm. Solid and dashed
lines are guides for the eye. Different experimental techniques often
give similar relaxation times in one-component supercooled liquids.
Data sources are given in ref 10. Reproduced with permission from
ref 9. Copyright 1994 North-Holland.
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Figure 4. A schematic diagram of the temperature dependence of (a)
the specific heat, cp, and (b) the specific entropy, s, of a crystal, liquid,
supercooled liquid, and glass. Glasses 1 and 2 are obtained with different
cooling rates and have different apparent glass transition temperatures.
Glass 1, shown by the dashed curve, represents the result of a faster
cooling rate than that used to produce glass 2, the solid curve.
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mobility also show very large changes as the temperature is
lowered toward Tg.
The three liquids shown in Figure 2 have different temperature

dependences as Tg is approached. The viscosity of SiO2 has
almost an Arrhenius dependence while the viscosity and rotation
times for o-terphenyl are quite non-Arrhenius. On this type of
plot, almost all materials would fall in between these two
curves.8 On the basis of this property and others, supercooled
liquids have been classified as strong or fragile.8 Strong liquids
(e.g., SiO2) show Arrhenius relaxation processes and typically
have three-dimensional network structures of covalent bonds.
Fragile liquids (e.g., o-terphenyl) have quite non-Arrhenius
relaxation properties and typically consist of molecules interact-
ing through nondirectional, noncovalent interactions (e.g.,
dispersion forces).
The temperature dependence of relaxation times (or the

viscosity) for supercooled liquids is often described at least
approximately by the Vogel-Tammann-Fulcher (VTF) equa-
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When T∞ ) 0, the familiar Arrhenius equation results. In this
case, the constant B is equal to E/k, where E is the activation
barrier. When T∞ > 0, the temperature dependence is non-
Arrhenius, and the relaxation time is predicted to become infinite
at T∞. At any given temperature, non-Arrhenius relaxation
processes can be characterized by an apparent activation energy
()k[d(ln Ù)/d(1/T)]). Fragile liquids may have apparent activa-
tion energies of 500 kJ/mol or more near Tg, corresponding to
changes in dynamics of 1 decade for a temperature change of
3-5 K. The Williams-Landel-Ferry (WLF) equation often
used to describe viscosity or relaxation times in polymers is
mathematically equivalent to the VTF equation.
Usually supercooled liquids show more than one relaxation

process at temperatures near Tg. Figure 3 illustrates the behavior
of o-terphenyl.9,10 For nonpolymeric liquids, the slowest
relaxation process is called the alpha (R) process and roughly
corresponds to molecular rotation. Secondary relaxation pro-
cesses occur on shorter time scales. Unfortunately, the designa-

tion of these secondary processes in the literature is not uniform.
In Figure 3, two secondary processes are marked as the slow
and fast beta (‚) processes.11 The ‚s process is believed to be
due to partial reorientation of o-terphenyl molecules.12 For
decades this process was called simply the ‚ relaxation; “slow”
has recently been added to distinguish it from much faster
processes. One of these, labeled as the ‚f process in Figure 3,
is thought to be a complex collective anharmonic cage rattling
process.13 The ‚s process has also been called the Johari-
Goldstein process.
Thermodynamics as Tg Is Approached: The Entropy

Crisis. The specific entropy, s, of a supercooled liquid, even
though it is not the state of lowest free energy, can be calculated
in the usual way by integrating over the measured specific heat.
Figure 4a shows a schematic graph of a typical specific heat
curve for the crystal, liquid, supercooled liquid, and glass.14 The
specific heat cp(T) is largest in the supercooled liquid and drops
to a lower value, close to the value found in the crystal phase,
near Tg. The temperature at which the specific heat drops
rapidly depends sensitively on the rate of cooling of the liquid.
The two separate curves in the figure indicate the result of
cooling at two different rates. Upon even slower cooling, the
curve would shift even farther to lower temperatures. The
thermodynamic relation

allows a determination of the entropy from such data. The
crystal entropy at the melting point Tm can be calculated if the
specific heat of the crystal is measured from T ) 0 to Tm. The
entropy of the liquid at Tm is obtained by adding the entropy of
fusion to the crystal entropy. Upon recooling the liquid below
Tm, one again measures cp and uses eq 2 to determine the entropy
of the supercooled liquid. This is shown schematically in Figure
4b. The slope of s versus T must be largest in the liquid and
supercooled liquid phases since that is where cp is largest. Thus,
as the temperature drops, the entropies of the supercooled liquid
and the crystal must quickly approach one another.
If the specific heat did not drop at Tg, and the rapid decrease

of the liquid entropy were to continue to arbitrarily low

Figure 3. Compilation of various relaxation times measured for
o-terphenyl. R-relaxation: dielectric relaxation (+); dynamic Kerr effect
(⇥); light scattering (x); NMR (b). ‚s-relaxation: dielectric relaxation
(O); time-resolved optical spectroscopy (4). ‚f-relaxation: neutron
scattering ([). The ordinate is the base 10 logarithm. Solid and dashed
lines are guides for the eye. Different experimental techniques often
give similar relaxation times in one-component supercooled liquids.
Data sources are given in ref 10. Reproduced with permission from
ref 9. Copyright 1994 North-Holland.
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Figure 4. A schematic diagram of the temperature dependence of (a)
the specific heat, cp, and (b) the specific entropy, s, of a crystal, liquid,
supercooled liquid, and glass. Glasses 1 and 2 are obtained with different
cooling rates and have different apparent glass transition temperatures.
Glass 1, shown by the dashed curve, represents the result of a faster
cooling rate than that used to produce glass 2, the solid curve.
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lowered toward Tg.
The three liquids shown in Figure 2 have different temperature

dependences as Tg is approached. The viscosity of SiO2 has
almost an Arrhenius dependence while the viscosity and rotation
times for o-terphenyl are quite non-Arrhenius. On this type of
plot, almost all materials would fall in between these two
curves.8 On the basis of this property and others, supercooled
liquids have been classified as strong or fragile.8 Strong liquids
(e.g., SiO2) show Arrhenius relaxation processes and typically
have three-dimensional network structures of covalent bonds.
Fragile liquids (e.g., o-terphenyl) have quite non-Arrhenius
relaxation properties and typically consist of molecules interact-
ing through nondirectional, noncovalent interactions (e.g.,
dispersion forces).
The temperature dependence of relaxation times (or the

viscosity) for supercooled liquids is often described at least
approximately by the Vogel-Tammann-Fulcher (VTF) equa-
tion:

When T∞ ) 0, the familiar Arrhenius equation results. In this
case, the constant B is equal to E/k, where E is the activation
barrier. When T∞ > 0, the temperature dependence is non-
Arrhenius, and the relaxation time is predicted to become infinite
at T∞. At any given temperature, non-Arrhenius relaxation
processes can be characterized by an apparent activation energy
()k[d(ln Ù)/d(1/T)]). Fragile liquids may have apparent activa-
tion energies of 500 kJ/mol or more near Tg, corresponding to
changes in dynamics of 1 decade for a temperature change of
3-5 K. The Williams-Landel-Ferry (WLF) equation often
used to describe viscosity or relaxation times in polymers is
mathematically equivalent to the VTF equation.
Usually supercooled liquids show more than one relaxation

process at temperatures near Tg. Figure 3 illustrates the behavior
of o-terphenyl.9,10 For nonpolymeric liquids, the slowest
relaxation process is called the alpha (R) process and roughly
corresponds to molecular rotation. Secondary relaxation pro-
cesses occur on shorter time scales. Unfortunately, the designa-

tion of these secondary processes in the literature is not uniform.
In Figure 3, two secondary processes are marked as the slow
and fast beta (‚) processes.11 The ‚s process is believed to be
due to partial reorientation of o-terphenyl molecules.12 For
decades this process was called simply the ‚ relaxation; “slow”
has recently been added to distinguish it from much faster
processes. One of these, labeled as the ‚f process in Figure 3,
is thought to be a complex collective anharmonic cage rattling
process.13 The ‚s process has also been called the Johari-
Goldstein process.
Thermodynamics as Tg Is Approached: The Entropy

Crisis. The specific entropy, s, of a supercooled liquid, even
though it is not the state of lowest free energy, can be calculated
in the usual way by integrating over the measured specific heat.
Figure 4a shows a schematic graph of a typical specific heat
curve for the crystal, liquid, supercooled liquid, and glass.14 The
specific heat cp(T) is largest in the supercooled liquid and drops
to a lower value, close to the value found in the crystal phase,
near Tg. The temperature at which the specific heat drops
rapidly depends sensitively on the rate of cooling of the liquid.
The two separate curves in the figure indicate the result of
cooling at two different rates. Upon even slower cooling, the
curve would shift even farther to lower temperatures. The
thermodynamic relation

allows a determination of the entropy from such data. The
crystal entropy at the melting point Tm can be calculated if the
specific heat of the crystal is measured from T ) 0 to Tm. The
entropy of the liquid at Tm is obtained by adding the entropy of
fusion to the crystal entropy. Upon recooling the liquid below
Tm, one again measures cp and uses eq 2 to determine the entropy
of the supercooled liquid. This is shown schematically in Figure
4b. The slope of s versus T must be largest in the liquid and
supercooled liquid phases since that is where cp is largest. Thus,
as the temperature drops, the entropies of the supercooled liquid
and the crystal must quickly approach one another.
If the specific heat did not drop at Tg, and the rapid decrease

of the liquid entropy were to continue to arbitrarily low

Figure 3. Compilation of various relaxation times measured for
o-terphenyl. R-relaxation: dielectric relaxation (+); dynamic Kerr effect
(⇥); light scattering (x); NMR (b). ‚s-relaxation: dielectric relaxation
(O); time-resolved optical spectroscopy (4). ‚f-relaxation: neutron
scattering ([). The ordinate is the base 10 logarithm. Solid and dashed
lines are guides for the eye. Different experimental techniques often
give similar relaxation times in one-component supercooled liquids.
Data sources are given in ref 10. Reproduced with permission from
ref 9. Copyright 1994 North-Holland.
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the specific heat, cp, and (b) the specific entropy, s, of a crystal, liquid,
supercooled liquid, and glass. Glasses 1 and 2 are obtained with different
cooling rates and have different apparent glass transition temperatures.
Glass 1, shown by the dashed curve, represents the result of a faster
cooling rate than that used to produce glass 2, the solid curve.
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Fig. 1. The dielectric susceptibility of glycerol is shown as a function of temperature at various measurement  frequencies. The real, 

e'(T), and the imaginary, e"(T), parts are shown in (a) and (b), respectively. 

the range above 107 Hz a network analyzer was 

used to measure the transmission and reflection 

of a coaxial transmission line filled with the su- 

percooled liquid. Below 107 Hz, the dielectric 

response was obtained by filling a parallel plate 

capacitor with the liquid and measuring its capac- 

itance. Between 104 Hz and 107Hz, this was done 

with a commercial  four-probe LCR meter.  Below 

104 Hz, a voltage source and current amplifier 

were used with digital lock-in techniques [4] to 

improve the sensitivity. Since the signal is propor- 

tional to 2wvC,  the extension of the measure- 

ments to very low frequencies required the use of 

a very large capacitor. For the measurements  

reported here, we used a capacitor made up of 10 

interleaved plates with an approximate dry capac- 

itance (without any sample) of 1 nF. The static 

dielectric constant, e0, of glycerol is large (ap- 

proximately 60 at 215 K and increases with de- 

creasing temperature)  so that when filled with 

liquid the capacitance increases to well over 60 

nF in the tempera ture  range of our measure-  

ment. Thin mylar spacers were used to separate  

the capacitor plates so that an initial background 

run had to be made to subtract from the signal 

the dielectric contribution of the spacers. 

3. Results 

In fig. 1, we show the dielectric response, g(u, 
T) --- e '(u,  T) + ie"(v,  T), of glycerol as a func- 
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Fig. 2. The real, E'(v), and the imaginary, E"(u), parts of the dielectric susceptibility of glycerol are shown in (a) and (b) as a 

function of frequency at various temperatures.  The solid lines are fits with a stretched-exponential  form. 
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of a coaxial transmission line filled with the su- 

percooled liquid. Below 107 Hz, the dielectric 

response was obtained by filling a parallel plate 

capacitor with the liquid and measuring its capac- 

itance. Between 104 Hz and 107Hz, this was done 

with a commercial  four-probe LCR meter.  Below 

104 Hz, a voltage source and current amplifier 

were used with digital lock-in techniques [4] to 

improve the sensitivity. Since the signal is propor- 

tional to 2wvC,  the extension of the measure- 
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entropy would have extrapolated to that of  the 

crystal if no glass transit ion had occurred.  

V o g e l - F u l c h e r  fits have been  used with less suc- 

cess to fit the data over a wide t empera tu re  range 

in o ther  glass-forming liquids [8-11]. In those 

cases, it is found that  the V o g e l - F u l c h e r  fits can 

be made  to work only over a limited por t ion of  

the data. 

As the t empera tu re  is lowered, the full width 

at half  maximum, W, of  the peak in e"(u, T)  

increases. In  fig. 4, we plot W normalized to the 

value obta ined for a Debye  spectrum, W D : W  = 

W / W  D. In  a Debye  model,  only a single relax- 

ation time, z, is assumed to exist and the re- 

sponse is given by g(v)  = e~ + (% - e~) ( 1 / 1  - 

i2qvv~-), where  e~ and e 0 are respectively the high 

and low frequency asymptotic  values of  g(v).  The 

width of  e" for a Debye  peak  is W D =  1.14 

decades.  As can be seen f rom fig. 4(a), w de- 

creases as the t empera tu re  is increased. In fig. 

4(b), we plot w versus log Vp and we can see that  

w approaches  1 as up approaches  a typical phonon  

f requency of  u = 10 ~2 Hz. Thus  it appears  that, at 

high temperatures ,  the relaxation is character ized 

by essentially a single relaxation time when the 

relaxation f requency is comparable  to that  of  

phonons.  

In  fig. 5, we plot the e" data for glycerol at 215 

K. The  solid line th rough  the data  indicates the 

best  fit with a s t re tched-exponent ia l  form [12]. 
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This is obta ined f rom a relaxation process which 

varies as ~b =4~0 e x p [ - ( t / ~ ' )  ¢] where  0 </3 < 1. 

(In the f requency domain,  the funct ion is given by 

FT  { - ( d / d t )  q~0 e x p [ - ( t / z ) ¢ ] } ,  where  F T  indi- 

cates a Four ier  transform.) As one can see, this 

functional  form does not fit the data  well in the 

high-frequency tail. The  dashed line, represent ing 

a fit with a D a v i d s o n - C o l e  form [13], produces  a 

much bet ter  fit to the data, especially at high 

frequencies.  This form is given by g(u) = e= + (% 

-coo)[1/(1  +i27rv~')~], where  a is a constant  

which lies between 0 and 1. However ,  even in this 

case the fit is not  superb. 
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Fig. 5. e"(v) for glycerol at T = 215 K. The solid line indicates 
a fit with a stretched-exponential form• The dashed line shows 

a fit with the Davidson-Cole form• 

4. Discussion 

We have been able to super impose all the 

e"(T,  v) data  f rom several glass-forming liquids 

onto  a single master  curve [3]. This relies on 

scaling the data in an unusual  way [5]. In  fig. 6, 

we show such a scaling plot for the glycerol data  

which now contains all the data  spanning 14 

decades  in frequency.  We plot 

1 • e rtl)p ~ 1] 

~lOgl0~--~ff ] versus (1(1-1- W]----) lOgl0~p ). 

As we can see, the data  for all t empera tures  and 

frequencies fall onto a single master  curve. 

It is interesting to note  that  the high-frequency 

regime ( v >  %) for the s t re tched exponential  
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The question of one or many R processes is most relevant to
a fundamental understanding of supercooled liquids in the case
of single-component systems. Figure 3 shows that four different
experimental techniques give very similar results for the R
process in o-terphenyl. Very nearly this same temperature
dependence is also observed for probe molecule reorientation66
and viscosity4 over 14 decades in each of these quantities. For
this well-studied system and others,79 the connection between
the viscosity and various measures of molecular reorientation
seems well established, at least to a good approximation. In
some cases, small differences between the temperature depend-
ences of these variables have been interpreted as evidence for
a diverging length scale as Tg is approached.80 Others have
criticized this approach, showing that similarly small differences
can arise from a temperature-dependent change in the shape of
the distribution of relaxation times.79
How do relaxation times associated with thermodynamic

variables (e.g., enthalpy, volume) compare with those for the
“mechanical” (molecular rotation and viscosity) variables
discussed above? While the notion of a relaxation time
associated with the volume, for example, may be unfamiliar, it
is simply a characteristic time for the volume to return to its
equilibrium value after a small perturbation. Figure 8 shows a
comparison between the peak frequencies (Óp ⇡ (2Ù)-1, where
Ù is a relaxation time) observed in dielectric relaxation and
specific heat relaxation experiments for four supercooled
liquids.81 In these four cases, excellent agreement is observed
between the relaxation time associated with the enthalpy and
the dielectric relaxation time (which is closely related to
molecular reorientation). In another recent study, it was shown
that five fragile liquids had very similar viscosities at the Tg
determined by volume relaxation.4 A good correspondence
between relaxation times for shear and volume can be inferred
from these results.
One can also ask how relaxation times associated with the

structure of a supercooled liquid compare to mechanical and
thermodynamic relaxation processes. By “structural relaxation”
we mean the process by which a liquid forgets its structure from
some earlier time, e.g., the decay of the density autocorrelation
function. At high temperatures, where structural relaxation
times are on the order of a nanosecond or less, this question

can be answered using quasi-elastic neutron scattering. In
nonpolymeric liquids, “structure” at high temperatures exists
only on time scales short compared to molecular reorienta-
tion.82,83 Unfortunately, at present there are no experiments
which directly probe structural relaxation on time scales much
longer than a nanosecond (on the relevant length scale of 0.5-
10 nm). The appropriate time scales can be probed on longer
length scales with visible light photon correlation spectroscopy.84
X-ray photon correlation spectroscopy probes structural relax-
ation on the relevant length scales but for the present lacks
sensitivity.85
Recent experiments indicate that some relaxation times

associated with structure may be considerably longer than the
time scale for molecular rotation near Tg. This implies that
structural relaxation has a stronger temperature dependence than
molecular rotation or viscosity. Optical measurements have
been used to show the presence of spatially heterogeneous
dynamics in o-terphenyl and to estimate the time required for
the local environments to reequilibrate.86 For these experiments,
a chromophore similar in size to o-terphenyl was dissolved in
o-terphenyl at very low concentration. Most of the probes were
then destroyed by intense laser light. Surprisingly, the probes
which survived had rotation times about 40% longer than the
average probe rotation time prior to the intense laser illumina-
tion, indicating that probes in more mobile environments had
been selectively destroyed. As shown in Figure 9, the average
rotation time of the remaining probes gradually returned to
equilibrium over 100-1000 rotation times. This time can be
interpreted as the lifetime for dynamic heterogeneities in
o-terphenyl. These observations indicate that nonexponential
relaxation functions in o-terphenyl are at least partly a result of
spatial heterogeneity (see Figure 5).87
Further evidence for long-lived heterogeneity in supercooled

liquids is shown in Figure 6 and in related work.7,73,74,88 The
comparison between rotation and translation allows strong
conclusions since both experiments measure single particle
correlation functions. The results in Figure 6 indicate that
o-terphenyl molecules near Tg, on the average, rotate many fewer
times in the time required to translate a fixed distance than they
do at high temperatures. In contrast, simple hydrodynamics
predicts that this quantity is independent of temperature and
viscosity. The experimental results can be explained either by

Figure 7. Variation of several relaxation times with temperature in
Ca(NO3)2‚3KNO3: longitudinal relaxation time for phonons (ÙL);
reorientation time (Ùreor); conductivity relaxation time (ÙÛ); shear
viscosity relaxation time (Ùs); enthalpy relaxation time (ÙH). In this
multicomponent system, different relaxation processes show quite
different temperature dependences. Reproduced with permission from
ref 8. Copyright 1991 North-Holland.

Figure 8. The log of the peak frequency Óp as a function of inverse
temperature for four samples: glycerol (]), propylene glycol (4), salol
(0), and o-terphenyl mixed with 33% o-phenylphenol (O). The open
symbols show dielectric relaxation data, and the corresponding solid
symbols show results from specific heat spectroscopy. For these
samples, excellent agreement is observed between these two techniques.
Reproduced with permission from ref 81. Copyright 1991 North-
Holland.
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