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Polymorphic Phase Transitions
in Liquids and Glasses

Peter H. Poole, Tor Grande, C. Austen Angell, Paul F. McMillan

At low temperatures, the thermodynamic
equilibrium state of a pure substance is an
ordered crystal. The crystalline portion of
the pressure-temperature phase diagram is
usually subdivided among several chemically
identical but thermodynamically distinct
polymorphs (1). Diamond and graphite are
well-known examples. Such polymorphism is
not restricted to crystals. Above the triple
point, in the regimes of liquid and gas, dis-
tinct disordered phases are observed (see

implications for liquid and glass science, as
well as for the thermodynamics of systems
with fixed composition.

If liquid-liquid (L-L) phase transitions
can occur for pure, isotropic substances,
why are they not commonly observed? First,
because the density will generally be an ap-
propriate order parameter for such transi-

tions, the exploration of a wide range of

pressure and temperature may be required
for their detection.

crease in structural relaxation time T. When
T exceeds the experimental observation
time, the liquid properties are no longer ob-
served in equilibrium, and the system has
passed into the glassy state. Thus, a L-L tran-
sition in a supercooled liquid may also be
obscured by the glass transition.

With these limitations in mind, what are
the possibilities for observing liquid polymor-
phism? Among the most promising candi-
dates to date are liquids having open molecu-
lar coordination environments at low pres-
sure. Notably, these include liquids with a
locally tetrahedral molecular structure, such
as Si, Ge, C, SiO;, GeO,, and H,O itself. For
liquid Si, observation of a first-order glass-to-
liquid transition, consistent with an underly-
ing L-L transition, has been reported in flash-
heating experiments (4) and computer simu-
lations (5). For H,O (6), SiO; (7), and GeO,
(8), liquid polymorphism is suggested from
glass studies at low temperatures. In all three
cases, abrupt changes in density and glass
structure with changing pressure closely re-

figure). Above the liquid-gas

semble behavior associated
with first-order phase transi-
tions and have been described
as ‘polyamorphic”, that is,
amorphous solid analogs of
crystalline polymorphism (9).
Although a glass is not an equi-
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librium thermodynamic state,
c if its behavior parallels that of
: the corresponding supercooled

. liquid, then the observation of

critical temperature T, these Crystal B Cp'g:ﬁ?'
states merge into a single Haamh 0l Gas
“fluid” phase. In this sense, the ¢
liquid and gas states can be re- o I e
garded as “polymorphs” of the 2 - ke
disordered fluid state (2). gL-” it

The laws of thermodynam- |  Crystal Liquid Cpr::t:ﬁ?l
ics permit the liquid region of henmamn )
the phase diagram for a pure Gas il 2D
substance to be subdivided into ;
distinct phases (3). The coex- Temperature Density

istence of two distinct liquids is
common in multicomponent
chemical systems and also in
liquid crystals, where composi-
tion and molecular orienta-
tion are the respective order
parameters. However, “liquid
polymorphism” for a pure, iso-
tropic substance does not fall within our
common experience. The usual microscopic
picture of a liquid as a dynamic system with
constantly rearranging molecular configura-
tions makes it difficult to envisage distinct
liquid phases, each with the same composi-
tion but with different thermodynamic
properties and local structure. However, re-
cent studies have revealed rich thermody-
namic behaviors in a number of liquids
that point to the occurrence of multiple
liquid phases distinguished by density, not
chemical composition. These results have
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Schematic phase diagram of a pure substance exhibiting a liquid-liquid
phase transition. (A) Solid lines locate the coexistence lines between the
liquid, gas, and two crystal polymorphs. The liquid-gas coexistence line
terminates in the critical point. The dashed line is the coexistence line
for a liquid-liquid phase transition in the supercooled liquid, terminating
in a critical point C’. (B) Projection of the lines given in (A) into the plane
of temperature and density.

Second, the likely temperature range of
L-L transitions must be considered. Because
both phases are liquid, the changes in energy,
entropy, and density across the transitionata
given temperature will be much smaller than
those for the liquid-gas transition. The re-
sulting L-L coexistence curve should then be
much narrower, and should terminate at a
much lower temperature, than the liquid-gas
coexistence curve. Moreover, the freezing
temperature is typically less than T, only by a
factor of 2 to 4, so that most L-L transitions
will be found below the crystal-liquid coex-
istence line; that is, they are most likely to be
metastable transitions observed in the super-
cooled liquid state and may be obscured by
crystal nucleation.

Third, even when crystal nucleation is
avoided, a supercooled liquid cannot be stud-
ied in internal equilibrium to arbitrarily low
temperatures, because of the dramatic in-
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a polyamorphic transition in a
glass indicates the existence of
distinct liquid states.

Theoretical and computer
simulation studies also pro-
vide evidence for polymor-
phism in tetrahedral liquids.
At the critical point of an L-L
transition, response functions,
such as the isothermal compressibility Kr,
will diverge. On approaching this criticality
from high temperatures, there will be a re-
gime in which Kr exhibits a maximum,
which is augmented on approach to T..
Computer simulations of liquid H,O (10)
and SiO, (11) display Ky maxima that grow
as T decreases. For H,0, rapid crystal nucle-
ation has so far precluded an experimental
test of this prediction, but experiments on
liquid SiO, (or, more conveniently, its
structural analog BeF,) at high pressures
and temperatures should be feasible.

An intriguing report of liquid polymor-
phism has been recorded for the multicom-
ponent system Y;O,-Al,O3; (12). During
the quenching of melts with several Y/Al
ratios, two coexisting glasses were obtained
that were chemically identical but had dif-
ferent density and molecular structure. In
this case, although the system could un-



dergo conventional multicomponent phase
separation, the dominant order parameters
for the observed L-L phase change were the
density and entropy of each melt phase.
Here, the melt passed through the glass tran-
sition and the L-L phase transition almost
simultaneously, allowing both of the (meta-
stably) coexisting liquids to be quenched and
studied in the glassy state.

Liquid polymorphism has also been re-
ported in the organic liquid triphenyl phos-
phite (13). Indirect evidence for liquid poly-
morphism can also be found in studies of the
conductivity of certain molecular liquids,
such as I, Se, and S (14). During compres-
sion, abrupt increases in the conductivity
have been observed and attributed to first-
order L-L transitions. The L-L transitions at-
tributed to the melt phases of Si, Ge, and C
are also predicted to occur with large changes
in conductivity (15).

These findings indicate that liquid poly-
morphism in systems with fixed composi-
tion is an observable phenomenon and that
further candidates will be uncovered as we
probe more deeply into liquid behavior over
a wider range of pressure-temperature con-
ditions. The occurrence of L-L transitions
can lead to the synthesis of new, technologi-
cally useful families of liquids and glasses

chemically identical to currently known

-substances but with quite different ther-

modynamic, rheological, and other physi-
cal properties. Also, the complex behavior
of viscous liquids and the nature of the glass
transition itself are recognized as impor-
tant, unsolved problems in condensed mat-
ter physics (16). The occurrence of liquid
polymorphism in low-temperature liquids
might be one source of this complexity.
Recognition and study of L-L transitions
should therefore both enrich and illumi-
nate the phenomenology of the liquid state
at low temperatures.

An enhanced version of this Per-
spective, with live links, can be
seen in Science Online on the Web
at http://www.sciencemag.org/
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Chaotic Beetles

Charles Godfray and Michael Hassell

Ecologists have known since the pioneering
work of May in the mid-1970s (1) that the
population dynamics of animals and plants
can be exceedingly complex. This complex-
ity arises from two sources: The tangled web
of interactions that constitute any natural
community provide a myriad of different
pathways for species to interact, both di-
rectly and indirectly. And even in isolated
populations the nonlinear feedback pro-
cesses present in all natural populations can
result in complex dynamic behavior. Natural
populations can show persistent oscillatory
dynamics and chaos, the latter characterized
by extreme sensitivity to initial conditions. If
such chaotic dynamics were common in na-
ture, then this would have important ramifi-
cations for the management and conserva-
tion of natural resources. On page 389 of this
issue, Costantino et al. (2) provide the most
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convincing evidence to date of

move over the surface of the attractor, sets of
adjacent trajectories are pulled apart, then
stretched and folded, so that it becomes im-
possible to predict exact population densities
into the future. The strength of the mixing
that gives rise to the extreme sensitivity to
initial conditions can be measured math-
ematically estimating the Liapunov expo-
nent, which is positive for cha-

complex dynamics and chaos
in a biological population—of
the flour beetle, Tribolium
castaneum (see figure).

It has proven extremely dif-
ficult to demonstrate complex
dynamics in populations in the
field. By its very nature, a cha-
otically fluctuating population
will superficially resemble a
stable or cyclic population buf-
feted by the normal random per-
turbations experienced by all
species. Given a long enough
time series, diagnostic tools
from nonlinear mathematics

otic dynamics and nonposi-
tive otherwise. There have been
many attempts to estimate at-
tractor dimension and Liap-
unov exponents from time se-
ries data, and some candidate
chaotic population have been
identified (some insects, ro-
dents, and most convinc-
ingly, human childhood dis-
eases), but the statistical diffi-
culties preclude any broad
generalization (3).

An alternative approach is
to parameterize population
models with data from natural

can be used to identify the tell-
tale signatures of chaos. In phase
space, chaotic trajectories come
to lie on “strange attractors,”
curious geometric objects with
fractal structure and hence
noninteger dimension. As they
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Cannibalism and chaos.
The flour beetle, Tribo-
lium castaneum, exhibits
chaotic population dy-
namics when the amount
of cannibalism is altered
in a mathematical model.

populations and then compare
their predictions with the dy-
namics in the field. This tech-
nique has been gaining popu-
larity in recent years, helped by
statistical advances in pa-
rameter estimation. Good ex-
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