Open Access Article. Published on 31 oktober 2013. Downloaded on 18.10.2025 13.52.18.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Faraday Discussions RSCPublishing

Cite this: Faraday Discuss., 2013, 167, 9

Importance of many-body orientational
correlations in the physical description of
liquids

Hajime Tanaka™

Received 23rd October 2013, Accepted 30th October 2013
DOI: 10.1039/c3fd00110e

Liquids are often assumed to be homogeneous and isotropic at any lengthscale and
translationally invariant. The standard liquid-state theory is constructed on the basis of
this picture and thus basically described in terms of the two-body density correlation.
This picture is certainly valid at rather high temperatures, where a liquid is in a highly
disordered state. However, it may not necessarily be valid at low temperatures or for a
system which has strong directional bonding. Indeed, there remain fundamental
unsolved problems in liquid science, which are difficult to explain by such a theory.
They include water's thermodynamic and kinetic anomalies, liquid-liquid transitions,
liquid—-glass transitions, and liquid—-solid transitions. We argue that for the physical
description of these phenomena it is crucial to take into account many-body
(orientational) correlations, which have been overlooked in the conventional liquid-
state theory. It is essential to recognise that a liquid can lower its free energy by local
or mesoscopic ordering without breaking global symmetry. Since such ordering must
involve at least a central particle and its neighbours, which are more than two particles,
it is intrinsically a consequence of many-body correlations. Particularly important
ordering is associated with local breakdown of rotational symmetry, ie., bond
orientational ordering. We emphasize that translational ordering is global whereas
orientational ordering can be local. Because of the strong first-order nature of
translational ordering, its growth in a liquid state is modest. Thus any structural
ordering in a liquid should be associated primarily with orientational ordering and not
with translational ordering. We show that bond orientational ordering indeed plays a
significant role in all the above-mentioned phenomena at least for (quasi-)single-
component liquids. In this Introductory Lecture, we discuss how these phenomena can
be explained by such local or mesoscopic ordering in a unified manner.

1 Introduction

Liquid is one of the most fundamental states of matter, and has unique transport
properties, which are absent in the other forms of matter."” Despite its
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importance, however, the physical understanding of liquids is very difficult
because of its disordered nature (or, the lack of periodicity) and complex many-
body interactions due to the high density. As a result, there remain fundamental
unsolved problems concerning the basic properties of liquids. They include
water's thermodynamic and kinetic anomalies,** liquid-liquid transitions,”®
liquid-glass transitions,*™ liquid-solid transitions, liquid structure near
interfaces, and structure around solutes and in mixtures,'® which are the main
topics of this Faraday Discussion.

The standard liquid-state theory has been constructed on the assumption
that liquids have homogeneous, isotropic, and random structures. The most
relevant order parameter for the description of a liquid state is the density field
p(7) and its two-body correlation has been believed to be able to characterize the
state of liquid and control its static and dynamic properties. This is of course
valid in the first approximation and the theory is successful in describing the
basic properties of liquids.> However, to understand the above-mentioned
phenomena, we need to go beyond this level of description and explicitly take
many-body correlations into account. To do so, we should first recognise that
there are two fundamental symmetries to be broken upon ordering: one is
translational symmetry and the other is rotational symmetry. The two-body
density correlator basically describes how translational order decays spatially.
Crystallization accompanies the breakdown of translational symmetry. In two
dimensions (2D), there are sequential breakdown of symmetries upon densifi-
cation: breakdown of rotational symmetry followed by that of translational
symmetry.”” In three dimensions (3D), on the other hand, crystallization has
been believed to take place by one step, accompanying the simultaneous
breakdown of translational and rotational symmetry. Note that the breakdown of
translational symmetry automatically leads to that of rotational symmetry. Here
we emphasise that the breakdown of translational symmetry is intrinsically
global, but that of rotational symmetry can be local: rotational symmetry can be
broken locally before translational symmetry is broken globally. This is a very
important point when we consider local or mesoscopic ordering in liquids that
preserve global translational invariance.

We argue that any liquids tend to form locally favoured structures, which
locally have a lower free energy and a longer lifetime than disordered normal-
liquid structures (see Fig. 1). On the basis of this picture, we proposed that the key
to solving the long-standing problems in liquid physics is the recognition of the
importance of spontaneous breakdown of local or mesoscopic rotational
symmetry and thus we need a bond orientational order parameter in addition to
density for the physical description of liquids.'®** We used this two-order-
parameter model to explain water's anomalies,**>* liquid-liquid transitions,**?**
liquid-glass transitions,'>**** and liquid-solid transitions.**** We also recently
discussed a possible unified description of all these phenomena.** Here we review
the current situation of our understanding of liquids and competing views on the
phenomena mentioned above.

The organization of this paper is as follows. In section 2, we discuss the origins
of mesoscopic ordering in liquids. In section 3, we describe a phenomenological
theory, which can capture this feature. In sections 4-7, we discuss water's
anomalies, liquid-liquid transitions, liquid—glass transitions, and liquid-crystal
transitions, respectively. In section 8, we summarize our paper.
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Fig. 1 An example of local bond orientational ordering in a liquid. Here blue pentagons are locally
favoured structures spontaneously formed in a sea of normal liquid structures (particles with the other
colours). They have finite lifetime and thus are transient. This is obtained by molecular dynamics simu-
lations of spherical particles interacting with a special anisotropic potential, which we call two-dimen-
sional (2D) spin liquid.*®

2 Local or mesoscopic ordering in liquids

A system always tends to lower its free energy. Local ordering in liquids is also
induced to lower the free energy locally. There can be two cases for local ordering:
entropy-driven and energy-driven ordering. Here we discuss each case by using
typical examples, although in reality there are always both contributions.

2.1 Entropy-driven local ordering

First we consider entropy-driven local ordering. This is particularly important in
hard spheres, whose free energy is purely entropic. The entropy of hard spheres is
basically composed of the configurational and correlational (or vibrational) part.®”
For example, the crystallization of hard spheres is a consequence of gaining the
correlational entropy at the expense of the configurational one, which results in
the reduction of the total free energy. Local ordering in hard spheres is a result of
dense packing. A system locally tends to form arrangements that can be most
densely packed upon compression since such configurations provide large free
volumes for vibrational motions in the uncompressed natural state (see Fig. 2).
For hard spheres of almost equal sizes, there are three key structures that mini-
mize the local volume: face-centred cubic (fcc), hexagonal close packing (hcp),
and icosahedral (ico) structures (see Fig. 3). Thus, these are three relevant locally
favoured structures for weakly polydisperse hard spheres. Despite the ability of
the structures to be compacted, these structures occupy the same volume as
disordered structures in a liquid state. This feature allows the increase of the local
correlational (or vibrational) entropy, which is the reason why such structures are
favoured. Accordingly, even if locally favoured structures are formed, the density
is basically homogeneous in the system and density fluctuations is simply
determined by the isothermal compressibility Kr. This is a consequence of the
fact that bond orientational ordering in hard spheres is completely decoupled
from translational ordering. This is characteristic of entropy-driven local order.
Here it is worth mentioning the important relation between local rotational
symmetry and spatial extendability of locally favoured structures. Among fcc, hep
and ico structures, fcc and hep are spatially extendable and can grow its size,
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Fig. 2 Schematic figure explaining the relation between bond orientational ordering and translational
ordering. A structure having only bond orientational order has a room of a similar amount of thermal
fluctuations (or, free volume) for each particle and thus it reduces the correlational entropy at the
expense of the orientational configurational entropy. This situation is favoured in an intermediate
density region where the density is high enough for a completely random state not to be favoured but
low enough for the reduction of the configurational entropy associated with translational ordering not
to take place. Without bond orientational order, the free volume for each particle fluctuates too largely,
which leads to the loss of correlational entropy at this density regime. Upon its densification, trans-
lational order is automatically gained, if the size polydispersity is not so large. However, this happens only
for a spatial region where pre-existing bond orientational order has a phase coherency. This mechanism
is crucial when we consider crystal nucleation (see section 7).

Fig. 3 Schematic figure representing the densely packed structures made of 13 spherical particles,
which have fcc, hep, and icosahedral configurations. (a) fcc, (b) hep, and (c) icosahedron. This figure is
reproduced from Fig. 36 of ref. 35.

whereas ico is not extendable and cannot grow its size. This means that fcc and
hep bond orientational order can be mesoscopic, but ico must be localised, which
leads to the essential difference in the nature between them. To what extent fcc or
hep bond orientational order grows is again determined by the competition of the
two types of entropy: their growth leads to the loss of the configurational entropy
of locally favoured structures and the gain of the correlational entropy coming
from the reduction of the free energy associated with the spatial gradient of the
order parameter. Frustration is another source disturbing their growth.

2.2 Energy-driven local ordering

In many realistic liquids, locally favoured structures are formed to gain the local
energy at the expense of configurational and vibrational entropy. The interaction
can be isotropic or anisotropic. A simple isotropic attractive potential leads to
locally favoured structures with dense packing, such as fcc, hep, and ico struc-
tures, whereas an anisotropic directional potential can lead to various symmetry
depending upon the local symmetry favoured by the potential. In water-type
liquids such as water, Si, and Ge, tetrahedral order is locally favoured by hydrogen
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or covalent bonding. For a 2D spin liquid shown in Fig. 1, pentagons are locally
favoured, although antiferromagnetic order is favoured at a longer lengthscale*
(see Fig. 4).

In this energy-driven “local” ordering, bond orientational ordering usually
accompanies the change in the local density, unlike the above entropy-driven
ordering. In other words, there is a non-trivial coupling of bond orientational
ordering with translational ordering. For example, both hydrogen and covalent
bonding favours not only a particular orientation, but also a particular distance
between molecules or atoms. Furthermore, the angular constraint between bonds
formed by anisotropic interactions can inevitably lead to such a coupling. The
formation of a void in the middle of a pentagon formed in 2D spin liquids is such
an example (see Fig. 1). In general, thus, locally favoured structures can have
specific volumes different from normal-liquid structures. This feature plays a key
role in water's anomalies, as will be shown below.

The relationship between local rotational symmetry and spatial extendability of
locally favoured structures is the same as in the case of entropy-driven local ordering.
For example, in 2D spin liquids, pentagons are non-extendable local structures,
whereas antiferromagnetic order is extendable mesoscopic order (see Fig. 4). We
note that unlike locally favoured structures mesoscopic ordering does not accom-
pany a density change since translational ordering must be involved to increase the
density at such a mesoscopic lengthscale but it never happens in a liquid state.

2.3 How to express local or mesoscopic ordering mathematically

Local or mesoscopic ordering described above is not easy to express by the density
field due to its intrinsically many-body nature. Here we use so-called bond
orientational order parameter, which can be expressed by the distribution of
bonds joining a particle located at 7 to its nearest neighbours.”” Expanding the
density p(7,w) of points pierced by these bonds on a small sphere inscribed about

7, we have'73%3°

© m=I

p(ﬁ ‘Q) = Z Z q1m(7) Ylm(‘Q)7 (1)

1=0 m=—1

Fig. 4 A snapshot of 2D spin liquid in a supercooled state. Red particles have crystal-like bond orien-
tational ordering (more specifically, antiferromagnetic order), which plays a crucial role in glass transition
and crystallization, whereas blue particles are locally favoured structures with pentagonal symmetry,
which plays a primary role in water-type anomalies and liquid-liquid transitions. The latter also plays an
important role in vitrification if it competes with crystallization, which is linked to the above bond
orientational ordering (appeared red). A spin on a particle is also shown by an white arrow in this figure.
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where Y;,(2) are spherical harmonics. This order parameter is only sensitive to
bond directions and not to the distances. In this sense, it is an ideal order
parameter to be complimentary to density order parameter.

We take the normalized average of g;,, over a small volume located at 7, which we
express by §;,(r). Then, its rotationally invariant combination can be defined as

1/2

m=—1

qi (7

Note that [ = 6 for fcc, hep, and ico, whereas [ = 3 for tetrahedron.* [ = 4 is also
important to pick up a part of the symmetries of fcc and hep.** For tetrahedrality,
we can also define a more specific order parameter:*>*

3G © 1
Gtetra = 1- gz Z (COSII//k + ) .
J=1

k=j+1

In the case of water, ¥ is the angle formed by the lines joining the oxygen atom of
a given water molecule and those of its nearest neighbours j and k.
Here we also define other quantities characterizing bond orientational order.

[
wp = E (ml my s ) qimy 4imy 9ims (3)

my+my+m3=0

where the term in brackets in the above third-order rotational invariant is the
Wigner 3-j symbol. wg is useful to identify ico structures or to distinguish fcc/hep
from body-centred cubic (bec), whereas w, is useful to distinguish fec from
hcp.44—46

Following ref. 41 we also use the tensorial bond orientational order parameter
coarse-grained over the neighbours:

le( ) N I‘F 1 <q/m + Z q/m ) (4)

and define the coarse-grained invariants Q; and W; in the same way as the above.
Structures with and without spatial extendability are then much easier to tell
apart.*»** We note that for non-extendable local structures like icosahedra, their
Q;and W, are buried into the liquid distribution. In the following, we also use Q; to
express g; unless explicitly stated.

3 Phenomenological two-order-parameter model
incorporating local and mesoscopic ordering in a liquid

As discussed above, to express local or mesoscopc ordering in a liquid, we need
bond orientational order parameters in addition to the density field. Although we
may need more than two bond orientational parameters, we mainly consider the
simplest situation that a liquid state is described by two order parameters, density
and one bond orientational order parameter.

3.1 Free energy associated with the formation of locally favoured structures

In general, there can be two types of bond orientational orderings, one of which is
associated with local structural ordering and the other with medium-range
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crystal-like bond orientational order (see Fig. 4). We note that each of them may
need more than two bond orientational order parameters to specify it (such as Q,,
Qry Wiy Wiy,...). Here, focusing only on local structural ordering, we express a
liquid state by a simple two-state model with cooperativity of such ordering (see
Fig. 5). The first two-state model of liquid-liquid transition (LLT) was developed
by Strissler and Kittel.*” Rapoport*® used it to explain melting-curve maxima of
atomic liquids, such as carbon, at high pressure. Aptekar*® explained the metal-
non-metal transition in germanium and silicon by a two-state model. Some time
ago, we generalized this basic idea by introducing the bond order parameter(s) in
addition to the density order parameter, and proposed the two- (or multi-) order-
parameter model of liquid to explain not only LLT, but also water-like anomalies,
liquid-glass transitions and crystallization in a unified manner. Below we present
a general framework of our model of liquid to describe these phenomena. We also
show how these phenomena, which are apparently independent of each other,
can be closely related to each other.*

Here we focus on short-range bond orientational ordering, or the formation of
locally favoured structures. Our model'**'>* relies on a physical picture (see
Fig. 1) that (i) there exist distinct locally favoured structures in a liquid and (ii)
such structures are formed in a sea of normal liquid structures and its fraction S
increases upon cooling since they are energetically (entropically for hard spheres)
more favourable by AE than normal liquid structures: AE = E,-Es (see Fig. 5),
where E; is the energy of state i (i = p or S). Here normal liquid structures simply
mean the background normal liquid structures. The specific volume and the
entropy are larger and smaller for the former than for the latter, respectively, by
Av =vs — v, and Ao = kg In(g,/gs). Here v; and g; are, respectively, the specific
volume and the degree of the degeneracy of state i (i = p or S). Av can be either
positive or negative depending upon a system, whereas Ac is positive except for
purely repulsive systems such as a hard-sphere liquid, where the gain of corre-
lational entropy is the driving force of local structural ordering. We identify locally
favoured structures as a minimum structural unit (symmetry element). It is
associated with tetrahedral order for water-type liquids, whereas icosahedron for
metallic liquids®****>** and hard spheres.****** To express such short-range bond
ordering in liquids, we introduce the so-called bond orientational order
parameter Q.

A

normal liquid structures

E, 8 vp

energy

Es 8s vs
locally favored structures

Fig. 5 A two-state model for a liquid: one is normal-liquid structures (energy £, degeneracy g,, and
specific volume v,)) and the other is locally favoured structures (energy £s, degeneracy gs, and specific
volume vs). For some liquids, there may be more than two distinct energy states.
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When locally favoured structures are distinct, there should be a clear threshold
value separating the two states. For example, the fraction of blue pentagons is the
bond order parameter S in Fig. 1. Then we can use the fraction of atoms (or
particles) having ¢,(7) higher than a certain threshold value as the local bond
order parameter S (note that S is “not” entropy and instead ¢ represents entropy
throughout this paper). When thermal fluctuation effects make locally favoured
structures obscure, we need to decompose the distribution function of the order
parameter into two (Gaussian) populations to estimate S.

As can be seen above, both the scalar density field p and the tensorial bond
orientational order Q stem from the angle-dependent density field p(F,Q).
Although Q is tensorial, the fraction of locally favoured structures, S, is linked to
the rotationally invariant scalar order parameter calculated from it. As a function
of this scalar order parameter S, the phenomenological liquid-state free energy
functional associated with locally favoured structures is given by'**'->*

Fs = J A7 [~AGS(F) + JS(F)(1 — S(F)) + kn T(S(F)InS(7)
+(1 = 8(@))In(1 — S(7)))], (5)

where AG = AE — TAo — AvP. AG is the free energy change associated with the
formation of a locally favoured structure. J represents the cooperativity, kg is the
Boltzmann constant, T is the temperature, and P is the pressure. Here J is ener-
getic. We note that the cooperativity of entropic origin has also been considered
recently.”> We stress that this free energy is a function of the scalar order
parameter S (see section 7.8 for its implication).

3.2 Free energy associated with density and tensorial bond orientational
ordering

3.2.1 Density ordering. The free energy functional, denoted F{p}, is expanded
functionally about a density, p = p;, corresponding to a liquid state lying on the
liquidus line of the solid-liquid coexistence phase diagram. The expansion is
performed in powers of 3p = p — p;. Then the Ramakrishnan-Yussouff (RY) free
energy density of a single-component system can be written, up to the two-point
correlation, as'*%%”

Fn{P}:kBTdeﬂ(f) lnl@—l +Jded?’ap(?)c(?—7')ap(7’), )

where c is the two-point direct correlation function. This free energy functional
has widely been used to study not only liquid-crystal transitions, but also liquid
dynamics and glass transitions (see, e.g., section 6.11.1).

3.2.2 Bond orientational ordering. In the above, we consider only trans-
lational ordering. Partly because translational ordering automatically accom-
panies orientational ordering, the importance of the latter has been overlooked in
theories of solidification for a long time despite the recognition of its importance
in the 1980s.'7%3%38-63 Interestingly, orientational order has often been used in
simulations to detect crystal order in the process of crystal nucleation (see, e.g.,
ref. 64). The liquid-solid transition accompanies the breakdown of both trans-
lational and rotational symmetry. Here we argue that bond orientational order is
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crucial for our understanding of the liquid state itself as well as its transitions to
non-ergodic states such as glass transition and crystal nucleation.

A form of the Landau-type free energy associated with tensorial bond orien-
tational ordering with translational and rotational invariance can be found, e.g.,
in ref. 63, 65, 66. For simplicity (see also a speculative explanation below), we
consider the following free energy form associated with (scalar-like) bond orien-
tational ordering Q:

Fy= Jd?(bez +5(Q)+ 0(Q*) + %K(WQl)z) + -

where b is a positive constant, £ is the reduced temperature ¢ = 1/¢ — 1/¢po? (ort=
T — T,%), and --- represents frustration originating from competing bond orien-
tational orderings (e.g., Qcry VS- Qurs), internal frustration (this is the case for
icosahedral order*), and/or random disorder effects. Here Qcgy is compatible
with the symmetry of the equilibrium crystal (e.g., fcc and hep order), whereas
Q. rs with incompatible to it (e.g., icosahedral order). Here b’ (or Tob) is the bare
transition volume fraction (or temperature). Even though the third order
invariant I; is suggestive of the first order nature of the transition, the transition
might be almost continuous.

Frustration effects originating from competing Qcry and Qprs orderings and/
or random disorder effects, e.g., due to polydispersity may change the nature of
the transition from a continuous (characteristic to a tensorial order parameter) to
a discrete Ising symmetry (characteristic to a scalar order parameter).”” We
speculate that renormalization of frustration effects changes the symmetry of the
transition from the continuous to the discrete Ising symmetry and also shifts the
critical point from ¢’ (or Tob) to ¢ (or Tp), although this should be carefully
checked. In relation to this, we note that such transformation of the phase
ordering from (Heisenberg-type) continuous to (Ising (Z,)) discrete symmetry due
to frustration and random disorder effects has also been known for spin
systems,®**® implying the generality of frustration and random disorder effects on
the nature of the ordering. We also emphasize that frustration effects may not
only change the type of ordering, but also lead to exotic critical phenomena
accompanying the growing activation energy towards the hypothetical critical
point. We note that the Ising nature of the glass transition has also been recently
discussed on the basis of a two-state cluster picture by Langer.”>”*

3.3 Coupling between density and bond orientational ordering

Now we consider couplings between orderings of p and Q, whose nature is very
important in the following discussion. The lowest order coupling between Q and p
should be given by the rotationally and translationally invariant energy:**¢

Fuc= [ da - ota)| £ 07, (@)0(@)p(~i). ”)

Up to the lowest order, p is not coupled linearly to Q, and p(g)p(—q) is coupled
to it. Accordingly, the equilibrium p need not have the symmetry of the equilib-
rium Q. This particular type of coupling leads to an asymmetric coupling between
the orderings. If the translational ordering temperature 7T, is higher than the
bond orientational ordering temperature T, then, because the Q-p interaction is
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linear in Q, the ordering of p at T, will necessarily induce an ordering in Q. This
seems to justify the theory based on the density field alone, but which may not be
the case as we will see later. On the other hand, if Tg > T, then, because the Q-p
interaction is quadratic in p, the ordering of Q at T, will have the effect of
renormalizing the quadratic coupling without necessarily inducing an ordering of
p. Jaric proposed that this case of Ty > T, should correspond to quasicrystal
formation.*®

Here we see the relevance of this form of coupling by looking at the two-
dimensional probability distribution of density p and bond orientational order
Qs, for a metastable fluid state of hard spheres at pressure Sps° = 17 (before the
appearance of the critical nucleus) (see Fig. 6).”> The probability distribution is
related to the Landau free energy, F(Qq,p) = —kpT logP(Qg,p). The free energy can
be well fitted with a full cubic polynomial, for which the most important term is of
the form Qgp”. This term is responsible for the shape of contours lines (black
dashed line in Fig. 6): because the interaction is linear in Qg and quadratic in p,
the system can increase its orientational order without an increase of its trans-
lational order, but the opposite is not true, and an increase in density inevitably
accompanies an increase in the average Q. This is fully consistent with the above
form of coupling. Note also that a small linear coupling between Qg and p exists at
high Qg, which can be seen in the small slope of the steepest descent path (white
dashed arrow) in Fig. 6.

3.4 Total free energy of a system describing crystallization and vitrification

The total free energy Fio, may then be given by the sum of translational ordering,
local and global orientational ordering, and the couplings between them:

Ftotalep+FS+FQ+Fint~ (8)

In the above, however, we need to take special care to avoiding double
counting. This may be done with a proper projection procedure.

0.00 0.05 010 015 0.20 0.25 030 0.35 0.40 045

Qs
N
P(QG 7/7)

Fig. 6 Probability distribution for a supercooled state of hard spheres in the p — Qg space. The dashed
black line is a contour line. The dashed white arrow is a steepest descent path from the maximum to a
high Qg point of the probability distribution function. This figure is reproduced from Fig. 2 of ref. 72.
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All the phenomena are governed by
the same free energy !

Fig. 7 Schematic figure explaining the relationship between the behaviour of liquid upon cooling and
the free energy. A liquid may exhibit water-like anomalies or LLT upon cooling. A liquid also becomes a
metastable supercooled state below the melting point T,, and further cooling leads either to crystalli-
zation or to glass transition. The former takes place at the crystallization temperature 7.y, whereas the
latter at the glass transition temperature T,. The former is a thermodynamic phase transition, but the
latter is a kinetic transition. The key fundamental question here is whether the glass transition behaviour
is controlled by the same free energy as that for crystallization or a special free energy? We argue that all
the phenomena are governed by the same free energy.

3.5 Free energy responsible for water's anomailes, liquid-liquid transitions,
liquid—-glass transitions, and liquid-solid transitions

In the above we discuss the free energy, mainly focusing on the roles of bond
orientational ordering. Here we note that there are new important effects of bond
orientational ordering, which have so far been overlooked in the physical
description of liquids: (1) thermodynamic effects of short-range bond ordering (a
scalar order parameter linked to Q;rs), which can be considered on the basis of
the simpler free energy Fs (see eqn (5)), (2) random field effects of Q.gs on crys-
tallization (long-range translational p(r) and bond orientational ordering Qcry),
and (3) long-range crystalline (or quasicrystal) ordering (p(r) and Qcry)-

Below, we consider problems of thermodynamic and kinetic anomalies of
water-type liquids, liquid-liquid transition, liquid-glass transition, and crystal-
lization, focusing on these three effects (1)-(3). As shown in Fig. 7, we argue that
all these phenomena may be described by a common free energy functional (see
eqn (8)) in a unified manner.

4 Water's anomalies
4.1 Thermodynamic and kinetic anomalies of water

Liquid water exhibits many anomalous behaviours upon cooling, which include
volume expansion (below 4 °C), softening (below 46 °C), and heat capacity
increase (below 35 °C).**%7*75 In addition to the thermodynamic anomaly, the
viscosity 1 also shows anomalous non-Arrhenius behaviour. Furthermore, at low
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temperatures 7 decreases up to 2 kbar and then increases with an increase in
pressure,”® which is markedly different from the behaviour of ordinary liquids,
whose 17 monotonically increases with pressure. All these features are absent in
other molecular liquids. It is these unique properties that make water very special
and important in nature. The unusual features of liquid water are more enhanced
at lower temperatures and lower pressures, reflecting enhanced tetrahedral
structures stabilized by hydrogen bonding. There is a consensus that the unique
properties of water come from local tetrahedral ordering due to hydrogen
bonding. This is supported by the fact that atomic liquids having similar tetra-
hedral ordering due to covalent bonding also exhibit water-like anomalies and
phase behaviours.”

These anomalous thermodynamic and dynamic behaviours of water have
intensively been studied both experimentally and theoretically for a long time.
Nevertheless, the very origin of the water anomalies is still a matter of debate and
far from complete understanding.***>7*

Many models of water have been proposed to explain the water's anomalies,
focusing on the unique features of hydrogen bonding. The models can be clas-
sified into three groups:>**7*7>77 (a) a stability-limit conjecture,” (b) a second-
critical-point scenario (see e.g., ref. 3, 79, 80), and (c) a singularity-free
scenario.®®> Scenario (a) assumes the existence of a retracting spinodal curve and
attributes the thermodynamic anomaly to proximity to the spinodal curve.
Scenario (b), on the other hand, assumes the existence of a line of first-order
transitions between two types of liquid water (low-density and high-density
water), terminating at a critical point existing in a metastable state, and attrib-
uting the thermodynamic anomaly to critical phenomena associated with the
hidden critical point. It is expected that a second critical point exists at a high
pressure in the so-called no-man's land.® Finally, scenario (c) predicts that the
thermodynamic quantities exhibit extrema but no divergence.

In scenario (a), investigation of the thermodynamic properties of water at
negative pressure will provide crucial information on its relevance.” Scenario (b)
is based on (i) experimental evidence of the presence of two amorphous forms of
ices and a speculation on their connections to two types of liquids***** as well as
(ii) support for the presence of LLT in model waters from numerical simulations.?
However, the connection between two amorphous ices and two liquids is also a
matter of debate.***” Whether the transition between the amorphous ices has an
equilibrium counterpart, with a first-order phase transition line above the glass
transition temperature (T,) that terminates at a critical point (LLCP), has recently
become a matter of much controversy.**** A major source of difficulty lies in the
fact that most modern theories of water concentrate on the supercooled region of
the phase diagram, which is difficult to access by experiments due to the rapid
crystallization of water below its melting line.*°® Similar difficulties emerge also
in simulations, where the lack of crystallization is sometimes hindered by the
limited system sizes and time scales accessible.” This is one of the major topics of
this Faraday Discussion. We discuss this problem from a different viewpoint in
section 7.8, focusing on a fundamental difference in the nature of the relevant
order parameter between LLT and crystallization.

Both scenario (a) and (b) predict the anomalies of the thermodynamic and
kinetic quantities due to the thermodynamic singularity. In these scenarios, the
anomalies of the thermodynamic and dynamic quantities have often been

20 | Faraday Discuss., 2013, 167, 9-76 This journal is © The Royal Society of Chemistry 2013


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c3fd00110e

Open Access Article. Published on 31 oktober 2013. Downloaded on 18.10.2025 13.52.18.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

analysed with the form of the power-law divergence, ¢ 7, where ¢ = (T — T)/Ts (Ts:
mean-field spinodal temperature) and v is a critical exponent, and found to be
well described by such relations. However, it should be noted that the critical
exponents are often treated as adjustable parameters and no hyperscaling rela-
tions between the exponents have been found so far, unlike the case of the typical
critical phenomena. Furthermore, we cannot approach to the mean-field spinodal
temperature T so closely because homogeneous nucleation of ice crystals takes
place far above T. Thus, the experimentally accessible range of ¢ is limited to ¢ >
0.05 in most cases and accordingly there has been no convincing evidence of the
divergence of the thermodynamic quantities at a critical temperature. Note that
for ordinary critical phenomena, we may approach a critical point to the order of ¢
~ 107°-10"°. Here it is worth mentioning that the thermodynamics of water has
recently been studied in detail on the basis of critical phenomena.®*

Finally, scenario (c) predicts no divergence of the physical quantities. Focusing
on the temperature dependence of hydrogen bonding, many rather complicated
functional forms have been proposed to describe the anomalous behaviour of the
thermodynamic and kinetic quantities.

Despite these considerable efforts, there has so far been no consensus on
which of these three types of scenario is primarily responsible for the above-
described anomaly of water or whether we need a new scenario or not.® For
example, there is still an on-going debate on the presence or absence of
enhancement of density fluctuations that is a finger print of the singularity, since
the singularity should cause critical-like enhancement of large-scale density
fluctuations.®”***

Below we consider how the thermodynamic and kinetic anomalies of water-
type liquids can be explained in the framework of our two-order-parameter model.

4.2 Prediction of our two-order-parameter model

Here we explain our two-order-parameter model of liquid.**> We first estimate
how the average fraction of locally favoured structures, S, increases with a
decrease in T. From the condition 9f(S)/dS = 0 (see eqn (5)), S can be obtained as

55 exp(B(AE — PAY))
§ = ngS ) (9)
1+ g—exp(ﬁ(AE — PAv))
P

where = 1/kgT. In the above, we assume J = 0 for simplicity. For J # 0, the
cooperativity plays an important role in inducing a liquid-liquid transition .****
Here AE = E, — Egand Av = vg — v,.. E; and g; are the energy level and the number
of degenerate states of i-type structure, respectively. i = p corresponds to normal
liquid structures of water, while i = S to locally favoured structures (see Fig. 5).

The rather unique configurations of locally favoured structures and the exis-
tence of many possible configurations for normal liquid structures lead to the
relation g, > g. Then, S can further be approximated as

S~ ‘z—sexp[ﬁ(AE — AVP)]. (10)

P

We stress that this relation should hold even for a non-zero J if S < 1.2
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Hereafter we consider thermodynamic anomalies for a case of § < 1.
According to the above picture, the unusual decrease in p upon cooling below 4 °C
in water can simply be explained by an increase in the number density of locally

favoured structures, S, upon cooling. The specific volume vy, and the density p
are, respectively, given by

vp(T,P) = ve(T,P) + AVS, (11)

Av—
p(TaP)NpB(T7P)7pB(T7P)V7S7 (12)
sp
where py(T,P) = MP5,(T,P) (M: molar mass). Note that the background
contributions vfp and pp almost linearly decrease and increase, respectively,
with a decrease in T as for those of ordinary liquids. Then, the isothermal

1 /0
compressibility Ky = — — ( ;;;;) can straightforwardly be calculated from eqn
sp T
(11) as
1 [dvg, 1 Ay J]<
o=, (), - Gr), o] )

The anomalous increase of Ky upon cooling can thus be explained by the
following two mechanisms: (a) a decrease in T increases the population of locally
favoured structures, which may be softer than normal liquid structures. (b) More
importantly, the ability (or the degree of freedom) of the transformation between
locally favoured structures and normal liquid structures upon a pressure change
provides softness to a system. With an increase in pressure, the anomaly of Kr
upon cooling becomes weaker, reflecting the decrease in the population of locally
favoured structures, S.

The anomalous increase in the heat capacity at constant pressure Cp upon
cooling can also be explained as follows. The locally favoured structures have
rather unique configurations and the associated degrees of freedom are much
smaller for them than for the normal liquid structures of water. Thus, the entropy
o decreases upon cooling, reflecting an increase in S, or short-range tetrahedral
ordering:

o = ap(T,P) — AdS, (14)
where o is the background part of the entropy associated with normal liquid
structures. Thus, Cp = T(d6/3T)p should increase upon cooling as

_ dop JAc —
Cp = T(a—T)P + { — T(a_T)P + BAG(AE — PAv)|S. (15)

In this manner, all the thermodynamic anomalies can be expressed simply by
the common Boltzmann factor, S. We confirmed the relevance of these relations
by fitting the above functional forms to experimentally measured p, Kr, and
Cp.”>** Here we show only the temperature dependence of the Boltzmann factor,
S, determined by the fitting of our prediction to the experimental data of p, Ky,
and Cp at various pressures (see Fig. 8).

We also found that the kinetic anomalies of water such as viscosity anomalies

can also be described by the same Boltzmann factor S(7,P).>>** For example, the
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Fig. 8 Temperature dependence of S (see the text for its definition) determined by the fitting of our
predictions to the experimental data of p, K7, and Cp at various pressures. Open squares, triangles, and
circles represent, respectively, data on p, K7, and Cp at ambient pressure. All the other symbols are data at
higher pressures. The dashed line is our theoretical prediction for S. The values of S determined from the
23 sets of data of “bulk” liquid water are all collapsed on the master curve, which is described by the
single Boltzmann factor. The figure is reproduced from Fig. 1(b) of ref. 21.

viscosity is known to exhibit a minimum as a function of pressure at a low
temperature. This is a quite unusual phenomenon, but it can be naturally
explained by the competition between the increase of the viscosity of normal
liquid structures and the decrease of the fraction of locally favoured structures
with an increase in P. We note that the presence of locally favoured structures
leads to an extra activation energy for flow to take place and thus the decrease of S
with an increase in P lowers this part of the viscosity associated with locally fav-
oured structures.

It is known that the T-dependence of viscosity is well fitted by a power law,
which is a prediction of mode-coupling theory (MCT).****** However, we showed
that it can be equally well described by the modified Arrhenius law. Furthermore,
the pressure dependence can be explained more naturally by our model.***

4.3 Comparison of our two-state model with previous mixture models

A mixture model of water was first proposed by Rontgen'® to explain water
properties many years ago and then developed by many others (e.g., ref. 73,
106-110). It was recently applied to a water problem by Ponyatovsky et al.”® Their
model regards water as a mixture of low-density (LDA) and high-density amor-
phous ice (HDA) (see also ref. 111). So it may be more appropriate to call this type
of model a mixture model rather than a two-state model.

Here we compare our model with such mixture models to clarify what physical
factors are key to the description of water's anomalies. The most crucial difference
between our model and the mixture models is the value of Ag. We assume that the
difference in entropy, or the degeneracy of states, between the two states is very
large, which is a consequence of the disordered nature of normal liquid structures
and the more unique nature of locally favoured structures. We note that normal
liquid structures are also made of water molecules temporally hydrogen bonded
with neighbouring molecules. The important point is that their structural order is
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still considerably lower than that of locally favoured structures (g, > gs). On the
other hand, it is assumed (see, e.g., ref. 79) that the difference in the entropy
between the two components is small since it is evaluated from the data of solid-
state amorphous-amorphous (LDA-HDA) transition. In other words, it is
implicitly assumed that both components have unique structures. Considering
that a liquid is in a high entropy state and under significant thermal fluctuation
effects, our two-state model approach seems to be more reasonable than such
mixture model approaches. This subtle, yet crucial difference leads to a drastic
difference in the physical picture. In our model, S is very small (S < 1) at ambient
temperature and pressure (see Fig. 8), but in most other models”****** S (in our
terminology) is almost 1/2 or even higher there and in some cases the anomaly
was ascribed to critical anomaly associated with the second critical point of LLT
(see, e.g., ref. 79). In our case, water's anomalies are explained by a non-critical
increase in S with decreasing T: the anomalous parts of physical quantities such
as density are proportional to S and can be described by the Boltzmann factor at
least in the experimentally accessible region (see eqn (10)).>"**

It is worth mentioning another reason why we prefer to use the term “two-
state” rather than “mixture”. This is because a mixture model gives us an
impression that a system is composed of A and B components and thus the order
parameter (the fraction of A) is conserved. In reality, however, the order parameter
should not be conserved: locally favoured structures are created and annihilated
without the constraint from its conservation. This point is crucial when we
consider the nature and the dynamics of water-like anomalies and liquid-liquid
transition'®** (see below).

Finally, we note a possible historical reason why S is estimated to be rather
high. It may be related to the fact that the fraction of ice-like structures estimated
from spectroscopic measurements such as Raman and infrared spectroscopy is
usually rather high (see, e.g, ref. 73, 112, 113). So if we identify this fraction as the
fraction of locally favoured structures, S is estimated to be large. However, our
study indicates that there may be no direct connection between them and we need
to pick up special modes linked to the translational order of the second shell,"** as
will be described below.

4.4 Microscopic support for our two-order-parameter description from
numerical simulations

In general, it is difficult to obtain detailed microscopic information on hydrogen
bonding in water, and thus we cannot determine the difference in entropy
between the two states in a convincing matter. We emphasize that the difference
in Ao leads to the entirely different scenarios for water's anomalies, as described
above. This problem, which is directly related to the microscopic structural
identification of normal liquid and locally favoured structures, is the key to our
understanding of the physical origin of water's anomalies.

Numerical simulations are obviously very powerful in identifying locally fav-
oured structures. Recent simulation results*'>''® seem to be consistent with our
scenario, which predicts that S is rather small in the experimentally accessible
region. Anisimov and his coworkers also showed that a two state model with
cooperativity of entropic origin describes well the thermodynamic anomalies of
mW water.'”” Their results are also basically consistent with ours. However, we
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should also note that the estimate of the fraction of the LDL-like component by
Cuthbertson and Poole is higher."®* Furthermore, Matsumoto showed that
expansion of water upon cooling can be explained without invoking any hetero-
geneity."® Thus, the situation has been quite controversial. The origin of the
controversy is due to the lack of a proper structural order parameter for locally
favoured structures of water.

Recently we successfully identified a structural order parameter for locally
favoured structures of model water (TIP4P/2005) at a microscopic level. It is the
degree of translational order in the second shell."™ The importance of the
structure of the second shell was first shown by Soper and Ricci.** This new
structural order parameter allows us to estimate the 7-P dependence of S directly
from simulated water structures. We confirmed that the two-state model with the
order parameter S that is independently determined in this way can well describe
the thermodynamic anomalies. This provides the microscopic basis for our two-
order-parameter model. The value of S was found to be low in the experimentally
accessible region, consistent with the prediction of our two-order-parameter
model (see above). We also showed that we can directly estimate S from the O-O
radial distribution function, which provides a method to estimate S
experimentally.

4.5 Do anomalies obey the Boltzmann factor or power law?

On the basis of these results, we argue that water's anomalies can basically be
explained by our two-order-parameter model, or the Boltzmann factor, and not by
power laws. This is supported by the fact that in model waters (TIP4P/2005** and
mW water'"”), which exhibits all the anomalies characteristic of water, quantities
such as isothermal compressibility do not show any divergence at a finite
temperature. Furthermore, the effects of cooperativity is very minor in the
experimentally accessible region, even if there exists a second critical point. So we
conclude that water's anomalies are primarily the consequences of Schottky-type
anomaly characteristic to a two-state model, although further studies are neces-
sary to confirm it in an unambiguous manner.

4.6 Water-like anomalies in water-type atomic liquids

Here we briefly consider what makes water so special among ‘molecular’ liquids.
We pointed out>*>** that water is the only molecular liquid for which local bond
orientational ordering is basically compatible with a global crystallographic
symmetry: the locally favoured tetrahedral structure of water stabilized by
hydrogen bonding is basically consistent with the crystallographic symmetry of
hexagonal ice I, and cubic ice I, although there is some inconsistency in the
symmetry.'** It is important to recognize that formation of a tetrahedral structure
stabilizes hydrogen bonding with a help of local symmetry in a “cooperative”
manner.

We argue that all the thermodynamic anomalies of water originate from (i) this
dominance of bond orientational ordering below a crossover pressure Py (~2
kbar), where the melting point of ice crystals has a minimum, and (ii) an
unusually large positive value of Av. Below Py, the crystallization is due to bond
ordering, while above P, it is due to density ordering as in ordinary liquids (see
Fig. 9). This gives a natural explanation for the unusual pressure dependence of
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Fig.9 T-P phase diagram of water-type liquids including water itself and water-type atomic liquids (Si,
Ge, Bi, Sb, and Ga).

>

the melting point of ice crystals, including its minimum around 2 kbar. We
propose that ice I, is S-crystal, long-range ordering of S, while high-pressure ices
are p-crystals.*»?>?* The V-shaped T-P phase diagram of water-type liquids is just a
manifestation of the Clausius-Clapeyron relation.

The above conditions (i) and (ii), which are necessary for having water-like
anomalies, should be satisfied for tetrahedral liquids having V-shaped phase
diagram. By using this specific shape of the phase diagram as a fingerprint, we
classified five elements Si, Ge, Sb, Bi, and Ga into water-type atomic liquids. We
showed that our two-order-parameter model of water indeed also explains the
thermodynamic and dynamic anomalies of these water-type atomic liquids in a
satisfactory manner.**

We discuss unique features of these liquids again in relation to the glass
transition problem in section 6.13.

5 Liquid-liquid transition

Usually it is considered that atoms or molecules have random disordered struc-
tures in the gas and liquid states. This leads to a common sense view that any
single-component substance has only one gas and one liquid state. On the other
hand, it is widely known that even a single-component liquid can have more than
two crystal forms, which is known as “polymorphism”. The uniqueness of the
state is very natural and correct for gas, where the kinetic energy dominates.
However, it is not so obvious for liquid since many-body interactions come into
play, reflecting its high density, as we described above.

Recently there has been growing experimental evidence that even a single-
component liquid can have more than two liquid states.>®%7*'2*712% The transition
between these liquid states is called “liquid-liquid transition” (LLT). There are
also experimental indications for the presence of LLT in binary-component
liquids such as AsS.****** The existence of liquid-liquid transitions has also been
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supported by a number of numerical simulations for atomic liquids such as
Si***™% and molecular liquids such as water.**>'**'¥” This phenomenon has
attracted considerable attention not only because of its counter-intuitive nature
but also from the fundamental importance for our understanding of the liquid
state of matter. The connection between liquid-liquid transition and polya-
morphism is also an interesting issue.

First we describe a simple phenomenological theory, which explains LLT as a
transition between a gas state and a liquid state of locally favoured structures.
Then we show some experimental pieces of evidence supporting the presence of
LLT. However, most of such examples suffer from serious criticisms and thus the
situation is quite controversial. Below we also discuss the source of controversies
focusing on LLT in molecular liquids.

5.1 Phenomenological two-order-parameter model of liquid-liquid transition

In our model, LLT is described by the free energy f(S) given by eqn (5).> The key
term there is the coupling term JS(1 — S), which represents the cooperativity of
formation of locally favoured structures. Thus, we first discuss possible origins of
the cooperativity.

One is the microscopic cooperativity of directional bonding, which is related to
the change in the electronic state by the formation of locally favoured structures.
This effect may be important in liquids have directional bondings such as
hydrogen and covalent bonding. Its importance is particularly clear for liquids
such as Si and Ge, for which transitions accompany a drastic change in the
electronic properties and induce metal-semiconductor transitions. How to
incorporate the electronic degrees of freedom into our phenomenological model
is an interesting but challenging problem. The second is the modification of the
degrees of freedom around locally favoured structures due to the local reduction
of configurational and vibrational entropy. The third is a possible role of long
range van der Waals forces, which are due to the difference in density between
locally favoured structures and normal-liquid structures, dp. The interaction
strength may be estimated as

U ~ Uy \(3plp)(bla), (16)

where Uy, is the interaction between basic units (atoms or molecules) of size a, p is
the density, and b is the size of locally favoured structures. This interaction might
be too weak to cause LLT in the usual situation. Since the origin of cooperativity
lies at the heart of our understanding of LLT, further careful studies are highly
desirable. First principle calculations may be a promising way to attack this
problem. As we see below, the value of J directly determines the location of the
critical temperature 7T.. Finally, we note that the degeneracies of the two states, or
thermal fluctuation effects, produce a sort of renormalization effects on the
mean-field interaction parameter J, which may affect the location of a critical
point.
The equilibrium value of S is determined by the condition df(S)/dS = 0, or

Bl — AE+ AvP + J(1 —29)] +1ngS &5 =0, (17)

(1-135)
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where AE =E, — Eg> 0, Av =v5 — v,, and § = 1/kgT. The schematic T-dependence
of S is shown in Fig. 10. It is worth noting that the degeneracy of each state, or the
entropy difference between the two states, strongly affects the phase behaviour. A
critical point is determined by the conditions, f's(S.) = 0, f"'s(Se) = 0, f{¥)(S.) = 0,
and f{Y(s.) > 0, as

S.=1/2, (18)
T. = JIQ2kp), (19)
P. =[AE — T.Ag]/Av. (20)

A first-order phase-transition temperature 7; is obtained as
T, = (AE — PAv)/Ao. (21)

Note that a first-order transition occurs only if T} < T.. For T > T, this T; is a
temperature where AG = 0 and thus S = 1/2. The maximum of K is also located
near T. Av may be positive for liquids such as water and Si, but it can also be
negative for liquids such as triphenyl phosphite (see below and ref. 138, 139). The
sign of Av determines the slope of Ty(P). Liquid I and liquid II are defined as the
two possible minima of the liquid-state free energy on the p-S plane.

Now we consider the kinetics of LLT. In LLT, the bond order parameter S plays
essential roles, and the density order parameter p is slaved by S. Using S = S — S,
we introduce the following minimal Landau-type free energy density by expand-
ing f(S) in terms of dS, which governs S fluctuations near a gas-liquid-like critical
point or mean-field spinodal lines of bond ordering, where S = Sgp:

1 (3S) by

_Ksr B35 Q 4
kaT —285 + 355 +4SS + hdS, (22)

Boltzmann regime
| S oc exp[B (AE — PAV)]

Fig. 10 Schematic phase diagram of liquid-liquid transition in 7-S plane.?® Liquid-liquid transition can
be understood as a transition between a S-gas state and S-liquid state.
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1 1] 1 1 1] 1 1
wherek=————0, hy=—= {—2—72}, bhy== [73 o,
Ssp(1 — SSD) 2 [Ssp® (1 —Ssp) 3LS (1—Ssp)

and h = gp—Hn
&s

I S }@. In the last relationship, we use df/0S = 9*f/9S>
— Ssp

0 at T = Tsp. In the above, @ is the scaled temperature: ® = (T — T;D)/T, where
Tsp is a critical or spinodal temperature of bond ordering without the coupling to
p, and b, and b, are positive constants. By further including the gradient term, we
obtain the following Hamiltonian that we believe is relevant to the physical
description of a gas-liquid-like transition of locally favoured structures (see
Fig. 10):*

BHs = Jd? {f(BS) + —|V5S| (23)

For simplicity, we assume the density p is given as a function of S as follows:
o(7) = pn(1 — S(7)) + psS(F), where py is the density of the normal-liquid structures
and ps is the density of the locally favoured structures. For Av < 0, which is a case
of TPP, an increase in S leads to an increase in p.

In our previous papers,'®*>'*® we employed a more complex coupling between p
and S, which leads to the constraint for the global density. However, experiments
are usually performed at constant pressure and there is no constraint for the total
density. Indeed, our light scattering experiments on LLT in triphenyl phosphite
show that the scattering intensity at the wavenumber ¢ — 0 grows upon LLT,
which is characteristic of the correlation function of a non-conserved order
parameter. Although we need a more complete description, which takes into
account the couplings to the density (mass conservation), velocity fields
(momentum conservation), and temperature fields (energy conservation), we here
stick to the simplest version of the kinetic theory. Here we note that Takae and
Onuki recently investigated the roles of latent heat on LLT. This might also play
an important role*** when local heating induced by LLT takes place due to a weak
thermal contact between the sample and the temperature bath.

Since locally favoured structures can be created and annihilated without the
constraint of its conservation, the order parameter S should obey the kinetic
equation describing the time evolution of the non-conserved scalar order
parameter S:*°

S ree  0F(3S)
o= —Ls| — KsVS + =0
= —Lg[ — KsV?3S + h 4 kdS + b3dS” + bsdS’| + ¢/, (24)

where L is a kinetic coefficient and {'s represents normalized thermal noises
satisfying the fluctuation-dissipation relation.

The type of pattern evolution is grouped into nucleation-growth (NG)-type in a
metastable state (above Tsp) and spinodal-decomposition (SD)-type in an unstable
state (below Tgp). Here Ty, is the spinodal temperature. NG-type LLT is charac-
terized by nucleation of droplets overcoming the activation barrier by thermal
noises and its growth with a constant velocity. SD-type LLT is characterized by
spontaneous growth of order parameter fluctuations, whose amplitude grows
exponentially in the early stage. In both cases, the final state becomes
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homogeneous again at a constant pressure condition, which is a consequence of
the non-conserved nature of the order parameter S.

However, this mean-field picture suggesting a sharp transition between NG-
and SD-type dynamics breaks down under thermal fluctuation effects and the
transition becomes broader**>'** except for systems of long-range interactions.>

5.2 Current situations and controversies

Once we accept the formation of locally favoured structures in liquids and its
cooperativity, it is natural to assume the presence of LLT. Since it is rather hard to
imagine that locally favoured structures are formed completely independently
without any cooperativity, we expect that liquid-liquid transitions can exist in
many liquids.”® However, the energy scale of the coupling parameter J is often
comparable to the energy scale controlling other cooperative ordering such as
crystallization, since both are determined by the common interaction potential.
Thus, liquid-liquid transition may often be hidden by crystallization, particularly
if the symmetry of locally favoured structures is similar to that of the equilibrium
crystal. This may be the source of controversy concerning whether or not liquid-
liquid transition exists in many systems including the case of water (see also
section 7.8). From a theoretical viewpoint, thus, it is crucial for deeper under-
standing of LLT to elucidate the microscopic mechanism of formation of locally
favoured structures and its cooperativity.

Here we note that mixing a target liquid with another liquid that can prevent
crystallization may be a good strategy to reveal such a hidden LLT, since LLT may
take place even after mixing with other fluids."** We actually employed this
method in our study of LLTs of aqueous organic solutions**'*¢ (see below).

In some model liquids such as the Jagla model,**”**® a liquid-liquid transition
is clearly seen. So the presence of LLT in liquids itself has been accepted at least
theoretically. For realistic models, however, the situation is controversial even in
numerical simulations, as mentioned above. For example, as we see in this
Faraday Discussion, whether LLT exists in model waters or not has recently
become a matter of much controversy. Some simulations support the pres-
ence,?* 2 whereas the others do not.?*>**° This is the case even for the same ST2
water model. A major source of difficulty lies in the fact that LLT exists in a state
thermodynamically metastable or unstable against crystallization. Thus the lack
of crystallization may be hindered by the limited system sizes and time scales
accessible.”” During the meeting we do not see any consensus on this problem.
We discuss this issue from a different viewpoint in section 7.8.

Experimentally, there are also few cases for which there is a consensus on the
existence of LLT. This is mainly due to the fact that LLT exists in a region which is
difficult to access experimentally: for atomic liquids LLT exists at very high
temperature and pressure, whereas for molecular liquids it exists only in a
metastable state, where crystallization can take place. Because of such difficulties,
the situation still remains very controversial.

First we review the case of atomic liquids. For example, Katayama et al. discov-
ered the first order LLT in phosphorus at high pressure and high temperature with
synchrotron X-ray scattering.">*"*® They revealed the structure factors for both liquid
Iand II and confirmed the coexistence of liquid I and II during the transition, which
clearly suggests the first-order nature of the transition. The distinct change in the
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structure factor suggests that LLT in phosphorus is the transformation from tetra-
hedral to polymeric liquid. This is one of the clearest examples of a transition
between two isotropic fluids. Such a structural transition was also observed by the
first principle simulation performed by Morishita.”** However, Monaco et al.*”’
concluded that the first-order transition in P is between a high-density molecular
fluid (not a liquid in the exact sense) and a low-density polymeric liquid. Thus, the
transition is now regarded as a ‘supercritical fluid’-liquid transition rather than a
liquid-liquid transition. This explains an unusually large difference in the density
between the two states. The existence of LLT in liquid Si was also suggested by high-
pressure experiments*>*"**> and numerical simulations,"*™** but the presence of
LLT still needs to be checked carefully. LLT was also reported in yttria-
alumina.'?"*?»133-13 However, there are also still on-going debates on the composi-
tion range over which this phenomenon occurs and the experimental conditions
required to observe it"** and even on its existence itself.**”

For molecular liquids, Mishima et al. found an amorphous-amorphous transi-
tion in water.”® The transition has recently been studied in detail.® From the pres-
ence of the two forms of amorphous states, the presence of LLT has been inferred.
Computer simulations also suggested the existence of LLT(s) in water.>®123136:137:159
On the basis of these findings, the connection of amorphous-amorphous transition
and LLT in water was suggested and actively studied.*®* Some simulations support
this connection,*® others not.*” In real water, the LLT is hidden by crystallization,
even if it exists. This makes an experimental study on the LLT extremely difficult
especially for bulk water. It was also pointed out that the mechanical nature of
amorphous-amorphous transition makes its connection to thermodynamic LLT
indirect, even if it exists.”* As mentioned above, even for numerical simulations,
difficulties associated with the distinction between LLT and crystallization in a
deeply supercooled liquid make the situation very controversial.

This situation has been improved by recent direct observation of LLT at
ambient pressure in molecular liquids, triphenyl phosphite (TPP)****** and n-
butanol.'®* We observed both NG-type and SD-type LLT, which is well explained by
our scenario that liquid-liquid transition is a consequence of the cooperative
ordering of a non-conserved scalar order parameter, which is the fraction of
locally favoured structures, S(7). However, this phenomenon was also claimed by
Hédoux et al.***** to be induced by the formation of micro-crystallites rather than
LLT. Recently, a similar claim was also made for n-butanol.'”*”* In this scenario,
what we call liquid II is merely a mixture of liquid I and micro-crystallites.

So strictly speaking, there has been no firm consensus on the existence of LLT
for any substance from the experimental side, and it remains a matter of serious
debate whether the above-mentioned phenomena are the true evidence of LLT or
not. Theoretically, on the other hand, the generality of LLT, or possible existence
of LLT in various types of liquids, was recently discussed on the basis of
phenomenological*®*® and analytical models.*”**7¢

Below we review our study on LLTs in molecular liquids and then discuss the
controversies on the nature of the transition for these examples.

5.3 LLT observed in single-component molecular liquids

Some time ago Kivelson and coworkers reported the following unusual
phenomena observed in a supercooled state of TPP."**'7*7® When TPP is cooled
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rapidly and deeply enough, it first enters into a supercooled liquid state below the
melting point Ty, as usual liquids, and then frozen into a glassy state, which we
call glass I. This supercooled liquid (liquid I) behaves as a typical fragile glass
former. On the other hand, when TPP is quenched to a certain temperature
between 213 K and 223 K and then annealed at that temperature, a new appar-
ently amorphous phase (the so-called glacial phase) is formed in a supercooled
liquid and thus the system becomes inhomogeneous and optically turbid.
Eventually, however, the system completes the transformation into the glacial
phase. Surprisingly, the glacial phase is apparently an optically transparent
homogeneous amorphous phase, but it is obviously different from ordinary liquid
(liquid I) and glass (glass I).

This finding stimulated intensive experimental research on this unusual
phenomenon. However, the nature and origin of the glacial phase has been a
matter of debate and many different, even controversial, explanations have been
proposed for it. The glacial phase was thought to be a new amorphous phase'”*%*
or a highly correlated liquid.'®* However, most researchers, including us, have
shown that the glacial phase has some crystallinity or anisotropy. Hence the newly
formed glacial phase appears to be neither a standard glass nor a liquid. It is this
that has led some researchers to conclude that the glacial phase is actually some
type of defect-ordered crystals (orientationally disordered or modulated
crystal),’*®17#18 Jiquid crystal,'®* plastic crystal,'®"*** aborted crystallization,*®**
or nano-clustering.'®*

To access the nature of the transition, we directly observed the process of
liquid-liquid transition with