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Review

Polyamorphism in water

By Osamu MISHIMA�1,†

(Communicated by Hiroo INOKUCHI, M.J.A.)

Abstract: Water, the most common and important liquid, has peculiar properties like the

density maximum at 4 �C. Such properties are thought to stem from complex changes in the bond-

ing-network structure of water molecules. And yet we cannot understand water. The discovery of
the high-density amorphous ice (HDA) in 1984 and the discovery of the apparently discontinuous

change in volume of amorphous ice in 1985 indicated experimentally clearly the existence of two

kinds of disordered structure (polyamorphism) in a one-component condensed-matter system.
This fact has changed our viewpoint concerning water and provided a basis for a new explanation;

when cooled under pressure, water would separate into two liquids. The peculiar properties of

water would be explained by the existence of the separation point: the liquid-liquid critical point
(LLCP). Presently, accumulating evidences support this hypothesis. Here, I describe the process

of my experimental studies from the discovery of HDA to the search for LLCP together with my

thoughts which induced these experiments.

Keywords: Polyamorphism, water, amorphous ice, liquid-liquid transition, liquid-liquid

critical point, liquid and glass

1. Introduction

In the 17th century, Galileo thought ice should
be rare�ed water. This stimulated the experimental-

ists of ‘‘Academie del Cimento’’. They cooled water,

measured its volume and observed the density maxi-
mum.1) In spite of the long history of the succeeding

water researches, there has been no clear explanation

for this peculiar behavior (Fig. 1). In comparison
with gas and crystal, we should admit our poor under-

standing of liquid, especially water.

Water freezes to crystalline ice Ih below 0 �C,
but water can also be supercooled, keeping the liquid

state. The basic reason why water is dif�cult to

understand is because the supercooled water crystal-

lizes easily between �150 K and �235 K (Fig. 2).

The temperature domain of the easy crystallization

was named ‘‘no-man’s land’’ (NML). Consequently,
measurement of the liquid water in this NML is tech-

nically dif�cult. When temperature is decreased from

4 �C, the volume of water increases from 1 cm3/g (or
the density decreases from 1 g/cm3) and it shows the

tendency to become in�nite (or zero) at �228 K in

NML.2) However, what really occurs in the liquid
water of NML is unknowable.

At temperatures lower than �150 K, the exis-

tence of the low-density amorphous ice (LDA) has
been known since 1935. LDA was made by the depo-

sition of water vapor onto a cold substrate3) or by the

extremely rapid cooling, �106 K/s, of micrometer-
size droplets of liquid water.4) Water molecules of

LDA were located disorderly like those of liquid
water. However, LDA was solid, and its density,

�0.94 g/cm3, was as low as that of ice Ih . Although

we might regard LDA as vitri�ed water,5),6) the rela-
tionship between LDA and the high-temperature

liquid water was unknown due to NML.

Incidentally, there was a natural expectation
that the disordered structure of liquid, or glass,

would change gradually when pressure and tempera-
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ture were changed. In other words, it was commonly

thought that the one-component material would

have only one liquid phase. The possibility of a dis-
continuous change in volume of liquid was doubted

and rarely discussed because there was no clear ex-

perimental evidence for the amorphous polymor-
phism (or polyamorphism).

As described below, the discovery of the high-
density amorphous ice (HDA) at low-temperature

and high-pressure conditions was the beginning of a

novel and promising idea about the liquid state in

NML.

2. Pressure-induced amorphization:

the discovery of HDA

After Tammann reported in 1900 that the melt-

ing temperature of ice Ih decreased under pressure,

the e�ect of pressure on melting interested the re-
searchers of high-pressure phenomena of materials.7),8)

As shown in Fig. 3a, Naoto Kawai of Osaka Univer-

sity thought that the pressure (P)-temperature (T )
line where a crystal would melt should continue to

�0 K if the crystal was not transformed to other

crystalline structures.9),10) I was a Kawai’s student
and was interested in his idea. Later, in the compres-

sion experiment of ice Ih, we observed that the transi-

tion pressure to other high-pressure ices became higher
at lower temperatures as shown by the line A in Fig.

3b.11) Then, I noticed that ice Ih might be compressed

to its expected melting line (B in Fig. 3b) at ade-
quately low temperatures. Usually, melting occurred

easily on the melting line. The de�nition of melting

was vague, and it had once been regarded as instabil-
ity of a crystalline structure.12) Consequently, it was

considered that, even if temperature was low, ice Ih

would do some kind of transition when it was com-
pressed to its melting pressure. This speculation

became gradually my motivation to compress ice Ih

at the liquid-nitrogen temperature.
At National Research Council of Canada in

Ottawa where I stayed for a few years as a post-

doctoral fellow, my speculation about the low-
temperature melting of ice Ih interested Whalley.

We discussed ice Ih might become (‘melt’ into) a

glass if temperature was lower than the glass-tran-
sition temperature (Tg) of liquid water. In order to

examine this, I compressed ice Ih at 77 K by using a

piston-cylinder apparatus. The volume (V ) of ice Ih

decreased rapidly by more than 20 % at �1 GPa

(Fig. 4).13) When decompressed, the produced high-

density sample was recovered at one atmospheric
pressure and 77 K, and its density was �1.17 g/cm3.

The low-temperature X-ray measurement of the

recovered solid sample by Calvert showed the halo
di�raction ring, and this indicated the sample was

apparently amorphous. The halo pattern resembled

that of liquid water, which was consistent with the
expectation of the pressure-induced ‘melting’. Rela-

tively easy production of this high-density amor-
phous ice (HDA), together with its reproducibility,

Fig. 1. Ice water in a glass. Cold liquid water �oats on
warmer water, which represents water’s peculiar behavior.

Fig. 2. The amorphous forms of H2O at one atmospheric
pressure.
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ensured its existence. The discovery of HDA was the
discovery of a new method of making glass, and this

initiated the research �eld of the pressure-induced

amorphization of crystals. As shown in Fig 5a, I
imagined the hypothetical potential surface from the

Takeo Matsubara’s idea about the pressure-induced

melting which was illustrated in the Kawai’s paper.10)

I speculated that the system ran out of the narrow

hollow of ice Ih and that it immediately stopped due

to both the roughness of the potential surface of
the amorphous structure and the low temperature. I

thought HDA was unstable and would relax toward

the structure of the high-pressure liquid water.

3. Transition between LDA and HDA:

the discovery of apparent polyamorphism

When HDA was heated at one atmospheric
pressure, its structure relaxed gradually and HDA

expanded slowly, and then, strangely, HDA quickly

swelled by �20 % at �120 K and changed into LDA
(Fig. 6). When heated further, LDA crystallized into

ice Ic at �150 K, and then ice Ic changed to ice Ih .

When HDA was heated from 77 K at di�erent pres-
sures, it expanded gradually at low pressures and

the expansion changed gradually toward contraction

at high pressures (Fig. 6). On further heating under
pressure, HDA crystallized into various high-pressure

ices. Strictly speaking, the halo X-ray di�raction pat-

tern of HDA indicated HDA was either truly amor-
phous or microcrystalline. However, I thought HDA

was truly amorphous from this relaxation-crystalliza-

tion manner.
In this experiment, the temperature of the rapid

HDA-to-LDA transition showed strong pressure de-

pendence; the temperature decreased when the pres-
sure decreased. From this noteworthy fact, I thought

that HDA would change rapidly to LDA if it were

decompressed to negative pressures at 77 K (Fig. 6).
Moreover, I supposed by analogy that the LDA,

made by the low-temperature decompression, would

be truly amorphous because HDA, made by the
77 K compression, was likely truly amorphous. Fur-

ther, I expected conversely that when LDA was com-

pressed, it might change to HDA rapidly at a certain
pressure. This rapid LDA-to-HDA transition was

expected also because the structure of LDA seemed

Fig. 3. The low-temperature melting of a crystal. a: a hypothetical general melting line. b: the phase diagram of H2O. A: the
line of the compression-induced crystal-crystal transition. B: the extrapolated melting line. One atmospheric pressure is
�0.0001 GPa, or �0.1 MPa.

Fig. 4. The change in volume of ice Ih during the compres-
sion at 77 K.13)
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somewhat similar to the stable structure of ice Ih

which showed the rapid change to HDA (Fig. 4). As
shown in Fig. 5b, I imagined a basin of LDA and

speculated that the system might run away out of
the basin by compression. If so, there would be two

amorphous phases of di�erent disordered structures,

and the transition between the two phases might
occur discontinuously; the transition would be �rst-

order. The desire to examine the possibility of the

two amorphous phases became my motivation to
compress LDA at a low temperature.

In July 1984, I compressed LDA at 77 K, and

found that its volume decreased by �20 % suddenly,
rapidly and discontinuously at �0.6 GPa (Fig. 7).

The sharpness of the transition contrasted remark-

ably with the known dullness of the pressure-induced
densi�cation of general glasses.14) The transition

pressure of �0.6 GPa was much lower than that of

�1 GPa of ice Ih, which hinted that LDA was truly
amorphous. Then, the halo pattern of LDA before

the transition and the halo pattern of HDA after the

transition were con�rmed by the x-ray measurements
of the recovered samples (Fig. 8). This LDA-HDA

transition was the �rst experimental example that

clearly indicated the existence of polyamorphism.

Whalley recognized the importance of this transition
immediately, and we published it.15)

4. Water’s liquid-liquid transition and its

liquid-liquid critical point

The discontinuous LDA-HDA transition implied

the validity of the two-basin picture of Fig. 5b.

Accordingly, if LDA and HDA were heated to tem-
peratures higher than their Tgs, they were thought

to relax into low-density liquid (LDL) and high-

density liquid (HDL), respectively. Moreover, the
discontinuous liquid-liquid transition (LLT) between

LDL and HDL and the point where this LLT would

disappear, the liquid-liquid critical point (LLCP),
were imagined naturally. Liquid would change con-

tinuously at temperatures higher than the LLCP.

On the other hand, at temperatures lower than the
LLCP, hysteresis of the �rst-order transition be-

tween compression and decompression cycles was

thought to occur; the hysteresis would be larger at
lower temperatures. These were speculations, but in

1992, Poole et al. proposed this LLCP hypothesis

concretely by the molecular-dynamics simulation of
supercooled water and by taking the discontinuous

LDA-HDA transition into account.16) Both our ex-

perimental fact of polyamorphism and the theoreti-
cal prediction by Poole et al. have directed my inter-

est toward the experimental identi�cation of the

LLCP.
4.1. Experimental problem. The dif�culty

of the experimental proof of the LLCP hypothesis,
apart from the crystallization in NML, was that the

amorphous ices were solid and not in the thermody-

namical equilibrium. As for liquid, it was in the equi-
librium and could be a sole state once pressure and

temperature were �xed. Therefore, it would be pos-

sible to prove the discontinuity of the transition
between two di�erent liquids. However, regarding

Fig. 6. The stability of HDA in the P-T diagram.

Fig. 5. The H2O states on the supposed potential surface. a: the amorphization, or melting. b: the polyamorphic transition.
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liquid water, LDL and HDL would crystallize imme-
diately in NML, and we could not observe the LLT

directly. In contrast, although we could observe the
LDA-HDA transition, the non-equilibrium nature of

LDA and HDA threw doubt on the discontinuity of

the transition logically. That is, the existence of the
barrier in Fig. 5b was doubted; the potential surface

between LDA and HDA might be �at by nature.

Then, the apparently discontinuous LDA-to-HDA

transition (Fig. 7) might be, correctly, continuous
or caused by unknown sticky relaxation of a non-

equilibrium LDA state. If so, LLT of water would be

continuous and LLCP would not exist.
Besides, because the analysis of HDA was in-

suf�cient, it was argued that HDA was microcrystal-

line or that HDA and liquid water possessed di�erent
structures and were not related each other.

I started studying the discontinuity of the LDA-

HDA transition and the relationship between HDA
and liquid water at National Institute for Researches

in Inorganic Materials (now National Institute for

Materials Science) in Tsukuba.
4.1.1. Discontinuity of the LDA-HDA transi-

tion. Slightly before the proposal of Poole et al.,
we squeezed directly LDA powder at 77 K between

two diamonds of the so-called ‘‘diamond-anvil cell’’

(Fig. 9) and then heated the equipment from 77 K.
We watched the sample under pressure during the

heating and observed the transition line between the

low-pressure LDA and the high-pressure HDA visu-
ally. The existence of the line meant the existence of

a di�erence in their refractive index, or density. The

line became gradually sharper and more distinct
while the amorphous ices relaxed by the heating

until their crystallization at �150 K. This showed

clearly the existence of two amorphous phases up to
the crystallization temperature. From this obser-

vation, we mentioned the possibility of a large and

rapid change in density of compressed liquid water
near Tg.17) In a di�erent study using a piston-cylin-

der apparatus, I measured the volume of LDA and

that of HDA at di�erent pressures and temperatures,
as shown in Fig. 10. I con�rmed the LDA-HDA tran-

sition was reversible and it had hysteresis. These

results were consistent with the discontinuity of
the transition.18) Later, we kept a lump of HDA at a

�xed temperature at one atmospheric pressure and

observed the temporal HDA-to-LDA transition. The
HDA-LDA boundary region propagated in the sam-

ple, and the width of the boundary region appeared

to narrow simultaneously.19) This hinted that the
transition occurred discontinuously by cooperative

movement of molecules.

4.1.2. Continuity between HDA and liquid

water. As illustrated by the bold broken line of

Fig. 11, the melting line of ice Ih became the amorph-

ization line at low temperatures. Accordingly, HDL
made by melting and HDA made by amorphization

Fig. 8. X-ray di�raction patterns (micrometer tracing) of
LDA (the broken line) and HDA (the solid line) at one
atmospheric pressure and �95 K.15) 2y: the scattering
angle. l: the wavelength of the X-ray.

Fig. 7. The change in volume of LDA during the compression
at 77 K.15)
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were thought to connect directly around the sup-
posed Tg.20) Actually, this broken line was obtained

by the compression of emulsi�ed ice Ih, that was the

micrometer-size crystalline ice dispersed in oil. This
experiment started as follows. It was known that the

emulsi�ed liquid water, or micrometer-size droplets

of water, when cooled below water’s freezing point,
hardly changed into ice Ih. From this, I wondered if

it was dif�cult for the emulsi�ed ice Ih to change to

other crystalline structures. In order to clarify this, I
made the emulsi�ed ice Ih by the crystallization of

emulsi�ed liquid water in NML and compressed it.

It did not change to other crystalline phases on the
line A of Fig. 3b, but it melted to the supercooled

high-density liquid water (HDL) on the melting line
B in the �gure. Inside the NML, it was considered

that the HDL, produced by the melting of ice Ih ,

crystallized to high-pressure ices immediately (Fig.
11). On the other hand, when compressed at 77 K,

the emulsi�ed ice Ih amorphized to HDA at the

same pressure as the usual ice Ih amorphized. When
the compression of the emulsi�ed ice Ih was repeated

at di�erent temperatures, the melting line and the

amorphization line were connected into one line. It
was considered that the equilibrium ‘‘two-phase

melting’’ between ice Ih and water changed continu-

ously toward the ‘‘one-phase melting’’ (or collapse)
of ice Ih at temperatures lower than Tg (the arrow in

Fig. 11).

Later, we cooled the emulsi�ed liquid water
rapidly, �103 K/s, under pressure, vitri�ed it and

decompressed the glassy water to one atmospheric

pressure at 77 K. When heated, the glass changed to
LDA, and this behavior was the same as that of

HDA. This suggested HDA made by the pressure-

induced amorphization resembled the vitri�ed HDL.21)

The existence of the glass transition from HDA to

Fig. 9. Schematic illustration of visual observation of the
LDA-HDA transition in the diamond-anvil cell.

Fig. 10. The volume of amorphous forms of H2O at low tem-
peratures.18) The transitions between HDA and LDA are in-
dicated by arrows.

Fig. 11. Illustration of the relationship between melting and
amorphization of ice Ih.20) The bold broken line, exp., is the
experimental data.
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HDL was also hinted from the analogy of the glass

transitions of dilute LiCl-aqueous solutions under
pressure.22)

4.1.3. My view on the problem. From these

evidences, I believed the discontinuity of the LDA-
HDA transition (the arrow-1 of Fig. 12b) and the

thermodynamic connection between HDA and liquid

water (the arrow-2 of Fig. 12b). This was the reason
why I believed the LLCP hypothesis shown by the

broken line-3 of Fig. 12b. The hypothesis seemed the

simplest explanation for these experimental results.
However, these evidences did not o�er decisive proofs

and, therefore, confusion of explanations existed.

Although we could not af�rm the discontinuity be-
tween LDA and HDA, and although some researchers

suspected that HDA, the collapsed ice Ih, might be
microcrystalline, I began the experiments of the super-

cooled liquid water in order to search for the hypo-

thetical LLCP (or paradoxically for a clear disproof
of LLCP). Here, I always used the emulsi�ed sample

to hinder both the crystallization of the liquid and

the crystal-crystal transition. The surfactant of the
emulsion hardly dissolved in water, and the thermo-

dynamic data of the emulsi�ed water were practi-

cally the same as those of pure water in the region
of overlap.

4.2. The location of LLT. Although we

could not study the supercooled water in NML di-
rectly, the low-temperature metastable melting lines

of the micrometer-size crystalline ices could be mea-

sured as demonstrated in Fig. 11. As shown in Fig.
13, if LLT existed, and if the LLT line intersected

with such a melting line, the slope of the melting

line had to change discontinuously because the
manner of melting would be di�erent between LDL

and HDL. Therefore, the metastable melting line of

the emulsi�ed ice IV, a high-pressure ice, was mea-
sured. It was found that the slope of its melting line

was discontinuous at a point on the theoretically

expected LLT line. Consequently, the existence of
LLT, or the existence of the two liquid phases, was

suggested indirectly.23) Meanwhile, Stanley invited

me to write together a review article about the rela-
tionship between the liquid water and the two amor-

phous ices, and we co-authored it.24)

4.3. The location of LLCP. Contrarily,
some researchers thought that the slope of the melt-

ing line of ice IV might curve strongly and continu-

ously if the experiment were carried out much more
precisely. Therefore, even if the change in the slope

Fig. 12. The P-V-T relationship between liquid water and
amorphous ices obtained by experiments (the lines and the
gray regions). a: before our studies. b: this �gure corre-
sponds to Fig. 10. c: the arrows are the melting lines of crys-
talline ices, suggesting the existence of liquid water along
the lines (see Figs. 11 and 14). d: estimation of the location
of LLCP by adjusting the scaling function.
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appeared experimentally discontinuous, the discon-

tinuity was doubted logically because experimental

errors were always inevitable. Nevertheless, I mea-
sured the melting lines of other high-pressure ices.

Then, I hinted the location of LLCP experimentally

(Fig. 12c). In Fig. 14 are shown the melting lines
of D2O ices. The melting lines of ice IV and ice V

appeared to bend suddenly at �220 K and �225 K,

respectively. In contrast, the melting line of ice III
continued smoothly to low pressures. This suggested

that LLT disappeared around Q50 MPa and Q230 K;

the LLCP of D2O might be located around here.25)

Such melting lines were also used to estimate the

water’s Gibbs-energy surface that had LLT and

LLCP (Fig. 15).23)

Even though it seemed almost impossible to de-

tect LLCP in NML directly by experiment, we might

be able to suppose the location of LLCP by adjusting

the scaling function, which described general criti-
cal phenomena, to supercooled water (Fig. 12d). A

method for this was recently proposed,26) and I tried

the method by using my new volumetric data of
supercooled water. Then, the LLCP of H2O was

located around Q50 MPa and Q223 K (personal

communications).

5. Conclusion

Our main results on water and amorphous ices
are listed below and may be read in conjunction

with Figs. 12b and 12c.

1) The discovery of HDA: the pressure-induced
amorphization.13)

2) The discovery of apparently discontinuous

LDA-HDA transition: polyamorphism.15),17)–19)

3) The experimental results consistent with the

connection between HDA and liquid water.20)–22)

4) The experimental results consistent with LLT.23)

5) The experimental results consistent with

LLCP.25)

Our discovery of the apparent polyamorphism
in amorphous ice gradually and steadily inspired

other researchers as if we have been awakened to

the truth, and the polyamorphism formed a basis for
the LLCP hypothesis. The hypothesis is strongly

supported, but not proven, by the various evidences

provided in these 25 years. The LLCP, if it exists,
would a�ect the liquid state in a wide pressure-

Fig. 13. Illustration of the discontinuous change in the slope
of a melting line.

Fig. 14. The melting lines of emulsi�ed D2O ices, III, IV and
V.25) The almost vertical melting lines suggested small en-
tropy of LDL.

Fig. 15. The supposed di�erence between the Gibbs energy of
liquid water, GL(P, T ), and that of ice Ih, Gice Ih(P, T ).23)

The hypothetical LLT and LLCP are drawn. The surface
near LLCP might be described by the scaling function.
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temperature region. As illustrated in Fig. 12, the

minimum of volume (or the maximum of density) at
4 �C at one atmospheric pressure is explicable by the

transformation of the high-temperature HDL toward

the low-temperature LDL.
At least the following consensus seems emerging

among water researchers. In the experimental aspect,

the LDA-HDA transition is likely discontinuous, and
the structure of HDA resembles that of our familiar

liquid water (or HDL).27),28) In the theoretical aspect,

almost all studies of the simulations support the
LLCP hypothesis.29),30) The simulations can avoid

the crystallization in NML and can provide informa-

tion about the structure of liquid water. In addition,
polyamorphism is found to arise generally from the

‘wavy’ pair potential between two model parti-
cles.31),32) So far, the LLCP hypothesis has no serious

defect although there are many unsolved questions

such as the nucleation and growth of the LDA-HDA
transition.

6. Implications

Polyamorphism is one of the basic concepts of
the condensed-matter science. The polyamorphism

in amorphous ice has stimulated the studies on the

general polyamorphic transition, and these studies
opened the broadened prospects on the researches of

liquid and glass.33)–35)

Needless to say, water is related to various
research �elds.36) If we understand how the poly-

amorphism of water is a�ected by solutes and by the

electromagnetic �eld etc., its knowledge may be useful
to understand the phenomena like photosynthesis.

Polyamorphism was already applied to the ex-

perimental studies of aqueous solutions, water in
narrow pores,37) and water inside proteins.38) Because

these conditions sometimes hindered the crystalliza-

tion of water in NML, such studies were used to ex-
amine the LLCP hypothesis and then to support it.

An example was the liquid-liquid immiscibility of

the dilute salt water at low temperatures, which was
suggested about 40 years ago.39) We presented evi-

dences for the immiscibility by using LiCl-aqueous

solutions and explained the immiscibility by the
polyamorphism of pure water.40)–42) As a result, LiCl

was thought to dissolve in HDL than LDL. These

studies would have implications for ice nucleation in
clouds and in plants etc.,43) because the separated

LDL readily crystallized.
Generally speaking, water represents liquid.

Therefore, the understanding of water may be the

understanding of liquid. The notion of polyamor-
phism certainly changed the previous understanding

of water qualitatively. About 350 years has passed

since the experiment of ‘‘Academie del Cimento’’,
and the existence of two kinds of liquid water, the

secret behind the density-maximum phenomenon, is

now gradually being revealed.
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