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Monte Carlo computer simulations of ice VII and ice VIII phases have been undertaken using the
four-point transferable intermolecular potential model of water. By following thermodynamic paths
similar to those used experimentally, ice is decompressed resulting in an amorphous phase. These
phases are compared to the high density amorphous phase formed upon compression of iceI h and
are found to have very similar structures. By cooling liquid water along the water/I h melting line a
high density amorphous phase was also generated. ©2004 American Institute of Physics.
@DOI: 10.1063/1.1814352#

I. INTRODUCTION

Twenty years ago Mishima, Calvert, and Whalley1 ob-
served that the melting curve of iceI h extrapolates to
'10 kbar at the liquid nitrogen temperatureT577 K. With
this in mind an experiment was undertaken which squeezed
ice I h at 77 K. At 1061 kbars they saw the onset of a tran-
sition that was completed at around 15 kbar. The new phase
was then recovered at room pressure. By using x-ray powder
diffraction the specimen was found to have a halo pattern
typical of an amorphous material. Having a density of
1.17 g cm23 ~at T577 K andp51 bar) led to its classifica-
tion as a high-density amorphous ice~HDA!. A few years
later, the transition from iceI h to the HDA phase was also
obtained in computer simulations of water models.2 Tse and
co-workers suggested that the principal driving force for the
crystalline to amorphous transition was mechanical instabil-
ity of the iceI h structure,3 leading to ‘‘mechanical melting.’’
Challenged by this suggestion, Mishima performed careful
experimental measurements of the melting line ofI h from
the triple point of water down to 77 K.4 Mishima found a
smooth crossover from pressure induced thermodynamic
equilibrium melting for temperatures higher than 150 K~two
phase melting! to a slow amorphisation of iceI h ~one phase
melting! at temperatures below 150 K.

One of the salient points of these studies was that useful
insights as to the location of solid/amorphous phase transi-
tions can be obtained by extrapolation of melting curves. Of
course it almost goes without saying that the extrapolation of
melting curves to very low temperatures from the experi-
mental melting curves at high temperatures is subject to un-
certainty~as with any extrapolation!.

In a similar vein to the extrapolation performed by
Mishima, Klug et al.5 extrapolated the melting lines for a
number of ice structures to very low temperatures. Most of
the melting lines of ice phases~III, IV, V, VI ! intercept the
zero pressure line at relatively high temperatures~as a corol-
lary to this the extrapolated melting curve yields negative
pressures at 77 K!. The possibility of obtaining amorphous
phases at low temperatures by decreasing the pressure in

these high density ices appears unlikely. From an experimen-
tal point of view this presents certain advantages as it allows
one to perform diffraction studies of the high pressure poly-
morphs at atmospheric pressure simply by quenching them
in liquid nitrogen. The only extrapolated melting line with
non-negative pressure at 77 K is that of ice VIII~the same is
true for the melting curve of ice VII, however ice VII trans-
forms into ice VIII when cooled!. With this in mind Klug
et al. were able to produce low density amorphous ice first
by decompressing ice VIII at low temperatures and then
heating to 125 K at ambient pressure. For an excellent re-
view of the supercooled and glassy phases of water see
Ref. 6.

In this work we shall use Monte Carlo simulations to
check whether ice VII and ice VIII form amorphous phases
~HDA! at low temperatures by isothermally decreasing the
pressure. We shall show that this is indeed the case for both
of these ices. It will be shown that the radial distribution
functions of these HDA phases obtained upon expansion are
virtually identical to those of the HDA phase obtained from
compression of iceI h .

II. SIMULATION DETAILS

Isobaric isothermal (N-p-T) Monte Carlo simulations
were performed for several ices. The shape of the simulation
box was allowed to vary using Parrinello-Rahman like vol-
ume changes.7,8 The water model used was the well known
four-point transferable intermolecular potential~TIP4P!
potential.9 The pair potential was truncated at 8.5 Å and stan-
dard long range corrections10 to the Lennard-Jones energy
were added. Electrostatic interactions were dealt with using
the Ewald sum method.10 Typically, equilibration and pro-
duction stages consisted of 43104 cycles each. One cycle
consists of one trial move per particle and one trial volume
change. The expansion runs were initiated at high pressures.
Each subsequent simulation was started from the final con-
figuration of the previous higher pressure run.

In ice VIII the protons are ordered.11 This greatly facili-
tates the construction of the initial solid phase. The configu-
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ration from which the Monte Carlo simulations were initi-
ated~at the highest considered pressure! was taken from the
crystal structure obtained via neutron diffraction.12

In both ice I h and ice VII the protons are disordered.
While the oxygens are situated on the lattice points, the hy-
drogen atoms are located in disordered configurations such
that the net dipole moment is zero as well as at the same time
satisfying the ice rules.13 Formation of such a structure was
achieved by using the algorithm of Buch, Sandler, and
Sadlej.14 The number of molecules used in the simulations
wasN5600 molecules for ice VIII andN5432 for ice VII
and iceI h .

The loss of crystalinity was monitored by following the
progression of the intensity of the Bragg reflection from the
hkl planes of the crystal structure,

I hkl5uFhklu25FhklFhkl* , ~1!

which is given by the square of the structure factor defined as

Fhkl5
1

N (
i 51

i 5N

f i exp@2p i ~hxi1kyi1 lzi !#, ~2!

wherex, y, andz are coordinates relative to thea, b, andc
unit cell vectors. It should be mentioned that only oxygens
were used when computing the structure factor in Eq.~2!.
The atomic scattering factorf i of oxygen was arbitrarily set

to 1. The most intense line was used to detect the loss of
crystalinity, either because of a solid to liquid transition or
due to the formation of an amorphous phase.

III. RESULTS

A summary of theN-p-T simulations for ice VII and ice
VIII are presented in Tables I–III. For ice VII simulations
were performed atT5135 K. For ice VIII simulations were
performed atT5135 K andT5225 K. Note that at 50 kbars
and 135 K ice VIII ~and not ice VII! is the thermodynami-
cally stable solid. However, due to the low temperature, ice
VII is kinetically trapped in a metastable phase, being unable
to reorder itself into ice VIII.

In Fig. 1 the equation of state is shown for ice VIII along
theT5135 K isotherm. In Fig. 2I hkl is shown as a function
of pressure. In the simulations of the ice VIII system, at a
pressure of 2 kbars, the density of the system suddenly drops
and the intensity of the reflection line decays to zero. From
simple density considerations alone, it appears that the ice
VIII phase has ‘‘melted’’ into a HDA ice. At first one would
expect ice VIII to transform into iceI h at low temperatures
when the pressure decreases, given that iceI h is the equilib-
rium thermodynamic state under these conditions. IceI h was
never found when decompressing ice VIII or ice VII at low
temperatures; the free energy barrier for such a transforma-
tion is very high, and is most unlikely to be overcome during
simulations of the length described in this work.

In a manner analogous to the experimental route, a HDA
phase was generated using computer simulation by following
the route first proposed by Tse3 and Okabe, Tanaka, and
Nakanishi.15 The system was compressed from the iceI h

phase at 1 bar along the 77 K isotherm. The compression
took place atp51, 2, 5, 8, 10, 12, 15, and 17 kbars. Between
p510 and 17 kbars the iceI h phase melted into the HDA
phase. Upon forming the HDA phase the pressure was iso-
thermally reduced to 1 bar and the temperature then isobari-

FIG. 1. Equation of state for ice VIII at 135 K. Dashed line is the HDA
branch, solid line is the ice VIII branch.

TABLE I. N-p-T simulation results for ice VII along the 135 K isotherm.
Values for water cooled isobarically from 270 K~path 1! and by following
the melting curve of iceI h with a subsequent expansion atT5135 K ~path
2! are shown for comparison.

Pressure r/(g cm23) U/(Kcal/mol) I hkl Phase

50 kbars 1.66 210.29 0.487 Ice VII
40 kbars 1.61 210.63 0.437 Ice VII
30 kbars 1.56 210.92 0.379 Ice VII
20 kbars 1.49 211.18 0.306 Ice VII
10 kbars 1.36 211.63 0.028 HDA

1 bar 1.09 211.90 0.004 HDA

1 bar 1.00 212.09 0.020 Water~path 1!
1 bar 1.12 211.96 0.037 Water~path 2!

TABLE II. N-p-T simulation results for ice VIII along the 135 K isotherm.
Values for water cooled isobarically from 270 K~path 1!, by following the
melting curve of iceI h with a subsequent expansion atT5135 K ~path 2!
and by following the reference route are shown for comparison.

Pressure r/(g cm23) U/(Kcal/mol) I hkl Phase

40 kbars 1.70 210.60 0.951 Ice VIII
30 kbars 1.66 210.75 0.947 Ice VIII
20 kbars 1.61 210.85 0.933 Ice VIII
15 kbars 1.59 210.88 0.932 Ice VIII
10 kbars 1.56 210.89 0.926 Ice VIII
5 kbars 1.52 210.87 0.914 Ice VIII
2 kbars 1.18 211.75 0.012 HDA
1 bar 1.09 211.83 0.001 HDA

1 bar 1.00 212.09 0.020 Water~path 1!
1 bar 1.12 211.96 0.037 Water~path 2!

From I h

1 (I h) 1.09 211.90 0.003 HDA

TABLE III. N-p-T simulation results for ice VIII along the 225 K isotherm.

Pressure~kbar! r/(g cm23) U/(Kcal/mol) I hkl Phase

25 1.60 210.29 0.893 Ice VIII
20 1.57 210.30 0.881 Ice VIII
15 1.37 210.92 0.021 Water
10 1.30 210.95 0.009 Water
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caly raised toT5135 K. The HDA phase generated by fol-
lowing this recipe was used as the ‘‘reference’’ system
against which the amorphous phases obtained upon expan-
sion of ices VII and VIII were compared.

In previous simulation studies HDA was obtained by
compressing ice I h using the molecular dynamics
technique.3,15–17In Fig. 3 a comparison is made between the
Monte Carlo results of this work and the equation of state for
the ice I h and HDA branches from the molecular dynamics
studies of Martonˇák, Donaido, and Parrinello.16 Good agree-
ment between both sets of results is found.

It should be noted that time is not a variable in Metropo-
lis Monte Carlo simulations. For this reason one is unable to
derive time dependent properties. Thus, strictly speaking,
one cannot define either heating or compression rates. How-
ever, one may relate one Monte Carlo cycle~one trial move
for each particle/molecule! to one molecular dynamics time
step since they both result in similar root mean square dis-
placements. A typical molecular dynamics time step for wa-
ter is 1 fs. With this in mind a typical Monte Carlo simula-
tion of 100 000 cycles corresponds to roughly 100 ps. Thus a
pressure change of 10 kbars over a period of 10 simulations
leads to a compression rate of'131013 bars/s. A similar
reasoning leads to 1011 K/s for heating rates. This is obvi-
ously much higher than typical experimental compression/

heating rates, and should be borne in mind when comparing
simulation results with experimental results.

In Fig. 4 the oxygen-oxygen site-site correlation function
of the HDA obtained from iceI h @labeled as HDA(I h)] is
compared to the HDA~VII ! and HDA~VIII !. The agreement
between the curves is excellent, especially with respect to the
highly sensitive first peak. The same is true for the oxygen-
hydrogen and hydrogen-hydrogen correlation functions~see
Figs. 5 and 6!. The density obtained forT5135 K andp
51 bar is r51.09 g/cm3 for the three HDA; HDA(I h),
HDA~VII !, and HDA~VIII !.

An interesting question is whether this HDA state can be
obtained by cooling liquid water. Two distinct paths were
followed from liquid water to the thermodynamic stateT
5135 K, p51 bar. The first is an isobaric cooling atp
51 bar from liquid water atT5270 K down toT5135 K.
This thermodynamic route will be denoted as path 1. The
correlation functions resulting from path 1 are presented in
Figs. 4, 5, and 6~the dotted lines!. It can be seen that they
are markedly distinct from that of the HDA phase. The den-
sity of this supercooled water isr51.00 g/cm3.

A second route~path 2! was taken to reach this same
state point. In path 2 the liquid water was cooled by follow-
ing a series of pressure/temperature state points along the
TIP4P iceI h melting line. At T5135 K (p55780 bars) the
system was then isothermally expanded to a pressure of 1 bar
~see Fig. 7!. The site-site correlation function now coincides
with the HDA functions in Figs. 4, 5, and 6, with a density of

FIG. 2. Reflection intensity with respect to pressure for ice VIII at 135 K.
The loss of crystallinity is clearly seen at low pressures.

FIG. 3. Comparison forT577 K between Monte Carlo results of this work
~h! with data from molecular dynamics simulations~j! of Martoňák,
Donadio, and Parrinello~Ref. 16!. Solid line iceI h equation of state. Dashed
line HDA equation of state.

FIG. 4. Oxygen-oxygen site-site distribution function for HDA (I h) ~solid
line!, HDA~VII ! ~dashed line!, HDA~VIII ! ~short dashed line!, liquid water
cooled from 270 to 135 K at 1 bar~path 1! ~dotted line!, and liquid water
cooled via path 2~dot-dashed line!.

FIG. 5. Oxygen-hydrogen site-site distribution function. Symbols as in
Fig. 4.
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r51.12 g/cm3. Apparently, upon isobaric cooling of liquid
water atp51 bar a free energy barrier is encountered that
cannot be overcome by the system, whereas cooling at an
increased pressure reduces this barrier and allows super-
cooled water to reach a glassy phase similar to that of HDA.
This is consistent with recent observations of Guillot and
Guissani17 and Giovambattista, Stanley, and Sciortino18 for
water, and of Morishita19 for silicon.

The fact that the HDA structure can be obtained via four
different routes~from ice I h , from ice VIII, from ice VII and
from liquid water along path 2! yielding the similar results
suggests that the system has reached a local free energy
minima.

The thermodynamic melting lines for both ice VIII and
ice I h have been recently calculated for the TIP4P model.20,21

The free energy for the fluid and solid phases were calculated
to determine the coexistence point by equating the chemical
potential and pressure of fluid and solid phases atT
5225 K. Once the coexistence pressure was located at this
temperature, Gibbs-Duhem simulations22 were performed to
obtain the full melting line. Further details are given
elsewhere.20,21 In Fig. 7 the melting curves of iceI h and VIII
for the TIP4P models are presented. It should be stressed that
the melting curves presented in this figure at low tempera-
tures are not extrapolations of the melting curves obtained at
high temperatures, but rather calculations obtained by inte-
grating the Clapeyron equation~Gibbs-Duhem integration!.
This is possible because, unlike the experimental situation
where supercooled liquids freeze, nucleation for anything

other than simple liquids~see Refs. 23 and 24!, is rare in
typical computer simulation studies.

It is interesting to establish the range of pressures for
which the solid phase exists as a metastable phase. Note that
in computer simulations of bulk solids, the solid rarely melts
at the equilibrium coexistence point, requiring the formation
of a fluid nucleus or disordered region within the solid. The
formation of such a nucleus is an activated process.23,25 @Ex-
perimentally melting tends to initiate at the surface, defects
~e.g., voids26! or impurities# Isothermal melting is delayed to
higher~ice I h), or lower~ice VII, ice VIII ! pressures. In Fig.
7 the first pressure~the stability limit pressure! at which
spontaneous melting of ice VIII occurs upon expansion is
presented forT5135 K and forT5225 K. For orientation, a
section of the phase diagram of water for the TIP4P model is
presented in Fig. 8.20,21The equilibrium coexistence pressure
for these two temperatures is'37 and 50 kbars, respectively.
Therefore, ice VIII is metastable down to 35 kbar below its
equilibrium coexistence pressure. In Fig. 7 we also present
the first pressure at which spontaneous melting of iceI h oc-
curs during the compression simulations~for T577 K and
for T5225 K). At T5225 K iceI h is mechanically stable up
to p57 kbars~at least for 33105 Monte Carlo cycles!. At
p58 kbars iceI h is found to melt. The coexistence pressure
at this temperature is of the order of 1 kbar.@Note that the
vapor-liquid-I h triple point temperature20,27 for the TIP4P
model isT5232(5) K] At T577 K, the coexistence pres-
sure is'8 kbars. A solid/amorphous transition occurs con-
tinuously betweenp510 andp515 kbars. Byp515 kbars
the system is completely disordered. Thus the pressure range
of metastability for iceI h is '7 kbars for the two tempera-
tures considered.

To explore the possibility of formation of amorphous
phases by decompression in other solid structures, several
ices were decompressed to zero pressure along theT
5150 K isotherm. For ices II, III, IV, V, and VI no melting
was observed. This leads to the conclusion that no amor-
phous phases can be expected to form upon expansion of
these phases. However, a recent publication20 hints at the
possibility of forming amorphous phases upon compression
of these ices.

IV. SUMMARY

In this workN-p-T computer simulations have been per-
formed for several ice phases~namely, VII, VIII, and I h)

FIG. 6. Hydrogen-hydrogen site-site distribution function. Symbols as in
Fig. 4.

FIG. 7. Extension of the thermodynamic equilibrium melting curves~solid
lines! along with the limits of stability obtained by changing the pressure
along isotherms, both for iceI h ~dotted line! and ice VIII ~dot-dashed line!.

FIG. 8. Plot of a section of the TIP4P phase diagram~Refs. 20 and 21!.
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using the TIP4P model of water. It has been shown that it is
possible to obtain the amorphous water phases, not only
from iceI h ~the usual route, both experimentally and in com-
puter simulations! but also from other ice polymorphs. The
following conclusions can be obtained from this work.

~1! At T5135 K andp51 bar the density, energy, and
structural properties, as given by the pair correlation func-
tions of HDA obtained from ices VII and VIII, are fully
consistent with those of the HDA phase obtained from the
traditional route ~compression of iceI h at T577 K).3,15

When liquid water is cooled along its iceI h melting line
followed by isothermal expansion atT5135 K a HDA phase
is also obtained. However, isobaric cooling of water atp
51 bar does not result in a HDA phase.

~2! A necessary~although not necessarily sufficient! con-
dition for the formation of low temperature amorphous
phases by varying the pressure is that the equilibrium melt-
ing curve of the corresponding ice is crossed.

~3! In computer simulations of bulk solid phases melting
does not occur spontaneously at the equilibrium melting con-
dition. Only rigorous free energy calculations can determine
the equilibrium coexistence point.20 It has been recently
shown that ices can be overheated28 to around 90 K beyond
the equilibrium coexistence temperature~at constant pres-
sure!. Here it is shown that at constant temperature melting
can be analogously delayed to higher~ice I h) or lower ~ice
VIII ! pressures. Note that such delayed melting is a general
feature in computer simulations; also occurring for the sim-
pler Lennard-Jones model,23 nitromethane,26 and various me-
tallic elements.24 In simulations melting occurs typically via
the formation of a fluid nucleus, this being an activated pro-
cess. Tse, Shpakov, and Belosludov29 have suggested that the
mechanism for amorphisation of ice VIII is the violation of
the Born stability condition. The range of pressures for
which the solid is metastable seems to depend weakly on
temperature, and more strongly on the nature of the solid
phase under consideration.
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