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We report the results of in situ structural characterization of the amorphization of crystalline ice Ih under
compression and the relaxation of high-density amorphous (HDA) ice under decompression at temper-
atures between 96 and 160 K by synchrotron x-ray diffraction. The results show that ice Ih transforms to an
intermediate crystalline phase at 100 K prior to complete amorphization, which is supported by molecular
dynamics calculations. The phase transition pathways show clear temperature dependence: direct
amorphization without an intermediate phase is observed at 133 K, while at 145 K a direct Ih-to-IX
transformation is observed; decompression of HDA shows a transition to low-density amorphous ice at
96 K and ∼1 Pa, to ice Ic at 135 K and to ice IX at 145 K. These observations show that the amorphization
of compressed ice Ih and the recrystallization of decompressed HDA are strongly dependent on
temperature and controlled by kinetic barriers. Pressure-induced amorphous ice is an intermediate state
in the phase transition from the connected H-bond water network in low pressure ices to the independent
and interpenetrating H-bond network of high-pressure ices.
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The discovery of a pressure-induced transformation from
crystalline ice Ih to high-density amorphous (HDA) form at
77 K and 1 GPa in 1984 [1] is a major milestone in the
study of the physics and chemistry of ice. Following that,
several different amorphous forms have been observed in
different temperature and pressure regimes, e.g., low-
density amorphous (LDA) ice [1–4], expanded high-
density amorphous (eHDA) ice [5], and very high-density
amorphous (VHDA) ice [6]. The transformation from LDA
to HDA upon compression and structures of LDA and HDA
have been well studied using neutron diffraction [7–11].
The first-order-like LDA-to-HDA transition—extrapolated
into the no man’s land where the temperature is between
homogenous nucleation temperature (TH) of supercooled
water and crystallization temperature (TX) of amorphous
ice—was hypothesized to terminate at a second critical
point [12,13]. These two phenomena, viz., the pressure-
induced amorphization (PIA) of ice Ih and the LDA-HDA
transition, were the cornerstones to support the two-liquid
model of water [14,15]. In addition, the amorphization of
ice Ih and LDA-to-HDA transition have become the
prototypical examples in the investigations of solid-state
amorphization and amorphous-amorphous transitions of
many materials, e.g., α-quartz [16], α-GeO2 [17], and
AlPO4 [18]. Nevertheless, the PIA mechanism and its
relation to the two-liquid model of water is still being hotly
debated despite extensive efforts devoted to characterizing
the amorphization process using volumetric, Raman, neu-
tron and ultrasonic measurements, and theoretical simu-
lations [1,12,19–26]. Fundamental questions still remain

regarding the details on the structural evolution and
relationship among the structures [15,27,28].
Different mechanisms have been proposed to interpret

the amorphization of ice Ih, e.g., thermodynamic melting
[1], mechanical instability [19,21], and transient melting
[29]. Initially, the PIA was attributed to melting at low
temperature [1], implying a thermodynamically driven
transition. Later experiments have shown a distinctive
change in the transformation mechanism at ∼160 K
[20]. It was shown that the PIA at low temperatures
(<160 K) is a result of mechanical instability in which
one of the Born’s conditions for solid stability was violated
[21]. Furthermore, the PIA could be strongly influenced by
deviatoric stress [30], which could result in a precursor
crystalline-crystalline transition prior to amorphization
[31]. In light of the possible existence of transient melting
in solid-solid transition, the PIA of ice Ih was interpreted
via a process of virtual melting [29,32]. For ice at low
temperature, the behavior of the hexagonal lattice under
pressure plays an important role in understanding the nature
of amorphization. However, detailed information on
pressure-induced structural evolution near the onset of
amorphization by in situ diffraction methods such as
x-ray and neutron diffractions is still lacking. In this
Letter, we probed the structural evolution of the hexagonal
ice Ih and its corresponding reversible transition (i.e.,
recrystallization of decompressed HDA) under quasihy-
drostatic conditions at various temperatures by in situ
synchrotron x-ray diffraction. As shown below, three
important observations were made: (i) the PIA is not a
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single step process; (ii) at very low pressure (∼1 Pa), the
HDA can only be recovered at very low temperature,
otherwise it transforms to LDA or other crystalline forms
of ice; (iii) in the pressure range of this study, there is a
crossover in transition mechanism at around 145 K, above
which the phase transition of ice is largely thermodynami-
cally controlled and below which it is kinetically controlled.
Distilled deionized water was loaded into the sample

chamber in symmetric diamond anvil cells (DAC), together
with several ruby spheres (Fig. S1) as pressure marker [33].
To reduce deviatoric stress, the sample was compressed by
a “back-and-forth” method or in the environment of
pressure medium Daphne 7474 (or 7575) [34]. Loaded
DAC were placed in the liquid nitrogen cryostat [47]. Two
silicon diode sensors were used to monitor the temperatures
with one attached to the holder and the other attached to the
gasket in the cell. Double gas membranes on both sides of
the DAC were used to control the compression and
decompression paths precisely. Angle dispersive x-ray
diffraction experiments were performed at beam line
16-ID-B, HPCAT [48], and sector 20-ID-C, Advanced
Photon Source, Argonne National Laboratory. Diffraction
data were analyzed and integrated using software Fit2D [49].
In integration, background was subtracted (Fig. S2 [34]).
Lattice parameters were obtained by fitting diffraction peaks
using the Le bail method in the GSAS software [50].
Figure 1(a) shows the diffraction patterns of compressed

ice Ih at 100 K under quasihydrostatic conditions using the
back-and-forth compression approach (details of the com-
pression method are in the Supplemental Material and

Fig. S1 [34]). Crystalline ice Ih with the hexagonal
structure is found to co-exist with HDA at 1.21 GPa with
the appearance of a halo peak at Q ¼ 2.25 Å−1. Above
1.21 GPa, the Bragg reflections of ice Ih gradually lose
intensity while the intensity of the halo peak of HDA
grows. The amorphization is completed at ∼1.8 GPa with
the complete disappearance of crystalline peaks. The onset
transition pressure and pressure range of amorphization are
consistent with previous Raman, volumetric, and ultrasonic
measurements [1,22,26]. Upon further compression, the
halo peak shifts to higher Q and the amorphous ice finally
crystallizes into an ice VIII-like (VIII’) phase at ∼5.5 GPa
[Fig. 1(a)]. The transition pressure is higher than that from a
previous report (∼4 GPa) [26]. Careful examination of the
diffraction patterns from 1.05 to 1.21 GPa reveals splittings
of several diffraction peaks [illustrated in Figs. 1(b)
and 1(c)]. Above 1.21 GPa, the splittings apparently
disappear and the diffraction peaks again can be indexed
to the hexagonal structure (Fig. S3). The peak splitting
is even more pronounced when ice Ih is compressed at
100 K without the back-and-forth compression technique
(Fig. S4), which may be due to the stress effect. Once again,
the split diffraction peaks overlap or merge close to the
amorphous transition pressure. These observations indicate
that there may be a crystalline-crystalline transition pre-
ceding amorphization due to shear instability or stress-
induced distortions of ice Ih.
The pressure dependence of the d spacings of three main

diffraction peaks [(010), (002), and (011)] of ice Ih at 100 K
under quasihydrostatic conditions are plotted in the inset

FIG. 1. (a) Structural evolution of compressed ice Ih at 100 K in the quasihydrostatic condition using the back-and-forth approach
[34]. The background was subtracted for the typical integrated x-ray diffraction patterns (Fig. S2). At 0.49 GPa, the diffraction pattern is
indexed with hexagonal structure of ice Ih (Table S1). (b) and (c)The detailed structural evolutions of (010) and (110) reflections for
crystalline ice Ih under compression. (d) Density of the crystalline phases as a function of pressure. The density is calculated using more
than six indexed diffraction peaks. BF: back-and-forth approach. The inset in Fig. 1(d) shows pressure-dependent d spacings of three
typical diffraction reflections of ice Ih. The slight difference in the initial values of d spacings could be due to the cooling history.
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of Fig. 1(d) (see more diffraction peaks in Fig. S5). It is
found that the d spacings decrease gradually with increas-
ing pressure up to 1.05 GPa. Then, an abrupt decrease in the
d spacings is observed between 1.05 and 1.17 GPa prior to
amorphization. Above 1.21 GPa, the variation of the d
spacings becomes smooth again and the split peaks merge
into bands, resulting in a pattern resembling ice Ih.
Therefore, the densities can be estimated from unit cell
volumes derived from at least six Bragg reflections indexed
to ice Ih (Table S1 and S2 [34]) in Fig. 1(d). In agreement
with the piston-cylinder measurement, the density is found
to increase continuously with pressure below 1.05 GPa
[1,22]. At ∼1.05–1.2 GPa, the density of crystalline ice
increases abruptly corresponding to a densification of
∼4%. Above 1.21 GPa, the density increases gradually.
This observation demonstrates that at 100 K ice Ih has
transformed to a dense crystalline phase prior to amorph-
ization under quasi-hydrostatic conditions. In other words,
the PIA in ice Ih does not occur in a single step, but is a
two-step process. We repeated the back-and-forth com-
pression experiment in run 2 at 100 K and obtained similar
results. Ice Ih was also compressed in a pressure medium
Daphne 7474 [51,52], and the crystalline-crystalline tran-
sition was again reproduced, as shown in Fig. 1(d).
The crystalline-crystalline transformation just prior to

the PIA is reproduced by isobaric-isothermal molecular
dynamics (MD) calculations using an empirical water
TIP4P/ice potential [53] and first-principles density func-
tional method (Fig. S6) [34]. It is found that when the
pressure is increased in small incremental steps (0.1 GPa),
the calculated density as a function of pressure reveals a
structural transition to a dense crystalline phase from ice Ih
at 1.2 GPa with the TIP4P/ice potential and at a slightly
higher pressure (1.9 GPa) from first-principles MD
(Figs. S7 and S8). In both cases, the transformed structure
is a shear-distorted form of ice Ih [Figs. 2(a) and 2(b)].
It should be noted that the first-principle density-functional
methods even including the crucial van der Waals correction

normally still overestimate the transition pressure [54].
In hindsight the theoretical result is not too surprising as it
has been shown previously that, from classical MD and
neutron inelastic scattering experiments, the C66 elastic
modulus which is related to the stress-strain relationship
in the hexagonal ab basal plane, is softened at the pressure
just below amorphization. The MD calculations also show
that this intermediate phase is only stable within a small
pressure region of about 0.2 GPa then it transforms com-
pletely into HDA.
To investigate temperature effect on the PIA of ice Ih, ice

Ih was compressed under quasihydrostatic conditions at
133, 136, and 145 K. At 133 and 136 K, the in situ x-ray
diffraction patterns show ice Ih has transformed directly to
HDA at 1.2–1.9 GPa (Fig. S9 [34]), followed by a trans-
formation to very high-density amorphous (VHDA) ice at
higher pressures [28]. Unlike at 100 K, no abrupt decrease
in d spacing is observed at 133 and 136 K [inset of
Fig. 1(d)] prior to amorphization. Evidently, the gain in
thermal energy by raising the temperature by ∼33 K is
sufficient to trespass the barrier for direct conversion to the
amorphous phase. When compressed at 145 K (Fig. S9
[34]), ice undergoes successive crystalline-crystalline trans-
formations: first from Ih to IX at ∼0.9 GPa, and followed
by a transition to a VIII-like ice at 3.9 GPa. Upon
decompression from 5.7 GPa, the VIII-like phase trans-
formed back to ice IX below 0.8 GPa.
We also investigated the decompression of PIA ice at

several temperatures. At ∼4 GPa, the Q value of the first
sharp diffraction peak (FSDP) of the amorphous ice is
∼2.46 Å [Fig. 3(d)]. After recovering amorphous ice from
∼4 GPa at liquid nitrogen temperature, the Q value of

FIG. 2. Theoretical crystal structures of (a) ice Ih and (b) in-
termediate crystalline phase. The intermediate crystalline phase is
a shear-distorted form of ice Ih in the ab basal plane due to the
softening of C66 elastic modulus. The oxygen atom in the
intermediate phase have shifted slightly from the original position
of ice Ih. Thus, when view down the c axis, the oxygen atoms are
no longer aligned along the c axis as in ice Ih.

FIG. 3. Structural evolution of amorphous ice under decom-
pression (a) at 96, (b) at 135, and (c) at 145 K. Amorphous ice at
145 K was obtained by heating VHDA from 133 to 145 K.
(d) The pressure-dependent Q values of the first sharp peak
position of the amorphous ice. The dashed arrows indicate
compression and decompression route. The solid arrows indicate
the phase transition of HDA under decompression. The peaks
marked by stars are from gasket.
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amorphous ice at ambient pressure is 2.3 Å−1, close to the
highest value of VHDA reported previously [55]. This
indicates that amorphous ice at ∼4 GPa is very high-
density amorphous ice. Decompression of amorphous ice
leads to a continuous transformation from VHDA back to
HDA [Figs. 3(a)–3(d)]. Depending on the temperature and
pressure, different phase transitions are observed. At 96 K
and ∼1 Pa (see experimental method in supplementary
materials), HDA relaxes to LDA in about 1 h at ∼1 Pa with
the appearance of a new halo peak at low Q [Fig. 3(a) and
Fig. S10]. We also decompressed HDA at 125 K and
observed a first-order HDA-to-LDA transition at ∼1 Pa
(Fig. S10 [34]). At 135 K, HDA transforms to crystalline Ic
with stacking fault [Fig. 3(b) and Fig. S10] [56]. We note
that the FSDP position of LDA is very close to the first
Bragg peak in ice Ic, reflecting their similarities in density
and structure as already pointed out in previous reports
[2,7]. We note that HDA transforms gradually to LDA at
∼1 Pa and ∼96 K in hours, with temperature lower than
that (∼139 K) in the previous report at ∼0.02 GPa in
piston-cylinder measurement by Winkel et al. [57]. This
indicates that the relaxation of HDA into LDA depends
strongly on pressure.
Upon decompression at 145 K, VHDA obtained by

heating the amorphous sample from 133 to 145 K at
∼3.7 GPa transforms to HDA and then to ice IX during the
decompression process [Fig. 3(c) and Fig. S11]. IX trans-
forms to ice Ic upon further decompression. We also
decompress VHDA at 160 K. X-ray diffraction patterns
show a transformation from VHDA to VI (Fig. S11 [34]),
followed by VI → II → Ic transitions. Comparison of
decompressed HDA at different temperatures shows that
the relaxation process and phase transitions become slower
at low temperatures [Fig. 3(d)], as expected for a thermally
activated process. At the pressure close to the transition to
the crystalline phase, a sudden drop of the Q value of the
amorphous ice was observed [Fig. 3(d)], suggesting a rapid
structural relaxation associated with devitrification of HDA.
Figure 4 summarizes the observed phase transitions of

compressed ice Ih and decompressed amorphous ice. The
HDA and intermediate phases are only observed below
145 K [Fig. 4(a)], which supports the suggestion that HDA
is a “frustrated” intermediate state in which at low temper-
ature the system does not possess sufficient thermal energy
to overcome the activation barrier required for the reor-
ientation of the hydrogen-bond network to the underlying
stable crystalline structure, perhaps ice IV or XII as
suggested by previous experiments [58,59]. Incidentally,
the Raman spectra of HDA and VHDA [60] are remarkably
similar to crystalline ice VI [61,62], implying that HDA is
an uncompleted form in the transformation from ice Ih
to ice VI. Since there are substantial changes in the H
configurations between ice IX and ice VI, i.e., from a three-
dimensional (3D) framework to an interpenetrating
H-bonding network, the reorientation of the H atoms at

different temperatures will depend on the specific kinetic
barriers (activation energies). This view is verified by the
comparison of the calculated structure of HDA with the
proton ordered form of ice VI, i.e., XV in Fig. S12 [34].
There is a crossover at around 145 K. Above 145 K, the
thermal energy is sufficient to bypass the amorphous state
and lead to successive crystalline-to-crystalline transitions
[Fig. 4(a)], which are thermodynamically driven pathways
without the metastable amorphous structure.
For the decompression of amorphous ice, HDA trans-

forms to LDAwith local structure similar to ice Ih at lower
temperatures [7]. It should be noted that previous research
has shown that HDA can exist at 96 K and 1 atm [63]. Here,
our x-ray diffraction shows gradual relaxation of HDA into
LDA at ∼1 Pa and 96 K. Therefore, it is not unreasonable
to speculate that LDA will eventually transform to crys-
talline ice Ic at lower pressure. The LDA is a “kinetically
arrested” intermediate amorphous state in the large hyste-
resis loop of the relaxation process of HDA back to
crystalline ice I [64,65]. Comparison of the Raman spectra
[60] shows that VHDA has a local structure similar to ice
VI. Analysis of the MD calculation shows the formation of
independent H-bond network in the structure of HDA and
VHDA (Fig. S12). Thus, we may anticipate that the
decompression of VHDA will lead to the thermodynami-
cally controlled phase transitions of VHDA → VI → II →
Ic if the thermal energy is sufficient, as found in our x-ray
measurement at 160 K [Fig. 4(b) and Fig. S11], whereas
kinetically controlled VHDA → HDA → LDA transitions
will be observed at low temperature due to insufficient
thermal energy required for the rearrangement of the
H-bonded network. The comparison of the phase transi-
tions in compressed Ih and decompressed HDA suggests

FIG. 4. Summary of phase transitions observed in experiments
(a) under slow compression of ice Ih and (b) under slow
decompression of amorphous ice. IP stands for the intermediate
phase (see texts for more details). HDA or VHDA above 140 K
was obtained by heating amorphous samples from 100 or 133 K
to corresponding temperatures. The right and left triangle
symbols indicate experimental data under compression and
decompression, respectively. Crystalline ice Ih and Ic: black,
right and left; HDA: blue, right and left; VIII’: green, right; IX:
olive, right and left; IP: red, right; VI: orange, left; VI: purple, left.
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that the PIA is a reversible but kinetically controlled process.
Depending on the temperature, intermediate phases may
occur in the compression-induced amorphization of ice Ih
or decompression-induced crystallization of HDA.
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