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The phase diagram of water is both unusual and complex, exhibit-
ing a wide range of polymorphs including proton-ordered or dis-
ordered forms. In addition, a variety of stable and metastable
forms are observed. The richness of H2O phases attests the versa-
tility of hydrogen-bonded network structures that include kineti-
cally stable amorphous ices. Information of the amorphous solids,
however, is rarely available especially for the stability field and
transformation dynamics—but all reported to exist below the
crystallization temperature of approximately 150–170 K below
4–5 GPa. Here, we present the evidence of high density amorphous
(HDA) ice formed well above the crystallization temperature at
1 GPa—well inside the so-called “no-man’s land.” It is formed from
metastable ice VII in the stability field of ice VI under rapid com-
pression using dynamic-diamond anvil cell (d-DAC) and results
from structural similarities between HDA and ice VII. The formation
follows an interfacial growth mechanism unlike the melting pro-
cess. Nevertheless, the occurrence of HDA along the extrapolated
melt line of ice VII resembles the ice Ih-to-HDA transition, indicating
that structural instabilities of parent ice VII and Ih drive the pres-
sure-induced amorphization.
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Abundant in nature, water is a major constituent of planets
and living organisms alike. The phase diagram of water

exhibits a large number of polymorphs with great diversity in crys-
talline structure, chemical bonding, and collective interactions
(1–3). The hydrogen-bond angles and topology of relatively
weak hydrogen bonds (with respect to covalent OH bonds) are
subject to large distortions, which, in turn, lead to proton and
structural disorders and myriad phases—both stable and meta-
stable (including amorphous). In addition to a large number
(approximately 15) of known solid phases of H2O, there are many
metastable phases. The metastable phases include both crystal-
line and disordered solids: high- and low-density amorphous
(HDA and LDA) at low temperatures (4–11), high- and low-den-
sity water (HDWand LDW) (12), as well as crystalline phases of
ice IV (13) near the melting line, VII (14) observed in the stability
field of ice VI, VII′ (6, 15, 16) in the ice VIII stability field, and ice
III in the ice II field (17). This is in addition to a whole series of
intermediate structures arising from amorphorization, dipole-
ordering transitions, and symmetrization of hydrogen bonding
(4, 5, 18). The strength of hydrogen bonds varies in these meta-
stable structures, as does the transition dynamics that is not well
understood.

Recently, a very high density form of amorphous ice (VHDA)
was found by isobaric annealing of HDA at 177 K and 1.9 GPa
(7, 19). The presence of VHDA is characterized from HDA by
its high density—not by the network structure. In fact, the VHDA
is a topologically isomorphic phase to HDA, arising from the dif-
ferent interstitial occupancy of oxygen atoms. In this regard, there
could be many intermediate structures “frozen in” along the
movement of oxygen atoms (10), and a series of such high density
amorphous ices (including e-HDA, u-HDA, and VHDA) can be
viewed as a continuum of glasses (3, 10, 20). Nevertheless,
the recent neutron diffraction studies (3) indicate that the phase
behaviors of e-HAD and VHDA are rather distinctive.

The structure of ice VII consists of two interpenetrating hydro-
gen-bond networks (21). With increasing pressure, the nearest

neighbor oxygen-oxygen distance in ice VII decreases, eventually
bringing each of the hydrogen atoms to the midway points of
the neighboring oxygen atoms (i.e., symmetrized ice-X) above
60–70 GPa (22). Above 150 GPa ice X further transforms to
an antifluorite-like structure (23). At higher pressures, it is also
predicted to transform to orthorhombic structures such as Pbcm,
Pbca, and Cmcm (24). From 40–100 GPa, under increasing tem-
peratures, ab initio molecular dynamics (MD) simulations have
found evidence of enhanced hydrogen self-diffusion and signifi-
cant ionic conductivity below the melting curve of H2O (25, 26).
Yet, with decreasing temperatures (below 270 K), hydrogen-dis-
ordered ice VII transforms to antiferroelectrically dipole-ordered
ice VIII (27). Similarly, ice III transforms to dipole-ordered
antiferroelectric ice IX below 170 K (28), and ice Ih to either
antiferroelectric or ferroelectric ice XI below 70 K (29).

The proton- and dipole-ordering transitions in H2O are gov-
erned by well beyond the thermodynamic constraints, to strong
kinetics that gives rise to metastable structures as represented
in Fig. 1. Neutron diffraction experiments and classical MD simu-
lations (12, 30) provide evidence for the existence of two different
liquids, LDWand HDW. This finding was later explained in terms
of density fluctuation in liquid rather than a first-order phase
transition in liquid (31). Under rapid “jet” cooling, water trans-
forms into LDA, an amorphous solid, rather than ice Ih at the
cooling rate of 106 K∕s and at T < 140 K. Under low-tempera-
ture compression (below 150 K) LDA or ice Ih transforms to
HDA, another amorphous solid (4–6). This transition was found
to occur also to the extrapolated melting line of ice Ih and below
the crystalline temperature of 150 K at 1 GPa; it was therefore
called low-temperature “melting” of ice Ih (4, 5). This transition,
at approximately 0.8–1 GPa and below 183 K, is accompanied by
a large density increase due to the collapse of the second nearest
oxygen neighbors into the first coordination shell (10, 11). For
this reason, HDA and LDA are considered to be glassy forms
of HDW and LDW and poorly collapsed crystalline phases,
respectively. The absence of HDA at higher temperatures was
attributed to a relaxation process that precluded HDA formation
above the crystalline temperature. However, other studies exam-
ined the LDA-to-HDA transition from the standpoint of a me-
chanical instability of the ice I structure above 1 GPa (6, 8, 9).
Indeed, the earlier studies (32, 33) pointed out that the two
mechanisms are related in the pressure-induced amorphization
of SiO2. Subsequently, Strassle et. al. (34) found that the pres-
sure-induced amorphization at low temperatures is due to me-
chanical melting, while amorphization at higher temperatures
is dominated by thermal melting. The exact nature of these kine-
tically controlled phase boundaries among amorphous solids and
liquids is not well understood.

Pressure-induced amorphization can be understood in terms of
being controlled by thermodynamic principles, kinetics, mechan-
ical or elastic instabilities, or combinations of these interrelated
factors. Because framework structures are relatively strong, ice
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can develop considerable lattice strain, inducing disorder at low
temperatures. The apparent absence of HDA, VHDA, or any
amorphous ice above the crystallization temperature (4–6),
therefore, appears to advocate for thermal relaxation of this
structural disorder in this no-man’s land and implies that the
first-order LDA-HDA/VHDA transition is governed by thermo-
dynamic constraints rather than kinetics or mechanical instability.
In contrast, we present experimental evidence for the existence of
HDA arising from metastable ice VII in the stability field of ice
VI at ambient temperature—well above the previously suggested
crystallization temperature and only under rapid compressions.
This kinetically controlled transition is due to structural simila-
rities between supercompressed water (or HDW), ice VII, and
HDA at pressures beyond the extrapolated melting line of ice
VII (Fig. 1, Inset).

In this study, we employed a dynamic-DAC capable of
precisely controlling sample pressures and compression rates
(14, 35, 36) to search for any metastable structures, ordered or
disordered, arising across the phase boundaries at room tem-
perature. The samples were compressed to pressures between
1 and 4 GPa (Fig. 2) with a wide range of compression rates using
a trapezoidal electrical pulse to three piezo-actuators. The phases
and phase transitions were characterized by time-resolved
changes of ruby fluorescence-based pressures, Raman char-
acteristics, and microphotographic images of the sample—all

measured synchronously across the event of interest during
compression and decompression cycles (Fig. 3).

Results and Discussion
Experimental evidence for the presence of HDA at ambient tem-
perature was found in both the sample’s water-like, untextured
morphology and in the characteristic Raman spectrum (19, 37)
at final pressures (or compression rates) above 1.3 GPa (or
0.1–65 GPa∕s), as shown in Fig. 3. Starting pressures of all mea-
surements were set to be around 0.5 GPa. At low compression
rates (C in Figs. 1 and 2), water freezes into ice VI at the equili-
brium pressure of 0.9 GPa with little or no pressure overshoot. At
relatively higher compression rates (A or B in Figs. 1 and 2), water
is supercompressed well above the equilibrium melt pressure to
2.1 GPa—the equilibrium phase VII and VI boundary pressure at
ambient temperature—at which point it immediately transforms
to ice VII with a substantial pressure drop. At these high com-
pression rates, the presence of metastable ice VII is evident from
its characteristic needle-like morphology (14) and from the
Raman spectrum, as shown in Fig. 3. Following the large pressure
drop, ice VII appears in the stability field of ice VI, as previously
observed (14). Yet, we have found that this metastable ice VII
transforms into HDA immediately after its rapid formation with-
in 50 μs (see Fig. 4). Note in Fig. 3 that the Raman spectrum of
the present HDA is quite similar to those of the previous
observed HDA and VHDA at low temperatures (19, 37), consid-
ering the small temperature dependence in the HDA Raman
spectrum (37). The Raman spectra of HDA are substantially
broader than those of crystalline ice VI and VII. The ice VII
to HDA transition is also evident from a plateau in the measured
pressure (see the B record in Fig. 2), which indicates the coex-
istence of the two phases. In turn, the length of the pressure
plateau represents the transition time of ice VII to HDA, which
is confirmed by the framing record (Fig. 4A). Pressure again in-
creases after the transition, following the rising part of the piezo-
input; at this point, depending on the final pressure, the sample
either changes to ice VII or remains in the HDA phase. The HDA
remains as long as the pressure is between 2.1 GPa and 1.3 GPa.
During decompression to pressures below 1.3 GPa, HDA trans-
forms to ice VI (Fig. 4B), as evident from the granular shape and
characteristic Raman. Then, ice VI melts to water at 0.9 GPa—
the equilibrium melting pressure at ambient temperature.

Recall that the formation of HDA at low temperatures was
described previously in terms of “melting” of ice Ih (4, 5). The
transition of ice VII to HDA can be described as a similar melting
process in the context of its morphology change as illustrated in
Fig. 4 A and B; however, the growth mechanism seems to be quite
different from the melting process. For example, the amorphiza-
tion of ice VII (Fig. 4A) occurs within a few milliseconds over a
large stability field of ice VI between 1.3 and 2.1 GPa, which in-
dicates a kinetically controlled process. In contrast, the melting of
ice VI (Fig. 4B) occurs much more slowly (several seconds) and
always at the equilibrium melt pressure, indicating a thermal
process. Therefore, we conclude that the Gibbs free energy dif-
ference drives the melting process. This is in contrast to the
interfacial energy difference of the amorphization as described
below.

The kinetic data based on the conversion rate of ice VII to
HDA in Fig. 5 indicates that the ice VII-to-HAD transition is
governed by two distinctive relaxation processes: slow (τ ∼ tens
of ms) below 1 GPa, and fast (τ < 1 ms) relaxation above 1 GPa.
Note that the conversion rate of ice VII to HDA depends on
the plateau pressure, not the rate of compression. This can be
explained in terms of the displacive movement of oxygen atoms
along an “idealized” crystallographic transition pathway. For ex-
ample, ice VII has eight nearest oxygen atoms in its bcc-like struc-
ture, forming two different groups of tetrahedral oxygen atoms:
one with hydrogen atoms between two adjacent oxygen atoms and
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the other without. The oxygen-oxygen distance of ice VII is
relatively incompressible, 2.95 Å at 1 GPa and 2.90 Å at 2 GPa;
this is calculated based on the previously reported structure (38).
On the other hand, HDA has only four nearest oxygen atoms at
around 2.8 Å—nearly the same distance as that of ice VII, and 12
second-nearest neighbors at substantially larger distance at 3.7 Å
at ambient pressure (11). Upon compression the first shell re-
mains nearly unchanged, while the second collapses to 3.0 Å with
five nearest neighbor atoms at 2 GPa (11). Therefore, the low-
pressure transition to HDA requires the movement of four
non-hydrogen bonded oxygen atoms from 2.95 Å to 3.7 Å along
the body diagonal or the tetrahedral interstitial site of the bcc
structure, which occurs slowly; whereas, at high pressures, the
transition requires only a slight displacement of those oxygen
atoms from 3.0 Å to 2.90 Å, which occurs rapidly. Thus, the tran-
sition of ice VII to HDA is clearly due to structural similarity (11).

Furthermore, the present transition mechanism is consistent
with the previously suggested VHDA structure arising from the
different interstitial occupancy (10).

Based on the transition state model (39), the activation volume
ΔV≠ can be estimated by (δ ln k∕δPÞT ¼ −ΔV≠∕kBT, where kB is
Boltzmann’s constant and T is temperature. From Fig. 5, we ob-
tain two activation volumes associated with the ice VII to HDA
transition: approximately −137 Å3 below 1 GPa and 1.22 Å3

above 1 GPa. These values can be compared with the volume dif-
ferences between the first and second HDA shells. The volume
differences were estimated using a spherical shell model and
the neutron data (11): -97 Å3 at pressures of 1.0–1.2 GPa and
approximately 11 Å3 between 1.2 and 2.1 GPa. These values are
smaller than the activation volume changes as they should be, yet
they are roughly in the same order.

In conclusion, we have observed HDA at room temperature,
well beyond the previously suggested crystallization temperature
of 150 K or “no-man’s land” by dynamic loading (4–6). The fact
that HDA forms from metastable ice VII in the stability field of
ice VI indicates a kinetic control process, possibly by a low inter-
face free energy. This is unlike the volume dependent free energy
associated with melting process (4, 5). Therefore, we attribute the
pressure-induced amorphization to the structural instability of
the parent phases, ice VII and Ih. In contrast, the occurrence

Fig. 3. (Left) The time-resolved ruby luminescence recorded on a 2D CCD as a function of wavelength (or pressure) and time, shown together with the selected
real-time micro-photographic images distinctive to different phases of water and ice. The images were continuously recorded at the rate of 6,000 frames per
second. (Right) The Raman spectra of liquid water, ice VI, HDA, and ice VII, obtained at the peak pressures of different experiments. The Raman spectra in the
gray curves are reproduced from the references (19, 37), which was obtained at 1.2 GPa and 121 K, 1 atm and 80 K, and 1 atm and 80 K, respectively.

Fig. 4. High-speed microphotographic images of the sample showing
(A) water solidification to ice VII and to HDA during rapid compression in
comparison with (B) the transition of HDA to ice VI and then to liquid during
rapid decompression.
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of HDA along the extrapolated melt line of ice VII (Fig. 1)
resembles the ice Ih-to-HDA transition (4, 5), underscoring
the fundamental role of mechanical instability in triggering the
appearance of metastable structures within the Born criteria
(6, 8, 9, 32, 33, 40, 41).

Materials and Methods
The detailed method of operating dynamic-DAC was described previously in
refs. 14, 35, and 36. Our d-DAC is characterized by its compressive operation
from the previous expansive one to adapt a standard DAC of piston-cylinder
type. We employed the trapezoidal piezo-input pulse shape to maintain the
flat top pressure to determine the kinetics at a constant load for a longer
period time, whereas the previous one used the triangular pulse shape. It
enables us to maintain the HDA phase for a longer time, which was missed
in the previous study (14).

The sample preparation is similar to that of conventional DAC experi-
ments. We loaded pure distilled water into a small (0.08–0.13 mm) hole in
a preindented stainless steel gasket mounted between two diamond anvils
(0.3 or 0.5 mm culets). We loaded all samples to a similar initial loading pres-
sure of approximately 0.6ð�0.2Þ GPa in liquids nearby the freezing point of

0.8 GPa. The pressure of the sample was determined in real time by measur-
ing time-resolved ruby luminescence (using 514.5 nm Arþ excitation) at the
rate of 1–1,000 spectra per second. Real-time sample images were also re-
corded using a high-speed camera (Photron FASTCAM APX RS) at the rate
of 3,000–35,000 frames per second (Fig. 3, Left). The identity of ice phases
was characterized by using the characteristic Raman spectra, synchronously
obtained across the event of interest (Fig. 3, Right). We employed a home-
built Raman/photographic imaging system, which shares the micro-focusing
optics based on a long working distance objective (20x, Mitutoyo Ind.) and a
confocal microscope system.
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