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Abstract: Pressure-induced formation of amorphous ices and low-density amorphous 

(LDA) to high-density amorphous (HDA) transition have been believed to occur 

kinetically below a crossover temperature (Tc) above which thermodynamically-driven 

crystalline-crystalline (e.g., ice Ih-to-II) transitions and crystallization of HDA and LDA 

are dominant. Here we show compression-rate dependent formation of a high-density 

non-crystalline (HDN) phase transformed from ice Ic above Tc, bypassing crystalline-

crystalline transitions under rapid compression. Rapid decompression above Tc 

transforms HDN to a low-density non-crystalline (LDN) phase which crystallizes 

spontaneously into ice Ic, whereas slow decompression of HDN leads to direct 

crystallization. The results indicate the formation of HDA and the HDN-to-LDN 

transition above Tc are results of competition between (de)compression rate, energy 

barrier and temperature. The crossover temperature is shown to have an exponential 

relationship with the threshold compression rate. The present results provide important 

insight into the dynamic property of the phase transitions in addition to the static study.



Pressure-induced amorphization of ice Ih and the transformation between low-

density amorphous (LDA), high-density amorphous (HDA) and very high-density 

amorphous (VHDA) ices are of fundamental importance in the study of the physics and 

chemistry of ice, and have become the prototypical examples in the investigation of 

amorphization and amorphous-amorphous transitions for many materials [1-6]. The first-

order-like LDA-to-HDA transition--extrapolated into so-called water’s no man’s land 

where the temperature is between homogeneous nucleation temperature (TH) [7, 8] of 

supercooled water and crystallization temperature (TX) [9-12] of amorphous ice, has been 

hypothesized to terminate at a second critical point (~110 Mbar and ~220 K) [13] and, 

was considered as indication of a low-density liquid (LDL) to high-density liquid (HDL) 

transition [14-17]. Both phenomenon, pressure-induced amorphization of ice Ih and the 

LDA-to-HDA transition, were cornerstones of the two-liquid model of water [14-16]. 

However, studies on the transition mechanism, atomic structures of the non-crystalline 

phases (namely, LDA, HDA, VHDA, LDL and HDL) and polyamorphous transition have 

been hindered by the thermodynamically-driven crystalline-crystalline transition and 

rapid crystallization at higher temperatures [10-12, 18-20], leaving a large temperature 

range (~140-220 K) unexplored.  

In 1990’s, a study of emulsified-confined ice Ih indicated a crossover temperature 

(Tc) at ~160 K at which the phase transition mechanism changes from a 

thermodynamically-driven transition to mechanical instability [17, 21], suggested by 

quasi-harmonic lattice-dynamics calculations [22, 23]. Recently, in-situ synchrotron x-

ray diffraction measurements on bulk water have shown that the crossover temperature 

occurs at ~145 K [20]. Ice Ih was found to undergo kinetically-controlled amorphization 

under slow compression (<0.01 GPa/s) of ice Ih up to 1.2 GPa below 145 K. Above 145 

K, a thermodynamically-driven crystalline-crystalline transition from ice Ih to crystalline 

ice II (or IX) occurs instead of amorphization. So far, exploration on amorphization of ice 

Ih and LDA-to-HDA transition is limited up to ~140 K due to rapid crystallization of 

amorphous ices at higher temperatures [9, 20, 24], even though LDA and HDA have been 

studied extensively for the glass-liquid transition and LDL-to-HDL transition below TX 

[10-12, 18, 19, 25, 26]. 



Previous studies have shown that it is possible to bypass crystalline-crystalline 

transitions and form non-crystalline phases by rapid/shock (de)compression [27-30]. For 

instance, amorphous silicon can be obtained from high-pressure crystalline phase by 

rapid (or shock) (de)compression [27, 29]. For ice, the phase transitions have been found 

to be (de)compression-rate dependent. Bauer et al. found that ice Ih transformed to ice II 

under slow compression and to ice III at a moderately higher compression rate (~4 

GPa/min) at 170 K [31]. Chen et al. reported a high-density amorphous ice by rapid 

compression of liquid water at room temperature [32]. Recently, the high-pressure ice 

VIII was reported to undergo a metastable melting into a deeply supercooled low-density 

non-crysstalline phase under rapid decompression at temperatures of 140-165 K [33]. 

Motivated by these earlier works, here we examine the possible formation of a high-

density non-crystalline (HDN) phase from ice Ic and LDA-to-HDA transition above Tc, 

bypassing the thermodynamically-driven crystalline-crystalline transitions and 

crystallization of the non-crystalline phases under rapid (de)compression using fast in-

situ x-ray diffraction measurement [29, 34]. We show that ice Ic transforms to a high-

density non-crystalline phase above Tc under rapid compression. Moreover, under rapid 

decompression above Tc, the crystallization process can be suppressed and a 

polyamorphous transition is observed in HDN. Here, the transformed amorphous ice 

phase above Tc (i.e. within the no man’s land) is labelled as HDN to distinguish it from 

the HDA phase obtained from the pressurization of ice Ih below 145 K [20]. The purpose 

is to emphasize that the crystalline → amorphous transition can occur in this temperature-

pressure region. We do not assert it is a different kind of amorphous state. 

The experimental details have been described in previous studies [20, 33] and can be 

found in the supplementary material [35]. In the present work, ice Ic was used as the 

starting material. It was prepared by decompressing high-pressure ice VIII from 4 GPa 

(or >4 GPa) to ~1 Pa at 180 K, during which the sample ice underwent VIII→ VI→ II→ 

Ic transitions. Then the ice Ic phase was cooled from 180 K to a given temperature in 

preparation for rapid/slow compression. Figure 1(a) and (b) show the comparison of 

experimental results under slow/rapid compression at 164 K. Under slow compression at 

164 K, ice Ic transforms to ice II at ~0.2 GPa, then to ice VI at ~ 1.7 GPa and finally to 

ice VIII at 3.9 GPa [Fig. 1(a)]. At moderately higher compression rate, ice Ic transforms 



to ice IX phase, followed by ice IX→ ice VI→ ice VIII transitions (Fig. S1). This is 

consistent with previous reports on the compression-rate dependent crystalline-crystalline 

transitions at 170 K [31]. However, under rapid compression (~14.8 GPa/s) from ~1 Pa to 

3.5 GPa at 164 K, we found that ice Ic transforms to a non-crystalline phase at ~1.3 GPa 

with a broad diffraction peak at Q=2.27 Å-1. The diffraction pattern of the non-crystalline 

phase shows the first broad peak shifted to a higher Q value of 2.40 Å-1 at ~2.8 GPa. Then 

it transforms to ice VIII at ~3.2 GPa under further compression [Fig. 1(b)]. Incidentally, 

the Q value of the non-crystalline phase is close to that of HDA at 1.3 GPa and to VHDA 

at ~2.8 GPa [20]. The observations indicate a high-density non-crystalline (HDN) phase 

is formed at 1.3 GPa, which subsequently transforms to a very high-density non-

crystalline phase under further compression. This is similar to the occurrence of HDA 

and VHDA ices. Compared with the gradual crystallization of the very HDN phase, the 

formation of HDN is abrupt within a narrow pressure range [Fig. 1(b) and see integrated 

diffraction patterns in Fig.S2]. It should be noted that the starting sample used here is ice 

Ic. Structurally it is slightly different from ice Ih and the amorphization pressure is 0.05 

GPa lower than ice Ih [40]. The present work does not suggest that ice Ih has the same 

compression-rate dependent amorphization above Tc, although the difference is expected 

to be small.  



 

Fig. 1 Compression-rate dependent formation of high-density non-crystalline phase. (a) Under 
slow compression (<0.01 GPa/s) from ~1 Pa to 5 GPa at an interval of ~0.05 GPa with the 
pressure monitored by an on-line ruby system, the phase transition sequence of ice Ic → ice II → 
ice VI → ice VIII is observed. The diffraction data is acquired with exposure time of 5 s. (b) 
Under rapid compression from ~1 Pa to 3.5 GPa with a rate of ~14.8 GPa/s, ice Ic transforms to a 
non-crystalline phase first, followed by crystallization into ice VIII. During rapid compression, 
the pressure is increased continuously with the continuous collection of x-ray diffraction images. 
It should be noted that the rate changes during compression process. The rate of ~14.8 GPa/s is 
estimated in the pressure range where ice Ic to HDN transition occurs. The exposure time for 
each diffraction image is 50 ms with images collected at a frequency of 20 Hz. (c) Summary of 
compression-rate dependent phase transformation from ice Ic to high-density non-crystalline 
phase at different temperatures. (d) Comparison of the diffraction patterns of the non-crystalline 
phases at different temperatures. The high-density non-crystalline phases above 145 K are 
obtained from ice Ic under rapid compression. The HDA phases below 145 K are obtained by 
static compression of ice Ih [20]. 



In order to probe the effects of temperature and compression rate on the phase 

transitions, we have conducted systematic investigations at different temperatures and 

compression rates. Figure 1(c) summarizes the experimental results. It shows that the 

formation of HDN from ice Ic under rapid compression is also observed at a temperature 

range between 145 K and 174 K [Fig. 1(c) and Figs. S3 to S7], all above the previously 

reported crossover temperature (Tc ~145 K) [20]. At these temperatures and a moderate 

compression rate, however, ice Ic transforms to ice II or IX [Fig. 1(c)], followed by 

transformations to ice VI and VIII [20]. Above 145 K, the phase transformation of ice Ic 

is compression-rate dependent. This is in contrast to the compression-rate independent 

amorphization below 145 K. At a given temperature (T), it appears that there exists a 

threshold compression rate required for the formation of the HDN phase. Below 160 K, 

the minimum compression rate gradually increases as temperature increases. At T > 160 

K, the compression rate required for producing the HDN phase increases rapidly with 

increasing temperature. Figure 1(d) shows the integrated diffraction patterns of HDN at 

different temperatures with background subtracted, compared with those of HDA 

transformed from ice Ih below 145 K. It is clearly seen that the diffraction patterns of the 

HDN phase are similar to those of HDA. From x-ray diffraction patterns, we cannot 

distinguish whether HDN is a solid amorphous ice or a viscous HDL as suggested 

previously [18, 26, 41-43], even though HDN is observed above the glass transition 

temperature of HDA.  



 

Fig. 2 Crystallization of high-density non-crystalline phase at 1.2 GPa and 2.1 GPa by warming. 

(a) HDN is heated from 150 K to 177 K. It starts to crystallize into ice XII at ~169 K, and 

completes at ~177 K. (b) HDN is heated from 150 K. It crystallizes into ice VI at ~170 K and is 

complete at ~176 K.  (c) and (d) Azimuthally unwrapped x-ray diffraction images of ice XII and 

VI crystallized from HDN at ~1.2 GPa and ~2.1 GPa, respectively. The diffraction images, 

subtracted by an image of the non-crystalline phase as background, are obtained by caking 

(unrolling) the two dimensional x-ray diffraction images. The horizontal axis is Q value. The 

vertical axis is azimuth angle. The white broad band at ~2.3 Å-1 indicates the first sharp peak of 

HDN. The black dots are the diffraction peaks from crystalline phases of ice XII and VI. 

The half-ellipses are the masks from the area detector. 

The HDN sample at a given pressure is heated to monitor the stability and 

crystallization behavior. In the experiments, the HDN phase is obtained by rapid 

compression of ice Ic up to ~2.0 GPa at 150 K, and then the pressure is adjusted to the 

targeted value using double membrane pressure control [34]. Depending on the pressure, 

crystallization of the non-crystalline phase into different dense crystalline ices is 

observed (Figs. 2). It is found that the non-crystalline phase transforms to ice XII at ~1.2 



GPa during heating from 169 K to 177 K [Fig.2(a)] and to ice VI at 2.1 GPa from 170 K 

to 176 K [Fig.2(b)]. The crystallization into different crystalline ices indicates that the 

non-crystalline phases at ~1.2 GPa and ~2.1 GPa may have different local structures, 

corresponding to HDA and VHDA. These observations are consistent with previous 

reports on ex-situ x-ray diffraction measurements [44]. Instead of the initial homogenous 

powder patterns, the diffraction patterns of ice XII and VI consist of sharp diffraction 

spots, indicating single crystals or polycrystalline grains of ice XII [Fig. 2(c)] and VI [Fig. 

2(d)]. The results indicate grain coalescence during the crystallization process of the 

HDN phase. In contrast, there is no grain growth or grain coalescence in the crystalline-

crystalline transitions (ice Ic→ ice II→ ice VI→ ice VIII) during compression.  

 

Fig. 3 Rate-dependent phase transformation of HDN at 158 K under decompression. (a) Slow 

decompression of HDN leads to crystallization into ice VI, followed by ice VI →ice II →ice Ic 

transitions. (b) Rapid decompression (~10 GPa/s) of HDN results in the direct transformation to a 

low-density non-crystalline phase. 

Figure 3 shows the phase transitions of HDN under decompression at different ramp 

rates. In the experiments, HDN is obtained by rapid compression of ice Ic at 158 K. After 

observing the HDN phase, the pressure is released immediately at different 

decompression rates. We find the phase transition of HDN under decompression is 

dependent on the ramp rates. At a slow decompression rate (<0.01 GPa/s), HDN phase 

crystallizes into ice VI and transforms to ice II and eventually to Ic [Fig. 3(a)]. At a high 



decompression rate (~10 GPa/s), instead of direct crystallization, the HDN phase is found 

to transform to a low-density non-crystalline phase (LDN) at ~1 Pa [Fig. 3(b)]. The LDN 

subsequently crystallizes into ice Ic. Previous results show that the LDN phase could be a 

deeply supercooled low-density liquid phase [33], indicated by the temperature-

dependent crystallization behavior.  

 

Fig. 4 (De)compression-rate (negative decompression, positive compression) dependent 

formation of non-crystalline phases at different temperatures. Black solid triangles represent high-

density non-crystalline phase obtained by rapid compression in present work. Open squares and 

circles indicate the high-density amorphous and low-density phases previously obtained by static 

compression/decompression [20]. Open triangles are low-density non-crystalline phase formed 

from high-pressure ice VIII under rapid decompression [33]. Red dashing line is the fitting line. 

Fig. 4 summarizes the compression-rate dependent formation of high-density non-

crystalline phases at various temperatures, compared to the formation of low-density non-

crystalline (LDA and LDL) phases. With increasing temperature, the minimum 

compression/decompression rate required for the formation of non-crystalline phases 

increases (Fig. 4). The threshold (de)compression rate has a steep initial increase at low 

temperature and slight increase at higher temperature. It should be noted that the 



temperature at the threshold compression rate corresponds to a crossover temperature, 

namely, above which thermodynamically-driven crystalline-crystalline transitions (i.e., 

ice Ic-to-II for compression and VIII-to-VI for decompression) are observed and below 

which the non-crystalline phases form. Noticeably, the transition temperature changes 

with compression rate. Therefore, how the threshold compression rate is related to the 

transition temperature (Tc)?  

In order to bypass thermodynamically-driven Ic-to-II (or ice IX) transition at given 

temperature, the compression time (Δt), required for passing the equilibrium stable 

pressure range (ΔP) of ice II, should be shorter than the characteristic transition time (τ) 

of ice Ic-to-II transition. The transition time (τ) is determined by the Arrhenius equation 

[45-48], namely, 1/τ ~ the rate constant which is proportional to Exp(-ΔE/kBT), where ΔE 

is the energy barrier for the phase transition and kB is Boltzmann constant. The thermal 

energy (kBT) governs the probability of the water to overcome the energy barrier. The 

compression time in bypassing the pressure region of ice II is determined by Δt = ΔP/β, 

where β is the compression rate. The HDN phase is formed when Δt < τ, namely, ice Ic  

bypasses the equilibrium pressure region of ice II on a shorter time scale so that ice Ic-to-

II transition does not have enough time to occur. For simplicity, let us assume ΔE and ΔP 

are independent of pressure and temperature, the threshold compression rate (βc) is 

determined by Δt=τ. Then we can obtain βc=C0*exp(-ΔE/kBTc), where C0 is a constant 

with units of GPa/s. It is clear that the formation of the HDN phase is the result of 

competition among the external compression rate, temperature, and energy barrier. It is 

more complicated in reality as both ΔE and ΔP also change with pressure and 

temperature. 

The red dash lines in Fig. 4 are fits of the experimental compression and 

decompression results to the Arrhenius law. Reasonable agreements are obtained with ΔE 

of 24(2) kJ/mol and C0 of 6.4×108 GPa/s for compression and ΔE of 26(2) kJ/mol and C0 

of 1.3×1010 GPa/s for decompression. It should be noted that ΔE represents an average 

order of magnitude estimated as the value is expected to vary with pressure during 

(de)compression [48]. The characteristic time of ice Ic-to-II transition as a function of 

temperature can be estimated based on the fitting results. For example, τ is estimated to 



be ~107 s for the formation of HDA at liquid nitrogen temperature, which is much longer 

than the experimental time scale (minutes or hours). This explains previous observations 

that ice Ih can bypass the pressure region of ice II and transforms to a metastable 

amorphous phase under compression to 1.2 GPa [20]. The previously reported HDA 

phase can be viewed as the case of slow compression (solid and open triangles in Fig. 4). 

With increasing temperature, τ decreases exponentially from ~107 s at 77 K to ~10-2 s at 

174 K. Therefore, at high temperature, the characteristic time of the phase transition from 

145K to 174 K is comparable to the experimental time scale. This interpretation is 

consistent with the observed compression-rate dependent phase transition pathway. 

Extrapolation of the present results to higher temperature towards the proposed second 

critical point (110 MPa, 220 K) [13] suggests the time scale is in the nano- to 

microsecond regime. The formation of HDN may still be possible but will require 

ultrafast in-situ measurement at a very high compression rate.  

The mechanism of the decompression-induced HDA-to-LDA transition is also 

determined by the competition between the energy barrier for crystallization of the non-

crystalline phases, temperature and decompression rate. Suppression of crystallization of 

HDN is observed in rapid decompression as the transformation from HDN to LDL can be 

observed above 140 K (blue arrow in Fig. 4).  The present results expand the temperature 

range from the previous report on HDA-to-LDA transition (black arrow in Fig. 4). The 

well-known HDA-to-LDA transition below 140 K can be viewed as a case of slow 

decompression, analogous to the pressure-induced amorphization. At a given temperature, 

the threshold decompression rate for the formation of LDL from ice VIII [33] is larger 

than the minimum compression rate for formation of HDN from ice Ic. From the 

boundary between crystalline ice and non-crystalline phases shown in Fig. 4, the 

temperature range for the formation of LDL is apparently smaller than that of HDN, and 

there may be a critical temperature above which the transformation between HDN and 

LDL will not occur even with very rapid decompression.  

The experimental evidences provided here clearly show the importance of role of 

kinetics in the structural phase transitions between crystalline and amorphous ices in the 

no man’s land. The results show the suggestion of the existence of a critical temperature 



Tc, the cross-over temperature between homogeneous nucleation and amorphization, is 

not founded on firm thermodynamic grounds. It is also shown this “imaginary” phase 

boundary can be traversed by rapid compression (i.e. controlling of the kinetics). The 

compression of ice Ih to HDA at low temperature is due to insufficient external energy to 

overcome the energy barrier required to rearrange the hydrogen bonds to the 

thermodynamically stable crystalline structure, possibly ice VI (or XV). We speculate 

that a crystalline → crystalline transition for ice Ih could eventually be achieved if 

compressed in a hydrostatic medium at a very slow rate allowing the relaxation of the 

frustrated intermediate amorphous structure. Moreover, the experimental decompression 

results show the HDN → LDN phase boundary does not extrapolate to the proposed 

second critical point. 
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