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Phase-Diagram of Water



Metastability



C. Lobban, et al.; Nature 391 (1998), 268

Amorphous Water



Amann-Winkel et al., Rev. Mod. Phys. 88 (2016) 011002.
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AMORPHOUS SOLID WATER
(ASW)



Amorphous Solid Water (ASW)

Courtesy: Leiden Observatory, Netherlands

Interstellar Dust Agglomeration of Interstellar Dust Grains Comet Hale-Bopp

Saturn Rings



Water snow line within protoplanetary disc around young star V883 Orionis
Observed by Atacama Radio Telescope (ALMA)
Cieza et al. Nature (2016) July14 issue



Cryovolcanoes („Ice Volcanoes“)

e.g. Triton (Neptun), Enceladus/Titan (Saturn), Pluto/Charon



Cryovolcanoes („Ice Volcanoes“)
Image of Enceladus
(Cassini)



T < 140 K
ASW deposited on CCl4

T ~ 140-150 K
crystallization

T > 150 K
CCl4 evaporates

Courtesy: Bruce Kay, PNNL



Ice on the Moon

600 million tons of almost pure ice detected, at a temperature of 110 K

Data from:
Mini-SAR radar aboard
Chandrayaan-1 spacecraft
(2010)



[1]E. Mayer et al.; Journal of Chemical Physics 1984; 80, 2939-2952
[2]A. Hallbrucker; PhD - Thesis 1989; Innsbruck



[1]E. Mayer et al.; Journal of Chemical Physics 1984; 80, 2939-2952
[2]A. Hallbrucker; PhD - Thesis 1989; Innsbruck

[1] [2]



ASW



Courtesy: H. Reisler, USC (LA)

ASW: A Highly Microporous Solid



NIMROD instrument (ISIS)
80 – 115 K:
Rough, cylindrical pores
115 – 121 K:
Smoothing of pore surfaces
121 – 136 K:
Translational diffusion,
Micropore collapse

136 – 144 K:
Amorphous water (LDL)
144 K:
Crystallization



Amorphous ice

ice Ih
HGW[2]ASW[1]

water vapour

liquid water
- 100 °C

- 0°C

pressure

LDA HDA [3]

fast cooling
~ 107 K/s 

[1] E.F. Burton and W.F. Oliver, Proc. R. Soc. A, 153, 1935
[2] P. Brüggeller, E. Mayer, Nature, 288, 1980; E. Mayer, J. Appl. Phys., 58, 1985
[3] O. Mishima, L.D. Calvert, E. Whalley, Nature, 310, 1984; 
[4] O. Mishima, L.D. Calvert, E. Whalley, Nature, 314, 1985
[5] T. Loerting, C. Salzmann, I. Kohl, E. Mayer, A. Hallbrucker, PCCP, 3, 2001

[4] VHDA[5]

deposition onto 
cold substrate

supercooled water
- -38°C



HYPERQUENCHED GLASSY WATER
(HGW)



S. Sastry, Nature 398, 467-470 (1999)

Ambient and Subambient Pressure



G. P. Johari, A. Hallbrucker & E. Mayer  Nature 330 (1987),
552.
I. Kohl, L. Bachmann, A. Hallbrucker, E. Mayer, T. Loerting, 
Phys. Chem. Chem. Phys. 7 (2005), 3210.  

Hyperquenched Glassy Water (HGW)



HGW cooled at > 106 K/s = ASW



> 106 K/s 104-106 K/s < 104 K/s



Amann-Winkel et al., Rev. Mod. Phys. 88 (2016) 011002.
Laksmono et al., J. Phys. Chem. Lett. 6 (2015) 2826–2832.
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HIGH-DENSITY AMORPHOUS ICE
(HDA)





Phase Transformation to High Pressure Phases:
requires at least 100 MPa (10 km of ice column)





High-Density Amorphous Ice (HDA)

O. Mishima et al.; Nature 1984; 310, 393-395
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Pressure induced amorphization!1.15 g cm-3



Heating rate: 10 K/min
Transition temperatures:

e-HDA: 133 K
u-HDA: 112 K

HDA         LDA        ice I

Loerting et al., PCCP, 13, 2011

Unrelaxed (uHDA) vs. Relaxed HDA (eHDA)



Metastability



eHDA uHDA

Shrinking no man’s land
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LOW-DENSITY AMORPHOUS ICE
(LDA)



Low-Density Amorphous Ice (LDA): 
amorphous-amorphous transition

T. Loerting, N. Giovambattista, 
J. Phys. Cond. Mat. 18 (2006) 
919.

J. P. Handa, O. Mishima, E. Whalley,
J. Chem. Phys. 84 (1986) 2766. 

HDA LDA
Ice Ic Ice Ih

0.92 g cm-3



LDA-II LDA-I

eHDA uHDA



Poly-amorphism



“apparently first-order“*)
LDA HDA

*)O. Mishima et al. Nature 314, 76-78 (1985)
O. Mishima J.Chem.Phys 100, 5910 (1994)

compression and  
decompression
T = 130 – 140 K

Poly-amorphism: Low Density Amorphous Ice (LDA)

0.93 g cm-3



Organic: Triphenylphosphite (TPP) Open Tetrahedral Networks: SiO2, GeO2, H2O

a-GeO20.1 MPa (1bar)

a-GeO25 GPa (50 kbar)

a-GeO210 GPa (100 kbar)

Atomic: P, Si, C

Courtesy: C. BenmoreLDA-Si HDA-Si
Courtesy: T. Morishita

Courtesy: J. L. Yarger

Correlation: Poly-amorphism ↔ Anomalous Liquids
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Adapted from http://www.lsbu.ac.uk/water/



H. E. Stanley et al., PCCP 2, 1551-1558 (2000) Courtesy: O. Mishima

Phasediagram of Non-Crystalline Water



K. Winkel, M. S. Elsaesser, E. Mayer, T. Loerting, J. Chem. Phys. 128(4) (2008) 044510



HDA LDA





P. Debenedetti, Nature 392, 1998



Amorphous ice

ice Ih
HGW[2]ASW[1]

water vapour

liquid water
- 100 °C

- 0°C

pressure

LDA HDA [3]

fast cooling
~ 107 K/s 

[1] E.F. Burton and W.F. Oliver, Proc. R. Soc. A, 153, 1935
[2] P. Brüggeller, E. Mayer, Nature, 288, 1980; E. Mayer, J. Appl. Phys., 58, 1985
[3] O. Mishima, L.D. Calvert, E. Whalley, Nature, 310, 1984; 
[4] O. Mishima, L.D. Calvert, E. Whalley, Nature, 314, 1985
[5] T. Loerting, C. Salzmann, I. Kohl, E. Mayer, A. Hallbrucker, PCCP, 3, 2001

[4] VHDA[5]

deposition onto 
cold substrate

supercooled water
- -38°C



VERY HIGH-DENSITY AMORPHOUS ICE
(VHDA)
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1.26 g cm-3
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Relaxing amorphous ices at different pressures




