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はしがき
このたび「氷の分子科学」と題するシンポジウムを，新学術領域「柔らかな分

子系」の第 22 回ワークショップとして，埼玉大学で開催することになりました．氷
は最も学際的な研究対象の 1 つであり，これまでに優れた研究が数多く残されてき
ました．例えば，マイケル・ファラデーの氷表面の擬似液体層の提案，中谷宇吉郎
の人工雪の製作，ライナス・ポーリングの氷結晶の残余エントロピーの見積もりな
どは，歴史的にも現代的にも重要な科学の金字塔です．今回ご講演いただく先生方
の専門分野は結晶成長学，地球化学，分析化学，理論化学，分子分光学，物性物理
学と多岐にわたっていますが，それでもなお氷の分子科学の広大な領域を全てカバー
することはできません．このシンポジウムが，氷というキーワードを共有し各分野
で精力的に研究を展開している科学者の真直な議論を行う場となり，さらに未踏領
域を開拓する面白い研究を始めるきっかけとなることを願っています．

2017 年 5 月
山口祥一
森田明弘

Preface
We are glad to have a symposium entitled "Molecular Science of Ice" at Saitama Univ 

on Saturday, May 13th, 2017. This is financially supported by Grant-in-Aid for Scientific 

Research (KAKENHI) on Innovative Area "Soft Molecular Systems" headed by Prof. Tahei 

Tahara. Ice is an exciting interdisciplinary subject on which a number of great scientific 

milestones were built – for instance, a quasi-liquid layer on ice surfaces proposed by Michael 

Faraday, artificial snowflakes first made by Ukichiro Nakaya, residual entropy of ice estimated 

by Linus Pauling, and so on. Invited speakers in this symposium are from various fields 

such as crystallography, geochemistry, analytical chemistry, theoretical chemistry, molecular 

spectroscopy, and condensed matter physics, but the molecular science of ice is still too vast 

to be fully covered by them. We hope that scientists who energetically study ice in different 

fields can have fruitful discussion in this symposium to start another interesting and pioneering 

researches into unknown properties of ice.

Shoichi Yamaguchi

Akihiro Morita
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シンポジウム「氷の分子科学」　時間割

2017 年 5 月 13 日（土）
12:30 - 12:40 開会の挨拶 山口祥一（埼玉大）

12:40 - 13:20  鍵裕之（東大） p. 3

  Polymorphs of ice: implications to earth and planetary science

13:20 - 14:00  平田聡（イリノイ大） p. 4

  Ab initio ice, dry ice, and liquid water

14:00 - 14:40  藤井朱鳥（東北大） p. 5

  Infrared spectroscopy of large-sized water clusters

14:40 - 15:00 休憩

15:00 - 15:40  古川義純（北大） p. 6

  Adsorption of antifreeze glycoprotein on ice-water interface and its 

effect for crystal growth kinetics

15:40 - 16:20  石山達也（富山大） p. 7

  Molecular dynamics simulation study of structure and vibrational 

spectroscopy at ice surface

16:20 - 17:00  岡田哲男（東工大） p. 8

  Designing of analytical methods utilizing functionality of ice and 

frozen aqueous systems

17:00 - 17:40  杉本敏樹（京大） p. 9

  Emergent high-Tc ferroelectric ordering of strongly correlated and 

frustrated protons in crystalline-ice film

17:40 - 17:50 閉会の挨拶 森田明弘（東北大）

17:50 - 19:30 意見交換会
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Polymorphs of ice: implications to earth and planetary science 

Hiroyuki KAGI 

Geochemical Research Center, Graduate School of Science, University of Tokyo 
E-mail: kagi@eqchem.s.u-tokyo.ac.jp 

 

Hydrogen is the most abundant element and water is the third abundant molecular species in the solar 
system. Evidence for existence of crystalline water ice in the outer solar system has been clarified through 
infrared observations. On the surface of the earth, more than 95% of water exists as liquid in oceans and 
about 1.5 % of water exists as ice in glaciers. 

If we draw attentions to the interior of earth and planets having wide pressure-temperature ranges, the 
variety of crystalline ice extends tremendously1. So far seventeen polymorphs of ice have been reported 
from experimental studies2. Stability field of ice extends to high-temperature region at high pressure; it was 
suggested that ice VII may exist in cold subducting slabs3. Near infrared 
spectroscopic analysis suggested ice VI as inclusions in natural dia-
monds4. 

Satzmann et al. raised five unsolved questions on the polymorphs of 
ice1, such as disorder-order pairs, salt incorporations into ice structure, 
and so on. To solve these questions, it is necessary to determine precise-
ly hydrogen positions in crystalline ice at extreme conditions. We have 
constructed a beamline for neutron diffraction measurements at 
high-pressure conditions at MLF, J-PARC5. Using the facility, we found 
that partially ordered states are established as a mixture of ordered do-
mains in disordered ice VI6. It means that the order–disorder pairs in ice 
polymorphs are not one-to-one correspondent pairs but rather have 
one-to-n correspondence. Moreover, a salt incorporation process to ice 
VII has been proposed7. 
 
References 
1. C. G. Salzmann, P. G. Radaelli, B. Slater, B. and J. L. Finney, Phys. Chem. Chem. Phys. 13, 18468 (2011). 
2. A. Falenty, T. C. Hansen, and E. F. Kuhs, Nature 516, 3001 (2014).  
3. R. R. Bina and A. Navrotsky, Nature 408, 231 (2000). 
4. H, Kagi, R. Lu, P. Davidson, A. F. Goncharov, H.-K. Mao and R. J. Hemley, Mineralogcal Magazine, 64, 1057 

(2000). 
5. T. Hattori et al. Nuclear Inst. and Methods in Physics Research A, 780, 55 (2015). 
6.  K. Komatsu, F. Noritake, S. Machida, A. Sano-Furukawa, T. Hattori, R. Yamane and H. Kagi, Scientific Report 

6, 28290 (2016). 
7. S. Klotz, K. Komatsu, F. Pietrucci, H. Kagi, A.-A. Ludl, S. Machida, T. Hattori, A. Sano-Furukawa and L. E. 

Bove, Scientific Report 6, 32040 (2016). 
 

Hiroyuki KAGI 
1988 BS, Department of Chemistry, University of Tokyo 
1990 MS, Department of Chemistry, University of Tokyo 
1991 Research Associate, Institute of Material Science, University of Tsukuba 
1994  PhD, Department of Chemistry, University of Tokyo 
1996 Visiting Scientist, State University of New York at Stony Brook 
1998 Lecturer, Graduate School of Science, University of Tokyo 
2000 Associate Professor, Graduate School of Science, University of Tokyo 
2010 Professor, Graduate School of Science, University of Tokyo 

Fig.1 Neutron diffraction 
measurement system for high 
pressure and low temperature 
conditions at MLF, J-PARC  
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Ab Initio Ice, Dry Ice, and Liquid Water 

So HIRATA 

Department of Chemistry, University of Illinois at Urbana-Champaign 
E-mail: sohirata@illinois.edu 

 

Simulations of bulk solids and liquids at an accurate ab initio theoretical level treating all electrons 
quantum mechanically have long been unthinkable. We present just such simulations for a whole range of 
structural, dynamical, thermodynamic and response properties of ice (solid H2O phase Ih),1,2 high-pressure 
ice (solid H2O phase VIII),3 dry ice (solid CO2 phase I),4–7 high-pressure dry ice (solid CO2 phase III)7 and 
liquid water.8 They have been made possible by combining an algorithmic breakthrough (the embed-
ded-fragmentation technique) with the massively parallel supercomputing power. The calculated properties 
include structures, equation of state, bulk mod-
ulus, thermal expansion, volume isotope effect, 
heat capacities, pressure tuning of Fermi reso-
nance, infrared, Raman, and inelastic neutron 
scattering spectra, solid-solid phase transition, 
amorphizaion, self-diffusion coefficients, Ra-
man noncoincidence, hydrogen-bond lifetime 
and reorganization in the liquid, some of which 
accessible only by predictive high-performance 
computing. 

 
References 
1. X. He, O. Sode, S. S. Xanthea s, and S. Hirata, J. Chem. Phys. 137, 204505 (2012). 
2. M. A. Salim, S. Y. Willow, and S. Hirata, J. Chem. Phys. 144, 204503 (2016). 
3. K. Gilliard, O. Sode, and S. Hirata, J. Chem. Phys. 140, 17507 (2014). 
4. O. Sode, M. Keçeli, K. Yagi, and S. Hirata, J. Chem. Phys. 138, 074501 (2013). 
5. S. Hirata, O. Sode, M. Keçeli, K. Yagi, and J. Li, J. Chem. Phys. 140, 177102 (2014). 
6. J. Li, O. Sode, and S. Hirata, J. Chem. Theory Comput. 11, 224 (2015). 
7. J. Li, O. Sode, G. A. Voth, and S. Hirata, Nat. Commun. 4, 2647 (2013); Corrigendum 6, 8907 (2015). 
8. S. Y. Willow, M. A. Salim, K. S. Kim, and S. Hirata, Sci. Rep. 5, 14358 (2015). 
 

So HIRATA 
1994 B.S., Department of Chemistry, The University of Tokyo 
1996 M.S., Department of Chemistry, The University of Tokyo 
1998 Ph.D., The Graduate University for Advanced Studies & Institute for Molecular Science 
1998 Visiting Scholar, Department of Chemistry, University of California, Berkeley 
1999 Postdoctral Research Associate, Department of Chemistry, University of Florida 
2001 Senior Research Scientist, Pacific Northwest National Laboratory 
2004 Assistant Professor, Departments of Chemistry and Physics, University of Florida 
2009 Associate Professor, Departments of Chemistry and Physics, University of Florida 
2010 Professor, Department of Chemistry, University of Illinois at Urbana-Champaign 

Figure 1. Calculated (color) and observed (grey) IR, Raman, and 
INS spectra of high-pressure, proton-ordered phase VIII of ice. 



5

Infrared Spectroscopy of Large-Sized Water Clusters  

Asuka FUJII 

Department of Chemistry, Graduate School of Science, Tohoku University 
E-mail: asukafujii@m.tohoku.ac.jp 

 

The nature of water is governed by its hydrogen bonds (H-bonds), and a variety of H-bond network 

structures of water have been a subject of great interest. Water clusters, (H2O)n, enable us to establish 

a microscopic picture of complicated H-bonded networks. Spectroscopic studies of water clusters, 

however, have been practically limited to the relatively small-sized region (n !~10) because of the 

difficulties in the size selection and spectral analysis. The H-bond networks in this size region are very 

different from those expected in bulk water. Therefore, spectroscopic studies of the much larger size 

region have been requested to bridge the gap between the well-known small water clusters and bulk 

water.  

We have applied size-selective infrared (IR) spectroscopy to large-sized water clusters (n=20-50) 

and probed the structural development process of water networks.1-3 For neutral water clusters, we in-

troduced a phenol molecule as a chromophore for the resonance enhanced multiphoton ionization 

(REMPI) detection, and we achieved the moderate size-selectivity (!n!~6) by the modified ultravio-
let-infrared double resonance scheme. We observed the spectral change in the H-bonded OH stretch 

region, and we identified the H-bonded OH stretch band of 4-coordinated water sites, which indicate 

the growth of the “interior” in the cluster. 3 We also performed IR spectroscopy of large protonated 

water clusters H+(H2O)n (n=20-200) as “charge-labeled” water clusters.4 Because of the excess proton, 

the precise size-selection of the large clusters can be achieved by mass spectrometric techniques.  

The H-bonded OH stretch band of 4-coordninated water sites showed a gradual low-frequency shift in 

n"~100. This shift is interpreted in terms of the crystallization of the interior of the cluster in this size 

range. Surface condition of the clusters and its similarity to the bulk water is discussed with the free 

OH stretch frequency. 

 
References 
1.   A. Fujii, K. Mizuse, Int. Rev. Phys. Chem. 32, 266 (2013). 

2.   K. Mizuse, T. Hamashima, A. Fujii, J. Phys. Chem. A 113, 12134 (2009). 

3.   T. Hamashima, K. Mizuse, A. Fujii, J. Phys. Chem. A 115, 620 (2011). 

4.   K. Mizuse, N. Mikami, A. Fujii, Angew. Chem. Int. Ed. 49, 10119 (2010). 

 
Asuka FUJII 

1987 BS, Department of Chemistry, Tohoku University 
1989 MS, Department of Chemistry, Tohoku University 
1989 Research Associate, Institute for Molecular Science 
1993 Research Associate, Department of Chemistry, Tohoku University 
1993 PhD, Department of Chemistry, Tohoku University 
1996-7    Visiting Scientist, Institute of Atomic and Molecular Sciences, Taiwan 
2002 Associate Professor, Department of Chemistry, Tohoku University 
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Adsorption of antifreeze glycoprotein on ice-water interface and its effect for 
crystal growth kinetics 

Yoshinori FURUKAWA 

Institute of Low Temperature Science, Hokkaido University 
E-mail: frkw@lowtem.hokudai.ac.jp 

 

Fishes living underneath the sea ice never freeze even though their blood is kept in a supercooled state1. 
The reason comes from that the blood contains some special kinds of proteins called as antifreeze glyco-
proteins (AFGP) or antifreeze proteins (AFP), bio-macromolecules that function as ‘antifreeze’ in living 
organisms in a subzero environment. These protein molecules adsorb on ice-water interface and control the 
ice crystal growth. However, there still remain a lot of missing pieces of the puzzle for the growth control 
mechanism, because the direct observation and measurement of ice-water interfaces are difficult to carry 
out due to their low light reflection.  

The basic observations based on the crystal growth, for example, precise measurements of growth 
rates2,3, in-situ observation of the adsorption states of these molecules on ice-water interface using the flu-
orescent-labeled method4, the MD simulation5, the FT-IR6 and so on7.  We obtained a direct experimental 
evidence by the fluorescent observation that the adsorbed AFGP molecules strongly prohibit the growth of 
the prismatic faces of ice crystal.  On the other hand, precise measurements of growth rates during the free 
growth of an ice single crystal in supercooled water containing a small amount of AFGP, which were car-
ried out in the microgravity condition in International Space Station, clarified that the AFGP molecules 
work to promote the growth for the basal faces of ice crystal but to inhibit the growth for prism and pyram-
idal faces.  These results mean that adsorbed AFGP molecules may function as the promotor or inhibitor 
depending on the crystallographic orientation of adsorbed interfaces.   

These findings will lead to a better understanding of a novel kinetic process for growth enhancement due 
to the adsorption of protein molecules and will shed light on the role that crystal growth kinetics has in the 
onset of the mysterious antifreeze effect in living organisms, namely, how this protein may prevent fish 
freezing.  

 
References 
1. Y. Yeh and R.E. Feeney, Chem. Rev. 96, 601-618 (1996). 
2. D. A. Vorontsov, G. Sazaki, S-H. Hyon, K. Matsumura and Y. Furukawa, J. Phys. Chem., B118, 10240-10249 

(2014). 
3. Y. Furukawa, K. Nagashima, S. Nakatsubo, I. Yoshizaki, H. Tamaru, T. Shimaoka, T. Sone, E. Yokoyama, S. 

Zepeda, T. Terasawa, H. Asakawa, K. Murata, and G. Sazaki, Scientific Reports, 7:43157, (2017). 
4. S. Zepeda, E. Yokoyama, Y. Uda, C. Katagiri and Y. Furukawa, Cryst. Growth Des. 8, 3666-3672, (2008) 
5. H. Nada, and Y. Furukawa, J. Phys. Chem. B 112, 7111-7119 (2008). 
6. Y. Uda, S. Zepeda, F. Kaneko, Y. Matsuura and Y. Furukawa, J. Phys. Chem. B 111, 14355-14361(2007). 
7. Y. Furukawa, in Handbook of Crystal Growth (Second Edition) (ed. Tatau Nishinaga) 1061-1112 (Elsevier, 2015). 
 
  Yoshinori FURUKAWA 

1973 BS, Department of Geophysics, Hokkaido University 
1978 Research Associate, Institute of Low Temperature Science, Hokkaido University  
1981 Ph.D., Department of Geophysics, Hokkaido University 
1991 Associate Professor, Institute of Low Temperature Science, Hokkaido University 
2007 Professor Institute of Low Temperature Science, Hokkaido University 
2011 Director, Institute of Low Temperature Science, Hokkaido University 
2014 Specially-Appointed Professor, Hokkaido University 
2016 Professor Emeritus, Hokkaido University 



7

Molecular Dynamics Simulation Study of Structure  
and Vibrational Spectroscopy at Ice Surface 

Tatsuya ISHIYAMA 

Dept. of Applied Chem., Graduate School of Science and Engineering, Univ. of Toyama  
E-mail: ishiyama@eng.u-toyama.ac.jp 

  In this talk, we discuss molecular structures and vibrational sum frequency generation (VSFG) spectra at ice 

surface by molecular dynamics (MD) simulations. Previously, we published three papers1,2,3 related to molecular 

structures and its vibrational spectroscopic response at the basal plane surface of ice Ih. In the studies, we fo-

cused on orientational order of water molecules at the topmost surface as a function of temperature below the 

melting point of water, and how the so-called “surface melting of ice” can be interpreted by the observed VSFG 

spectra. We will review our previous theoretical studies, and discuss the ongoing study in a close collaboration 

with experimental studies. In the following, we briefly summarize our previous papers published until now.  

  It is well known that the VSFG spectrum of the basal plane ice surface shows a very intense response at 

about 3200 cm-1 in comparison with that of liquid water4. In our first paper, we elucidated the reason why 

the ice surface generates such intense band by using MD simulation combined with quantum mechan-

ics/molecular mechanics (QM/MM) calculation1. “Intermolecular charge transfer” and “vibrational delo-

calization” are key factors to account for the observed spectra. In the subsequent paper2, we further focused 

on to what extent a vibration of OH stretching mode is delocalized in space. Recently, we elucidated the 

melting of the second bilayer at the ice surface takes place at about 250 K3. Our MD simulation actually 

showed a discontinuous change of the surface structure in the second bilayer and an abrupt peak shift of the 

VSFG response in the hydrogen-bonding stretching region3.  

  Our recent study in collaboration with the experimental group5 have elucidated a bipolar response, 

namely, a positive-negative feature for the heterodyne-detected VSFG spectrum in the hydrogen-bonding 

stretching region. We will discuss a mechanism of this spectroscopic response pertinent to molecular 

structure at the basal plane surface of ice Ih.  
References 
1. T. Ishiyama, H. Takahashi and A. Morita, J. Phys. Chem. Lett. 3, 3001 (2012). 
2. T. Ishiyama and A. Morita, J. Chem. Phys. 141, 18C503 (2014). 
3. M. A. Sánchez, T. Kling, T. Ishiyama, M.-J. Zadel, P. J. Bisson, M. Mezger, M. N. Jochum, J. D. Cyran, W. J. 

Smit, H. J. Bakker, M. J. Shultz, A. Morita, D. Donadio, Y. Nagata, M. Bonn and E. H. G. Backus, Proc. Natl. 
Acad. Sci. USA 114, 227 (2016). 

4. X. Wei, P. B. Miranda and Y. R. Shen, Phys. Rev. Lett. 86, 1554 (2001). 
5.   Y. Otsuki, T. Sugimoto, T. Ishiyama, A. Morita, K. Watanabe and Y. Matsumoto, submitted for publication. 

  
Tatsuya ISHIYAMA 
2004 PhD, Department of Mechanical Science, Hokkaido University  
2005 Post-doc, Institute for Molecular Science 
2007 Assistant Professor, Department of Chemistry, Tohoku University 
2014 Lecturer, Department of Applied Chemistry, University of Toyama 
2015 Associate Professor, Department of Applied Chemistry, University of Toyama 
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Designing of Analytical Methods Utilizing Functionality of Ice
and Frozen Aqueous Systems

Tetsuo OKADA
Department of Chemistry, School of Science, Tokyo Institute of Technology

E-mail: tokada@chem.titech.ac.jp

Ice and frozen aqueous solutions have received much attention in various communities because they are 
not only of scientific interest but also of practical importance.  We developed ice chromatography, in which 
ice particles are used as the liquid chromatographic stationary phase.1 This method is practically not very 
useful because of low separation performance, but has interesting features as a tool for probing phenomena 
occurring at ice interfaces.  Ice chromatography has successfully revealed the molecular interactions occur-
ring on the ice surface,2 growth of a quasi-liquid layer at the ice/organic phase interface,3 the distribution of 
solutes into a liquid phase that coexists with ice etc.  In this lecture, we will show our recent achievements 
in the developments of analytical methods based on the functionality of ice and frozen aqueous systems, and 
present some anomalous phenomena found through measurements. 

Aqueous solutions are separated into ice and liquid phase upon freezing in a particular temperature range.
One of the efficient properties of the frozen aqueous solutions is the freeze concentration of solutes into the 
liquid phase.  We can control the concentration ratio and the volume of the liquid phase by changing tem-
perature and solute concentration in an original unfrozen solution.  Freeze concentration leads to high sen-
sitivity in the subsequent analyses.  However, since it is usually difficult to pick out the liquid phase from 
the frozen solutions, freeze concentration has not been recognized as a useful analytical approach.  We have 
shown that the combinations of freeze concentration with capillary electrophoresis and with in-situ measure-
ments including spectrometry and voltammetry are efficient for designing analyses of high sensitivity.4

Also, we have developed micro- or nano-fluidic systems for separation and reactions with frozen aqueous 
systems.5 Of importance is that the liquid phase size is tunable by controlling e.g. temperature.  Some 
interesting phenomena have been found in such systems, including four-order of magnitude enhancement of 
crown ether complexation,6 weakened hydrophobic interactions,7 the formation of ZnO from Zn2+ solution8

etc.   

References
1. Y.Tasaki, T.Okada, Anal.Chem. 78, 4155 - 4160 (2006)
2. Y.Tasaki, T.Okada, Anal.Chem. 81, 890-897(2009)
3. Y.Tasaki, T.Okada, J.Phys.Chem.C, 112, 2618-2623 (2008)
4. e.g. H.Qu, Y.Arai, M.Harada, T.Okada, Anal.Chem. 87, 4314-4320 (2015)
5. A.Inagawa, M.Harada, T.Okada, Sci.Rep. 5, 17308 (2015)
6. Y.Tasaki, T.Okada, J.Am.Chem.Soc.134, 6128–6131 (2012)
7. H.Qu, M.Harada, T.Okada, ChemElectroChem, 4, 35–38 (2017)
8. K.Tokumasu, M.Harada, T.Okada, Langmuir, 32, 527–533 (2016); ChemPhysChem in press.

Tetsuo OKADA
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1989 Associate Professor, Faculty of Liberal Arts, Shizuoka University
1995 Associate Professor, School of Science, Tokyo Institute of Technology
2000 Professor, School of Science, Tokyo Institute of Technology
2015 Dean, School of Science, Tokyo Institute of Technology



9

Emergent high-Tc ferroelectric ordering of strongly correlated 
and frustrated protons in crystalline-ice film 

Toshiki SUGIMOTO 
Department of Chemistry, Graduate School of Science, Kyoto University 

Precursory Research for Embryonic Science and Technology, Japan Science and Technology Agency,  
E-mail: toshiki@kuchem.kyoto-u.ac.jp 

 

Materials containing strong correlation and frustration have a potential to exhibit dramatic and unu-
sual response to external perturbation. In the case of common water ice (ice Ih), protons in the hydro-
gen-bond (HB) network are strongly correlated and highly frustrated under the Bernal-Fowler-Pauling 
ice rules1. Because the strongly correlated protons have an extremely long dielectric relaxation time 
and lose ergodicity at low temperature, disordered proton structures are inevitably frozen as a protonic 
glass upon cooling, resulting in finite macroscopic residual entropy. Thus, unveiling deeply hidden 
protonic ordered states in crystalline ice has been a longstanding challenge in the physical chemistry 
of ice. 

Based on the sum frequency generation (SFG) spectroscopy of crys-
talline-ice films heteroepitaxially grown on Pt(111), oxygen precovered 
Pt(111), and Rh(111) substrate, here we demonstrate emergent 
ferroelectric ordering and exotic thermodynamic features of protons in 
ice2-5. During heteroepitaxical grwoth of ice on Pt(111), we observed 
that first-layer water molecules are significantly aligned and pointing to 
substrate with H-down configuration, and the net-H-down ordering pro-
gressively propagates into overlayer2. In contrast, there was no substan-
tial proton ordering in the ice films on oxygen precovered Pt(111) and 
Rh(111) where first-layer water molecules do not have preferential H-up 
and H-down orientational ordering3-5. Line shapes of Imχ(2) spectra of 
the ferroelectric ice films on Pt(111) were completely different from 
those of the paraelectric ice films on Rh(111) 2-5.  

The ferroelectric ice films on Pt(111) showed reversible and gradual thermal depolariza-
tion/repolarization during heating/cooling process with unexpectedly high critical temperature of Tc≧

160 K2,5, which is in stark contrast to the ferroelectric bulk ice XI that shows extremely hysteric and 
sudden depolarization to ice Ih at Tc~72 K6,7. In addition to these results, isotope effects5 on the ther-
modynamic stability of ferroelectric state will be discussed. 
 
References 
1. C. G. Salzmann, P. G. Radaelli, B. Slater, & J. L. Finney, Phys. Chem. Chem. Phys. 13, 18468 (2011).  
2. T. Sugimoto, N. Aiga, Y. Otsuki, K. Watanabe & Y. Matsumoto, Nature Phys. 12, 1063 (2016). 
3. O. Yuji, T. Sugimoto, T. Ishiyama, A. Morita, K. Watanabe, & Y. Matsumoto, submitted.  
4. O. Yuji, T. Sugimoto, K. Watanabe, & Y. Matsumoto, in preparation. 
5. N. Aiga, T. Sugimoto, O. Yuji, K. Watanabe, & Y. Matsumoto, in preparation. 
6. Y. Tajima, T. Matsuo, & H. Suga, Nature 299, 810 (1982). 
7. M. Arakawa, H. Kagi, J. A. F.-Baca, B. C. Chakoumakos, & H. Fukazawa, Geophys. Res. Lett. 38, 

L16101 (2011). 

Figure 1. Schematic illustra-

tion of the growth of ferroe-

lectric ice film on Pt(111). 
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