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Abstract

Ice is the most fundamental molecular solid in the large material group, such as
confined water and hydrates, characterized by water molecules. Nineteen ice poly-
morphs have been reported so far. The polymorphs can be classified into hydrogen-
disordered and hydrogen-ordered phases, where hydrogen atoms occupy their sites at
50 and 100%, respectively. These states include some notable physical phenomena,
such as a residual entropy caused by ice rule. In this thesis, I studied two unresolved
problems of disordered high-pressure phases, ice VI and VII appearing at 1–2 GPa
and 2–60 GPa, respectively. Salzmann et al. (2009) found that impurity-doping
induces a phase transition to its ordered phase, ice XV, using neutron diffraction.
Recently, the existence of another ordered phase was suggested in addition to ice
XV (Gasser et al., 2018). Anomalous behavior of ice VII, on the other hand, has
been reported around 10 GPa. For example, Pruzan et al. (1990) reported that a
width of a Raman band of a symmetric stretching mode of a water molecule, has a
minimum at around 10 GPa. Somayazulu et al. (2008) showed a peak splitting in an
X-ray diffraction pattern at 14.8 GPa. Okada et al. (2014) showed that DC electric
conductivity of ice VII has a maximum at 12 GPa from impedance measurements.
However, no comprehensive interpretation for the experimental anomalies has been
found.

Chapter 2 describes the discovery of a new hydrogen-ordered phase of ice VI,
named as ice XIX, from in situ of dielectric and neutron diffraction measurements
at high pressure. Ice XV has been known as a hydrogen-ordered phase of ice VI so
far. This is the second discovery of hydrogen-ordered phase of ice VI. Representative
data of temperature dependence of dielectric loss and neutron diffraction of ice VI
and ice XIX are shown in Fig. 1. Hydrogen ordering was observed as disappearance
of dielectric response at 117 K (Fig. 1(a)) and as appearance of new peaks in the
diffraction pattern at 108 K (Fig. 1(b)). These phenomena were caused by a limi-
tation of reorientation of water molecules and symmetry lowering accompany with
the hydrogen-ordering. Furthermore, structure analysis of ice XIX clarified that its
unit cell is expanded to

√
2×

√
2× 1 from a unit cell of ice VI. I also proposed the

two most possible structure models for ice XIX whose space groups are P4 and Pcc2.
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FIG. 1: (a) Temperature dependence of dielectric loss of ice VI and its new ordered phase at 2.0
GPa. (b) Neutron diffraction patterns obtained at 1.6 GPa and temperatures between 80–150 K.
Pb, pressure marker, shows a peak at around 1.75 Å. The black triangle ticks indicate that their
corresponding peaks are derived from

√
2 ×

√
2 × 1 unit cell of a new ordered phase of ice VI.

Hydrogen disorder-order transition can be seen at around 120 K in both measurements.

FIG. 2: Pressure dependence of dielectric constant
of ice VII. Black and grey arrows indicate dielectric
relaxations with their dynamics.

Chapter 3 describes investigation
of dielectric properties of ice VII be-
yond 10 GPa using a newly devel-
oped high-pressure cell. As a result,
a theoretically predicted scenario was
observed (Hernandez and Caracas,
2018); dominant dynamics of disor-
dered state of ice VII changes from
molecular rotation to proton trans-
lation at around 10 GPa. Figure
2 shows the dynamics crossover ob-
served in my dielectric experiments.
Two dielectric relaxations were ob-
served below 8.6 GPa, and the expected pressure response was observed considering
activation volume of the each dynamics; molecular rotation was inactivated and
proton translation was activated with increasing pressure. The two dielectric relax-
ations merged at around 10 GPa on the frequency axis, and the dielectric relaxation
of proton translation is faster than that of water rotation above the pressure. This
result is the direct observation of the theoretically predicted dynamics crossover in
ice VII. My study gives the solution to the reported anomalous behavior of ice VII
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FIG. 3: Neutron diffraction patterns at 6.2 GPa
and with electric fields of 0, 4.1, 6.1, 8.2, and
10.2 kV/mm. Exposure times were 1, 1, 0.5, 0.5,
and 2 h, respectively. The inset shows expanded
plots at around 50◦. From lower angle, 110, 111,
and 211 reflections of ice VII are observed. The
peak at around 55◦ is 110 reflection of diamond
(anvils). The undulation from 60◦ to 90◦ could be
derived from inhomogeneous gaps of the radial-
collimator partitions.

at around 10 GPa with the theoretical report (Hernandez and Caracas, 2018).

Chapter 4 describes neutron diffraction experiments of ice VII carried out under
high pressure and high electric field for search of a ferroelectrically (abbreviated FE)
ordered structure of ice VII. Coexistence of FE ordered domain in ice VII was also
theoretically suggested as an interpretation for the anomalous behavior of ice VII
at around 10 GPa (Caracas and Hemley, 2015). This is the first case of neutron
experiments under the multi-extreme conditions. As a result, no clear evidence of
the appearance of the FE ordered structure of ice VII was obtained from the observed
diffraction patterns as shown in Fig. 3. Although further technical improvements
would be necessary to find the potential existence FE structure, this study will be
continued for the aim of the discovery of FE ordered structure by applying much
higher electric field. The discovery should have a high impact considering its notable
structural property in contrast to a typical antiferroelectrically ordered structure,
ice VIII, which is an ordered phase of ice VII.

Chapter 5 describes technical developments for high-pressure dielectric experi-
ments. Figure 4(a) and (b) show the two developed cells. These cells are used
depending on target pressures; one of them is a piston-cylinder type and the other
one is a Bridgman type cell. Their achievable pressures are up to 2.5 GPa and 13
GPa, respectively. Sample pressure can be estimated from in situ ruby fluorescence
measurement. A notable feature of the cells is that they are applicable to not only
solid samples but also liquid samples by overcoming technical difficulties, such as
maintaining electrodes in parallel under high pressure.
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FIG. 4: Cell assemblies of piston-cylinder and Bridgman type high-pressure apparatuses for di-
electric measurements, shown in (a) and (b), respectively. Samples are loaded vertically and their
pressures are estimated using ruby fluorescence method.

In conclusion, I clarified the two unresolved problems of high-pressure phases of
ice, VI and VII using newly developed high-pressure cells. I found the new ordered
phase of ice VI besides the known ordered phase, ice XV. This is the first study
revealing that one disordered ice has two hydrogen-ordered phases. This one-to-
many correspondence opens new avenues to investigate the diversity of ice. For the
anomalous behavior of ice VII at around 10 GPa, I directly observed that dominant
dynamics of disordered state of ice VII changes from molecular rotation to proton
translation. The first observation of the proton dynamics gives an experimental
insight in light of its pressure response for not only ice but also other substances,
such as proton conductors. As a different approach for the anomalous behavior of
ice VII, I studied the search for a FE ordered structure of ice VII using neutron
diffraction under high pressure and high electric field. Although I have not found
out the FE ordered structure yet, my original experiment motivates other future
works aiming to open a new research field of ice using electric field, such as an
electric field induced new phase of ice.
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1 General Introduction

Ice is the most fundamental molecular solid in the large material group, such as
confined water and hydrates, characterized by water molecules. Water molecules
and their hydrogen-bond networks make various crystal forms of ice [1]. Twenty ice
polymorphs have been discovered including this study so far, and they show notable
electric properties derived from an electric dipole moment of a water molecule. The
polymorphs can be classified into hydrogen-disordered and hydrogen-ordered phases
[1], where hydrogen atoms occupy their sites at 50 and 100%, respectively. Some of
hydrogen-ordered phases have ferro or antiferroelectrically ordered structures (e.g.
[2–4]). In disordered states, on the other hand, the dipole moments have random
orientations and they reorient their directions constantly by molecular rotation and
proton translation. These dynamics cause a variety of dielectric response of disor-
dered ice (e.g. [5–7]). Moreover, the proton dynamics also derives a notable electric
characteristic of ice, proton conductivity [8]. Proton migration in hydrogen-bond
networks of ice is known as Grotthuss mechanism [9], and the proton dynamics is
extensively recognized in other proton conductors (e.g. [10]). Those electric charac-
teristics, originated from a water molecule and hydrogen atom, have been focused in
memory materials and electric conductors (e.g. [11–13]) with merits of abundance
of H2O and H. From the simple chemical composition of ice, it has given us deep or
new insights of other substances including water molecules and hydrogen bonds even
up to now and in the future. In this chapter, we start from a review on discovery
history of ice polymorphs. This thesis reports a discovery of a new phase of ice,
named ice XIX, and the historical review is helpful to understand what meanings
this study has as a research direction of ice from now on. We also focus on previous
studies of Ice Ih and its hydrogen ordering as an example of a hydrogen disorder
- order phase transition, because all essential points of this thesis are found in the
previous studies.

1.1 Historical review of ice polymorphs

”Ih” is the notation for the most famous ice polymorphs. The Roman numeral
basically represents discovered order of its polymorphs besides such as ice Ic, which
is a metastable disordered phase corresponding to ice Ih. The alphabets, h and c, are
exceptionally given for ice Ih and Ic and they mean crystal system of each structure,
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hexagonal and cubic, respectively. Discovery history of ice polymorphs has been
accompany with experimental breakthrough so far; for example ice II and III were
found by high-pressure technical developments by Percy Williams Bridgman in the
beginning of 20th century [14], who is the father of high-pressure physics. Since
his initial development, several ice polymorphs were found up to seventh ice, ice
VII, with improvements of high-pressure techniques (see Fig. 1.1 and [15]). These
discoveries are basically about hydrogen-disordered phase. Whalley and Davidson
(1966) first reported a hydrogen-ordering phase transition from ice VII to ice VIII
above 2 GPa at around 0◦C [16]. Since their discovery, some ordered phases of ice
were found up to fifteenth ice, ice XV [1], except for ice X and XII which are high
pressure phase of ice VII appears above 60 GPa [17] and hidden disordered phase
at around 1 GPa [18], respectively.

FIG. 1.1: Phase diagram of ice and H2 hydrate. In the phase diagram of ice, red and light blue
colored phases represent hydrogen disordered and ordered states, respectively. In ice X, atomic
positions of hydrogen comes to the middle of hydrogen-bonded oxygen atoms, and the phase is
written by black color. The dotted lines mean undetermined phase boundaries. The phase diagram
of H2 hydrate is overwritten on the phase diagram of ice for comparison. H2 hydrate has some
high-pressure phases, whose host structures are new ice phases. Ice XVI denoted asterisk was
obtained the SII type structure, though the guest molecule was neon.

Among the discoveries of hydrogen-ordered phases, Kawada (1972) found an
impurity-doping technique to induce hydrogen ordering from ice Ih to ice XI [19].
The technique has been extensively used for discoveries of new ordered phases of
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ice [20]. My discovery of a new phase was achieved by a combination of the high-
pressure technical developments and the impurity-doping technique. In addition,
recently new disordered phases of ice were reported by strategic processes; ice XVI
and XVII were made from degassing process of guest molecules put in ice XVI and
XVII host cage ([21] and [22]). Ice XVIII was found as high-temperature and high-
pressure phase of ice VII (above 2000 K and 100 GPa) by in situ X-ray diffraction
measurements of laser-shocked water droplets [23].

1.2 Ice polymorphs and its diversity

Nineteen ice polymorphs have been reported so far, and the large number of poly-
morphs is a notable feature of ice. The diversity of ice polymorphs is mainly from
two reasons: flexibility of a water molecule and hydrogen bond, and the hydrogen
disorder-order phase relationship. The latter one is understood from the phase dia-
gram of ice. In terms of the flexibility of water molecule, it is known from gas-phase
studies that the H-O-H angle is 104.5◦. On the other hand, the H-O-H angle shows
large distribution in ice polymorphs. This distribution can be explained by low
electron density of hydrogen atoms; the relatively low electron repulsion makes a
water molecule bent its H-O-H angle easily. Fig. 1.2 shows the H-O-H angle dis-
tribution in some ice polymorphs. When we compress ice ih, the angle distribution
is scattered with increasing pressure and the distribution has a maximum at ice V.
It can be also seen in its complicated crystal structure (see Fig. 1.2). Beyond the
pressure region of ice V, higher-pressure phases, ice VI and VII, make two inde-
pendent hydrogen-bonded networks in their structures, which are denoted by blue
and red-colored oxygen atoms in Fig. 1.2. These independent networks make the
convergence of the angle distribution; water molecules can avoid making hydrogen
bonds forcibly as like as ice V. Additionally, the flexibility of hydrogen bond also
causes the variety of its networks among ice polymorphs [1].
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FIG. 1.2: Several crystal structures and H-O-H angle dispersion in their crystal structures. The
H-O-H angle dispersion of each ice polymorphs is based on data of each crystal structure (ice Ih:
[24], ice III: [25], ice V: [26], and ice VI and VII: [27]). In the crystal structures of ice VI and VII,
two colored oxygen atoms represent two independent hydrogen-bonded networks. Black square of
each crystal structure shows its unit cell.

Whalley (1966) reported hypothetical energy differences between ice Ih and other
high-pressure phases at ambient pressure (see Fig. 1.3 and [28]). As shown in
the figure, the structures of disordered phases energetically degenerate comparing
with the room-temperate energy scale (26 meV at 300 K) up to ice VI. In other
words, pressure potentially controls such energy differences, about 20 meV, beyond
activation energies with reforming of oxygen frameworks. This is an important
implication for this thesis. Actually such energy degeneracy is also reported among
hydrogen-ordered configurations in disordered phases including ice VI focused on in
this thesis (e.g. [29–31]). Ice VI and its hydrogen ordered phase, ice XV, are in
a wide pressure region from 1 to 2 GPa. From its wide pressure range, there is a
possibility that some stable hydrogen-ordered phases exist corresponding to ice VI
in addition to ice XV [31]; the expectation is confirmed in this study.
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FIG. 1.3: Hypothetical energy differences between ice Ih and other high-pressure disordered phases
at ambient pressure. Ice polymorphs are displayed in order of their density. This figure was made
based on previous study reported in [28].

1.3 Discovery of hydrogen ordering from ice Ih

As mentioned in the above section, hydrogen ordering is one of the biggest reasons
for the diversity of ice polymorphs in addition to the geometrical features. It is
meaningful for this study to historically review the discovery of ice XI, which is
an ordered phase of ice Ih. Because its discovery history includes the essential
theme of my thesis, such as ice rule and point defects in ice. Before starting this
section, we confirm the ice rule [15] as follows. 1) An oxygen atom has two covalent
and two hydrogen bonds with four hydrogen atoms, respectively. 2) Two hydrogen
atoms cannot simultaneously occupy their sites between hydrogen-bonded oxygen
atoms. The first rule means that water molecules keep their molecular structures
even in their solid state, ice. The second one constraints water molecule alignment
considering electrostatic repulsion between hydrogen atoms.

1.3.1 Disordered states of ice Ih

In hydrogen-disordered and ordered states of ice, hydrogen atoms take 50 and 100%
occupancy on their sites in time and space average. In a disordered state, water
molecules have random orientations and change their directions through molecular
rotation and proton translation dynamics by thermal fluctuation. In lower temper-
ature, the thermal fluctuation is suppressed with the dynamics. This suppression
is represented in the TS term of Gibbs free energy expression: G = H − TS. Ad-
ditionally, it is expected from this equation that the most stable ordered phase
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appears among possible hydrogen-ordered configurations obeying ice rule. Based
on this expectation, hydrogen ordering of ice Ih had been investigated, though no
study had reported about the hydrogen ordering for a long time. Especially from
calorimetry study of ice Ih, non-zero entropy was reported at 0 K by Giauque and
Stout (1936) (the residual entropy was estimated as 3.43 (J/K·mol) at 0 K from
extrapolation of measured data in 15-273 K temperature region [32]). From this
result, it was clarified that configuratinal entropy of the disordered state of ice Ih is
remained at 0 K contrary to the third law of thermodynamics, so-called residual en-
tropy problem (the problem has been considered as non-equilibrium process toward
hydrogen-ordering).

1.3.2 Pauling’s statistical model

For the residual entropy, Pauling (1935) gave micro-scale interpretation of its deriva-
tion considering combinations of hydrogen-ordered configurations [33]. We consider
an ideal system composed of a large number of water molecules, represented N .
Additionally, we assume that the ideal system is under 0 K temperature condition;
this means configurational entropy only contributes to all entropy without such as
atomic or molecular dynamical entropy. There are 2N sites of hydrogen atoms be-
tween hydrogen-bonded oxygen atoms, and so that the numbers of ordering ways are
4N(= 22N) ignoring the ice rule. Next, we consider hydrogen-ordered configurations
surrounding a water molecule.

FIG. 1.4: Six configurations to keep ice rule for a water molecule surrounded by four water
molecules.

As shown in Fig. 1.4, there are six configurations which obey ice rule. Then
among all hydrogen-ordered configurational patterns, 4N , it can be estimated that
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there are (3/2)N(= 4N × (6/16)N) possible hydrogen ordered configurations to obey
ice rule. This is equivalent to numbers of states, and so that entropy at 0 K can be
estimated as follows, NkBln(3/2) = 3.37 (J/K·mol), where N takes 1 mol and kB is
Boltzmann constant. This estimated entropy is well matched to the experimentally
determined residual entropy. Now it is clarified that the almost all configurations
form the disordered state of ice Ih. Additionally, the disordered state of ice Ih keeps
its configurational entropy down to 0 K. But why hydrogen ordering does not occur?

1.3.3 Points defects

Debye (1929) pointed out that ice Ih is not a perfect crystal from its high dielectric
constant, about 100 [34]. As shown in Fig. 1.5(a) if there is no defect in ice, water
molecules should reorient their directions simultaneously to keep ice rule. Such an
entire reorientation should have large activation energy. Based on this implication,
it have been considered that the remaining of the disordered state of ice Ih is caused
by the high activation energy toward hydrogen-ordered state under the limitation
of ice rule.

FIG. 1.5: (a) Schematic drawing of hydrogen ordering from disorder state of hypothetical 2D ice,
which does not include defect. (b) Two types of point defects of ice, ionized and orientational
defects.

About defects of ice, it has been considered that ice has two types of defects
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related to a reorientation of water molecule, ionized and orientational defects (see
Fig. 1.5(b) and [15]). Each defect includes (H3O+, OH−) and (D, L) types, re-
spectively (D, L is named from initial of doppelt and leer (corresponds double and
empty in English) in Deutsch). With the ionized defects, water molecules change
their direction through proton migration (translation). On the other hand, with
the orientational defects, water molecules change their direction through molecular
rotation. To artificially introduce these defects, many impurity-doping experiments
were conducted. Most of them used alkali hydroxide, XOH (X = Na, K, Rb, Cs)
and hydrogen halide HY (Y = F, Cl, Br, I) considering similarities of chemical com-
positions with H2O. Kawada (1972) reported that hydrogen-ordered phase of ice Ih,
ice XI, was induced by doping of KOH (concentration: 10−2 M) at 72 K from his
dielectric measurements [19]. Furthermore, the hydrogen-ordered phase is the first
reported ferroelectrically ordered phase of ice. In this thesis, a new hydrogen or-
dered phase of ice VI was found by using HCl dopant with concentration of 10−2 M
. Dielectric measurements showed activated reorientations of water molecules. Ad-
ditionally, I report that the two different dynamics, molecular rotation and proton
translation, make different disordered states even in non-doped ice VII depending
on pressure.

1.4 Principles of dielectric and neutron diffraction measurements

1.4.1 Dielectric measurement

In this study, dielectric measurements were mainly used to know how active the two
dynamics are. Dielectric properties include mainly three physical values, dielectric
constant (ϵ′), dielectric loss (ϵ′′) and relaxation time (τ). Dielectric constant and
loss are real and imaginary part of complex dielectric constant: ϵ∗ = ϵ′ + iϵ′′. The
complex dielectric constant is defined by P = ϵ∗E, where E and P mean applied
electric field and polarization induced by the electric field; in other words, dielectric
constant represents a response of sample toward the applied electric field. These
dielectric properties show frequency dispersion toward the applied electric field as
the same as other physical values. Frequency dispersion of dielectric constant and
loss can be introduced using micro scale atomic or molecular dynamics model and
in ice case, they can be explained by Debye’s model [15];

ϵ′(ω)− ϵ∞ =
(ϵs − ϵ∞)

1 + (ωτ)2
, ϵ′′(ω) =

(ϵs − ϵ∞)ωτ

1 + (ωτ)2
, (1)
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where ω = 2πf holds and f is frequency. Relaxation time, τ , is defined by τ =

1/2πf0 and f0 is a frequency, where the dielectric loss becomes maximum. ϵs and
ϵ∞ represent low and high frequency limit of the dielectric constant, respectively.
The left side of Fig. 1.6 shows a typical dielectric response obeying Debye’s model.
If AC electric field is applied to ice, for example, a water molecule tries to follow the
applied electric field (its schematic drawing is shown in the right side of Fig. 1.6).
As can be seen in the left side of Fig. 1.6, the AC frequency is enough slow for a
water molecule to follow, ice shows large response in dielectric constant. In much
higher AC frequency region, the water molecule cannot follow the frequency and the
response is weakened. Dielectric loss has a peak at the changing region of dielectric
constant. Dielectric relaxation corresponds the inverse frequency of the peak center
of dielectric loss.

FIG. 1.6: Typical dielectric response obeying Debye’s model (left side) and schematic drawing of
the response of water molecule toward applied electric field (right side). The lower-right equations
represent principle equation of dielectric constant, loss and relaxation time from obtained data.

From the equation (1), we can find a relationship between dielectric constant and
loss, so-called Cole-Cole plot;

[ϵ′(ω)− ϵs + ϵ∞
2

]2 + ϵ′′(ω)
2

= [
(ϵs − ϵ∞)

2
]2, where ϵ′′(ω) ≥ 0. (2)

Though Cole-Cole plot can be drawn by semi-circle as shown in the equation, there
are few cases that dielectric samples show the semi-circle response. In most samples,
a semi-circle center shifts to -|ϵ′′(ω)| region; this corresponds a peak broadening of
dielectric loss and physically means its dielectric relaxation time has a distribution
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in the sample due to spatial inhomogeneity. This distribution can be represented by
the following equation using a distribution parameter α;

ϵ′ − ϵ∞ =
(ϵs − ϵ∞)[1 + (ωτ)1−α sin(απ/2)]

1 + 2(ωτ)1−α sin(απ/2) + (ωτ)2(1−α)
,

ϵ′′ =
(ϵs − ϵ∞)[(ωτ)1−α cos(απ/2)]

1 + 2(ωτ)1−α sin(απ/2) + (ωτ)2(1−α)
,

(3)

where 0 < α ≤ 1, and when α = 0 holds the representation is equivalent to the
single dispersion case. In this thesis, I used these equations, (3), for data fit of di-
electric properties of ice. Finally, it should be noted that there is difference between
dielectric responses derived from the molecular rotation and proton translation dy-
namics in terms of their pressure dependence. In the case of molecular rotation, the
dynamics has a positive activation volume and so that the dynamics slow down with
increasing pressure. On the other hand in proton translation case, an activation en-
ergy of the dynamics, which corresponds potential barrier between hydrogen-bonded
oxygen atoms, goes down with increasing pressure because of the shortening of the
O-O interatomic distance. Hence, the proton translation dynamics is activated un-
der compression, and each dielectric response shows opposed frequency shift with
increasing pressure. Owing to this, it is capable to distinguish which dynamics
causes an observed dielectric response.

1.4.2 Neutron diffraction measurement

Neutron diffraction measurement was employed to determine positions of hydro-
gen atoms of ice. Neutron is scattered by nucleus, and this scattering makes a
notable feature of neutron experiments; low electron density atoms are observable
in neutron experiments unlike X-ray experiments. The scattering can be classified
into elastic and inelastic scattering in terms of energy conservation. In diffraction
measurement, we hypotheses elastic scattering to estimate diffraction patterns from
samples. For neutron diffraction study, two types of neutron sources generally used;
one is monochromatized neutron beam and the other one is pulsed white neutron
beam. In each neutron source, diffraction experiments are conducted by angle and
energy dispersive methods based on Bragg’s formula, nλ = 2dsinθ. In energy dis-
persive diffraction experiments, time of flight (TOF) method is usually used. Pulsed
white neutron beam comes from neutron source with a energy dispersion and neu-
trons reach a sample at different times depending on their velocity. The velocity
can be calculated as follows, v = t/L (t: arrival time, L: flight length). From de
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Broglie’s relationship, mv = hλ, we obtain λ = ht/mL. Then using Bragg’s formula,
final representation for lattice spacing, d, is written as follows:

d = ht/2mLsinθ. (4)

Figure 1.7 shows schematic drawings of angle and energy dispersive type diffraction
measurements. The new hydrogen ordered study of ice VI was conducted by energy
dispersive type setting at high-pressure neutron beamline PLANET, J-PARC. Neu-
tron diffraction experiments in this thesis were conducted using deuterated samples
considering incoherent scattering of hydrogen atom. Generally scattering can be
also classified into coherent and incoherent scattering. They respectively contribute
Bragg reflection and background noise. It is known that hydrogen atom has a large
incoherent component and deuterated samples are often used especially in the case
of powder diffraction experiments. Because Bragg peaks are relatively smaller than
that from single crystal samples.

FIG. 1.7: Schematic drawings of two types of neutron scattering measurements, angle and energy
dispersive type, shown in the left and right side. The schematic drawing of energy dispersive type
is drawn based on high-pressure neutron beamline PLANET at J-PARC.
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1.5 Objective and contents of this thesis

This thesis is based on phase studies of ice from the viewpoint of hydrogen disorder-
order phase relationship and proton dynamics. About the former theme, this study
is motivated to find new hydrogen ordered phases. In light of the most notable fea-
ture of ice, diversity of its polymorphs, discoveries of new ice polymorphs have been
always main subject of ice. Historically, the discoveries have been achieved by unique
experimental techniques and procedures. This study, on the other hand, is aimed
to find out new phase relationship between disordered and ordered phases rather
than to develop a technical breakthrough; up to now, one-to-one correspondence
has been known in a pair of disorder and order phase [1]. However, considering
energy degeneracy among possible hydrogen configurations, there is a possibility
that one-to-many correspondence is found for one disordered phase. I especially fo-
cused on a case where appearance of ferroelectrically ordered structure (abbreviated
FE ordered structure hereafter) is theoretically predicted in addition to known or-
dered phase having antiferroelectrically ordered structure (abbreviated AFE ordered
structure hereafter). If the FE ordered structure is found experimentally, the dis-
covery will contribute in the knowledge of how orientations of water molecules affect
ice structure, stability, and other physical properties comparing with AFE ordered
structure. On the other hand, the objective of proton dynamics study is to conduct
first experimental direct observation of the dynamics. To my knowledge, the exis-
tence of proton dynamics has not been experimentally observed yet, although that
is theoretically confirmed. Considering that the idea of proton dynamics, so-called
Grotthuss mechanism, have been extensively accepted in other hydrogen materials,
it is clearly important to obtain experimental evidence in ice. As mentioned before,
a notable feature of the dynamics is that it is activated with increasing pressure in
contrast to the molecular-rotation dynamics. So that high-pressure ice is the best
field to valid the idea. For these purposes, I studied two unresolved problems related
to disordered high-pressure phases, ice VI and VII, respectively. About ice VI, an
existence of unknown hydrogen-ordered phase is experimentally suggested besides
known AFE ordered phase, ice XV (e.g. [35]). Taking account of other theoretical
reports into consideration (e.g. [31]), there is a possibility that the unknown ordered
phase has a FE ordered structure. In ice VII, on the other hand, anomalous be-
havior has been reported at around 10 GPa (e.g. [36]). The anomalous behavior is
interpreted in two scenarios; one is about dominant dynamics change of disordered
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state of ice VII between molecular rotation and proton translation (e.g. [37]), and
the other one is about partial coexistence of FE and AFE ordered domain in ice VII
[38]. To clarify the unresolved problems, this thesis consists of four chapters from 2
to 5.

In Chapter 2, the possibility of existence of new hydrogen-ordered phase of ice
VI was verified by high-pressure dielectric and neutron diffraction experiments. Ice
VI appears from 1 to 2 GPa pressure region, and dielectric experiments were com-
prehensively conducted in the wide pressure region. The existence of a new ordered
phase was actually clarified in the dielectric experiments. Based on a new phase
diagram obtained in the dielectric experiments, neutron diffraction measurements
were conducted to determine a crystal structure of the new phase at 1.6 and 2.2
GPa, where the new phase is stable instead of the known AFE ordered phase of ice
VI, ice XV.

In Chapter 3, the anomalous behavior of ice VII at around 10 GPa was inves-
tigated according to the scenario about dominant dynamics change of disordered
state of ice VII from molecular rotation to proton translation. Taking account of
expected time scale of the two dynamics, mHz–MHz [39], dielectric experiments were
conducted in ice VII beyond 10 GPa using a newly developed high-pressure cell.

In Chapter 4, the possibility of partial coexistence of FE and AFE ordered domain
in ice VII is verified as an interpretation of the anomalous behavior of ice VII. The
AFE ordered structure corresponds to hydrogen-ordered phase of ice VII, ice VIII.
In this study, the unknown FE ordered structure is especially focused. Theoretical
previous studies reported that the FE ordered domains grow under high electric field
[38]. Considering this theoretical prediction, high electric-fields (up to 10 kV/mm)
was also applied in addition to high-pressure to find the FE ordered form by neutron
diffraction measurements. This neutron diffraction experiment under high-electric
fields and high pressure is original technique itself, and instrumental developments
about the technique are also described in this chapter.

In Chapter 5, technical developments of high-pressure dielectric measurements
are described separately from experimental results corresponding to chapter 2 and
3. Two different cell assemblies were developed in this study using piston-cylinder
and Bridgman-anvil type high-pressure apparatuses, respectively. They were used
depending on target pressures in chapter 2 and 3.
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4 Search for a ferroelectrically ordered form of ice VII
by newly developed neutron diffraction under high pres-
sure and high electric field

4.1 Introduction

In the previous chapter, it was clarified that the anomalous behavior of ice VII at
around 10 GPa is caused by dominant dynamics crossover of ice VII. The struc-
tural anomaly, reported as a peak splitting (or broadening) in X-ray diffraction
pattern, is interpreted as relatively hydrogen-ordered state of ice VII in the dy-
namics crossover. Because the peak splitting generally means symmetry lowering of
samples. Somayazulu et al. (2008) suggested a possibility that a pressure-induced
partial hydrogen ordering occurs at around 10-15 GPa [63]. The ordered phase of
ice VII is ice VIII, which has an antiferroelectrically ordered structure (called “AFE
structure” hereafter, and its crystal structure is shown in Fig. 4.1, space group
I41/amd). The AFE structure has been considered as a candidate for the par-
tially ordered structure in ice VII (if ice VII is really partially ordered). However,
Caracas and Hemley have proposed a different scheme for the partial ordering of
ice VII by using density functional theory calculations [38]. They proposed that a
ferro-electrically ordered structure (called “FE structure” hereafter, and its crystal
structure is shown in Fig. 4.1, space group P42nm) could occur in ice VII at a
bulk scale under high-electric field. Their calculations show that the AFE structure
is slightly more stable than the FE structure, but the energy difference between
AFE and FE structures was so small (∼10 meV/molecule) that the FE structure
could be stabilized under an external electric field. Their calculation also shows that
the energy difference slightly decreases from 12.3 meV/molecule at 2 GPa to 11.7
meV/molecule at 10 GPa with increasing pressure. The energy difference between
FE and AFE is almost comparable below 10 GPa; it will be predicted, from the
estimated volume fraction of the FE structure at pressure lower than 10 GPa, how
much the ferroelectrical ordering is induced by high electric field in ice VII above 10
GPa. In this study, high-pressure and high electric-field neutron experiments were
conducted at up to 6.2 GPa with overcoming some technical difficulties as mentioned
later.
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FIG. 4.1: Crystal structures of ice VII, ice VIII, and hypothetical ice with ferroelectrically ordered
structure (FE structure). The black lines show the unit cells and the red line in ice VIII corresponds
to the unit cell of ice VII.

If the FE structure is found experimentally, the discovery will contribute not
only for the understanding of the anomalies observed in ice VII but also in the
knowledge of how orientations of water molecules affect ice structure, stability, and
other physical properties.
Neutron diffraction experiments under high pressure and high electric field would be
the most direct method to find the FE structure, however such measurements had
previously been technically unfeasible. In general, cooperative phenomena among
dipoles are induced by electric field in an order of kV/mm across samples of order
tens to hundreds µm thickness as this enables a large electrical field to be generated
with a limited voltage. This is rather incompatible with the thin samples required
to achieve high pressures. Additionally, neutron diffraction requires larger volume
samples, at least a few mm3, to obtain sufficient diffraction intensity, because of the
relatively weak nature of neutron sources. A further difficulty is that the electrodes
to apply a high electric field have to be electrically insulated, challenging in the close
confines of a high-pressure cell.

I recently overcame these technical difficulties and developed a cell assembly for
in situ neutron diffraction experiments under high-pressure and high electric fields,
and here I present neutron diffraction patterns of ice VII at room temperature, at
pressures up to 6.2 GPa and at electric field up to 10.2 kV/mm.

64



FIG. 4.2: (a) Schematic drawings of cross section for a developed double-toroidal-type anvil cell
assembly (right) and the picture of gaskets (left), where SD and PTFE denote sintered diamond
and polytetrafluoroethylene, respectively. Samples, with a volume ∼20 mm3, are loaded into the
gaskets sandwiched by anvils, and compressed using a Paris-Edinburgh press (type VX5). The
upper anvil was electrically connected to a high-voltage power supply, and was insulated from the
press by using the PTFE collar and mica sheets. The bottom anvil was electrically grounded. (b)
Breakdown voltages of the five experimental runs, by using non-heat-treated pyrophyllite (blue)
and heat-treated pyrophyllite (red). (c) A picture of radial collimator developed for the Paris-
Edinburgh press. Each partition of the radial collimator is made of Gd2O3-painted thin film. This
was used to reduce the measured scattering contribution from the cell assembly.

4.2 Experimental methods

A picture and schematic drawings of the developed cell assembly are shown in Fig.
4.2(a). Double-toroidal type anvils were used to generate high pressure. The anvils
are made of sintered diamond (abbreviated “SD” in Fig. 4.2(a)) with a cobalt binder,
which works as an electric conductor. A coupled pair of spherical caps of TiZr null
scattering alloy attached to the anvils with silver paste were used as electrodes in
order to reduce scattering from the anvils and also to make electrodes parallel. The
upper side of the anvil was electrically insulated from a high-pressure press by using
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a PTFE collar and mica sheets (see more details in [71]). Heat-treated pyrophyllite
rings (700◦C, 1 h) were used as gaskets, as it was found that non-heat-treated
pyrophyllite gaskets caused electrical breakdown at around 1.5 kV/mm, probably
due to the hydrous component (Fig. 4.2(b)). It is noted that the breakdown at 6–8
kV in runs 3–5 (Fig. 4.2(b)) might not have occurred in the gaskets but around the
PTFE collar and mica sheets, as the corresponding burns were actually observed on
the collar and sheets, particularly focused around the corner of anvils. Despite this,
we believe that this assembly (using heat-treated pyrophyllite and PTFE gaskets)
could be used for higher voltage but optimization of anvil profiles may be necessary
to avoid the electric discharge around the corner of the anvils. The inner PTFE ring
was used to seal the water sample under initial loading and the outer PTFE ring
works to ensure uniform deformation of the heat-treated pyrophyllite gasket under
compression.

Neutron diffraction experiments were carried out on the High Intensity Powder
Diffraction instrument, WOMBAT, at the ANSTO. The wavelength of neutrons
used was 1.885 Å. A small radial collimator (Fig. 4.2(c)), having partitions made of
Gd2O3 painted thin film, was set on the Paris-Edinburgh press to reduce the parasitic
scattering from the high-pressure cell. Deuterated water (99.9%, Wako) was used
as a sample and compressed at room temperature. Pressure was estimated from
the observed unit cell volume of ice VII using the third-order Birch equation [61].
High voltage was applied to the electrically insulated upper side of the anvil using
a high-voltage power supply (Matsusada AU-10R120). An electrode separation was
measured in a separate run using a laser displacement sensor (KEYENCE, IG-028)
(black square in Fig. 4.3). The reproducibility of sample pressure to the applied
load in both the neutron and the additional experiments was confirmed by water
→ ice VI phase transition observed by in situ dc resistivity measurements of the
samples (red triangle in Fig. 4.3).
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FIG. 4.3: Electrode separation (black square) and dc resistivity (red triangle) at respective loads.
The electrode separation was estimated from anvil gap and the dc resistivity between two anvils was
measured using an Iso-Tech IDM73 multimeter. The water → ice VI phase transition was observed
in both measurements at around 130 kN. The dotted line is a polynomial fit to electrode-separation
data above 130 kN.

Experimental conditions, pressure, applied voltage, and electrode separation are
listed in Table 4.

Table 4: Pressure, applied voltage, and electrode separation conditions.

Pressure (GPa) Voltage (kV) Electrode
separation (mm)

 3.2 1.5, 2.0, 2.5, 3.0,
3.5, 4.0, 4.5, 5.0

0.68

 4.9 2.0, 3.0, 4.0, 5.0 0.57
 6.2 2.0, 3.0, 4.0, 5.0 0.49

4.3 Results and Discussion

Figure 4.4 shows neutron diffraction patterns at 6.2 GPa, the highest pressure I
obtained, with applying electric fields up to 10.2 kV/mm. All visible peaks in the
diffraction patterns can be indexed as 110, 111, and 211 reflections of ice VII, or 110
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of diamond (anvils). The FE structure would give two peaks at around 70◦ and 80◦

2θ as discussed later. As it can be seen, these additional peaks were not observed
in the diffraction patterns at any pressure and electric-field conditions.

FIG. 4.4: Neutron diffraction patterns at 6.2 GPa and with electric fields of 0, 4.1, 6.1, 8.2, and
10.2 kV/mm. Exposure times were 1, 1, 0.5, 0.5, and 2 h, respectively. These conditions of electric
field are estimated from the applied voltage and the electrode separation at respective pressures
from the line drawn in Fig. 4.4. The inset shows expanded plots at around 50◦. From lower angle,
110, 111, and 211 reflections of ice VII are observed. The peak at around 55◦ is 110 reflection of
diamond (anvils). The undulation from 60◦ to 90◦ could be derived from inhomogeneous gaps of
the radial-collimator partitions.

I note that the noise level of the observed diffraction patterns are comparable to
the Bragg peaks, although the developed radial collimator significantly reduced the
parasitic scattering from the cell. It is still possible that the peaks derived from the
FE structure may be hidden under the noise level. Consequently, to discriminate
this, we simulated how the FE structure could be observed in neutron diffraction
patterns. If the FE structure is locally formed in ice VII, the ordered region would
increase with increasing electric field. This partially ordered state could be described
by a mixed phase model of completely disordered ice VII and completely ordered
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FE structure. In this model, the FE structure coexists as a domain structure with
ice VII.

The mixed phase model of ice VII and the FE structure was simulated at a
number of volume fractions (f) of the FE phase using GSAS [57] with EXPGUI
[58] (Fig. 4.5). From this, we could estimate that, considering the noise level of the
diffraction pattern, the volume fraction of the FE structure should be less than 0.10
if it was present in the 6.2 GPa and 10.2 kV/mm sample. The intensity of the 210
reflection in the case of f = 0.10 should be 1.5 times higher than the averaged noise
level, hence this reflection should be visible if f is larger than 0.10.

FIG. 4.5: Simulated neutron diffraction patterns of the mixed phase of ice VII and completely
ordered FE structure (space group: Pn3m and P42nm). f represents a volume fraction of FE
structure. Inset shows the observed diffraction pattern at 6.2 GPa and 10.2 kV/mm at around
60◦–90◦. 200 and 210 peaks appear with increasing the volume fraction of FE structure.

The volume fraction of the FE structure can also be estimated from electric-
field-induced polarization. When an electric field is applied to ice VII, electric po-
larization, related to the volume fraction, increases corresponding to the dielectric
constant of ice VII and the strength of the electric field. This polarization causes
experimentally observable induced charge on electrodes attached to ice VII. Here-
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after I introduce approximate relationship between the volume fraction and electric
polarization in ice VII and estimate the volume fraction in light of measurements of
electric polarization, which is more sensitive to increases of the volume fraction.

Electric polarization (P) is found by a summation of dipole moments in a unit
volume: P =

∑
i µi, where i is an index of a water molecule, and µi means a

dipole moment of i-th water molecule. In the case of ice VII, which possesses center
symmetry, the summation of µi is canceled out by disordered orientation of water
molecules under zero electric field. If the orientation of the electric field is defined
as the z axis, P = |P| =

∑
i(µz)i holds, where (µz)i means a z component of µi.

Hereafter |µi| is considered as µ (= 6 × 10−22 µC · cm), the strength of a dipole
moment of a water molecule in a gas phase at room temperature and ambient
pressure, for any i-th water molecule. In order to derive the volume fraction of
the FE structure from the polarization, we assumed that the polarization P is all
contributed from completely oriented water molecules of the FE structure along
electric field,

P = µNp, (8)

where Np is a hypothetical number density of the completely oriented water molecules.
Additionally, let N (= 6× 1022 /cm3) be a number density of water molecules in ice
VII, which can be calculated using the equation of state of ice VII [61], and then
Np/N can be considered to be equal to the volume fraction. We obtain a relationship
between the volume fraction and electric polarization;

f = P/µN. (9)
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FIG. 4.6: (a) P-E loops at 6.1 GPa with 2, 4, 6, 8, and 10 kV/mm ac electric field. The pink
loop corresponds to ice VIII at 263 K with 10 kV/mm. Temperature was measured by K-type
thermocouple attached to the surface of opposed anvils. (b) Electric-field dependence of electric
polarization and the calculated volume fraction using Eq. (2). Electric polarization under 2, 4, 6,
8, and 10 kV/mm is shown at each applied ac electric fields.

Electric polarization was measured at high pressure by using a different cell as-
sembly, improved from our previous development using hole-type opposed anvils
(see [7] and the Supporting information of this chapter for a detailed description of
the cell assembly for our electric polarization measurements under high pressure).
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A notable feature of this cell is that only the sample is sandwiched by electrodes,
and this feature allows us to measure induced charge on the electrodes derived from
the sample. Electric polarization was observed by P-E loop methods using an op-
amp-type Sawyer-Tower circuit with 50 Hz ac high voltage. The results of the P-E
loop measurements at 6.1 GPa with ac electric fields, 2, 4, 6, 8, and 10 kV/mm,
are shown in Fig. 4.6(a). Ice VIII data at 263 K with 10 kV/mm is also shown
for comparison to electric polarization of ice VII. Typical paraelectric behavior was
observed in ice VII; the observed electric polarization was induced by electric field
linearly, though our data show as ellipsoid due to a contribution from the electric
conductive component of ice VII. In ice VIII, on the other hand, electric polarization
was not induced. This is consistent with the antiferroelectric-type crystal structure
of ice VIII and a previous dielectric study of ice VIII reported by Whalley et al.
[72]. Electric polarization of 2, 4, 6, 8, and 10 kV/mm at each ac electric field is
shown in Fig. 4.6(b). The right axis shows the volume fraction calculated using
Eq. (9) and the volume fraction is estimated as about f = 0.02 at 6.1 GPa with
10 kV/mm. It is noted that we conducted P-E loop measurements three times to
confirm reproducibility and estimated volume fraction was in the range 0.01–0.02
among the three runs. In this order of the volume fraction, the expected reflections
from the FE structure would be hidden in our neutron diffraction experiments. It
should be noted that the polarization of the FE structure is not only oriented along
the z axis, but also has different orientations, as the sample was polycrystalline.
This means that actual contribution of the FE structures with different orientations
to the polarization would be lower than the case of Eq. (8). In other words, a
more locally formed FE structure should contribute to yield the polarization P and
the calculated volume fraction by Eq. (9) would be underestimated. When higher
electric fields are applied, for example 30 and 50 kV/mm, the f would increase 0.06
and 0.11 from linear extrapolation of the electric-field dependence of the volume
fraction shown in Fig. 6(b). At 50 kV/mm, a peak height ratio (the strongest 110
reflection):(the 210 reflection) is 30:1, so that the 210 peak would be observable
considering the signal/noise ratio.
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4.4 Conclusion

In conclusion, I have carried out neutron diffraction experiments of ice VII under
both high-pressure and high electric fields of up to 10.2 kV/mm. This was achieved
by using the developed high-pressure cell assembly. No clear evidence of the ap-
pearance of the ferroelectrically ordered structure was obtained from the observed
diffraction patterns. Simulations based on the mixed phase model show that the
volume fraction of the FE structure should be less than 0.10, even in the case that
the FE structure exists in ice VII and the peaks from the FE structure are hid-
den in the noise level. This constraint is consistent with the estimated volume
fraction f = 0.02 from high-pressure P-E loop measurement. Although further
improvements for background reduction of the neutron diffraction patterns and for
more electrical insulation would be necessary to find the potentially existing FE
structure, the developed technique opens the way to find interesting properties of
ice polymorphs, such as the discovery of a para-ferroelectric type phase transition,
which would have a potentially high impact for phase study of not only ice but also
many other hydrogen-bonded crystal systems.
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4.5 Supporting information

P −E loop measurements were conducted in order to estimate the volume fraction
from the polarization P , using a newly developed cell assembly using opposed-type
anvils with a hole. In this cell assembly, electrodes are electrically connected only
to samples and insulated from other parts of the assembly such as the anvils and
gaskets. Schematic drawings of cross-section for the improved cell assembly are
shown in Fig. 4.7(a) and (b). The anvil, made of tungsten carbide (Silver Alloy,
SA160), was used to generate high pressure with the culet size of Φ OD: 7 mm,
ID: 4 mm. The anvils and gaskets were insulated from high voltage applied to the
upper Cu lead covered with a polyimide tube (FURUKAWA ELECTRIC, PIT-S;
ID: 0.20 mm, thickness: 0.04 mm) as shown in Fig. 4.7(c). The applied pressure was
estimated from ruby fluorescence measurement. A small ruby tip was introduced
just behind the electrode and exposed from the incident 532 nm laser beam travel
through a plastic fiber (Edmund Optics, Φ 0.25 mm), and the induced fluorescence
was also traveled through the fiber to the detector (Ocean optics, USB2000+). High
voltage was applied to a Cu electrode (upper: Φ1.5 mm, bottom Φ2.0 mm, thickness:
0.05 mm) attached on the sample, water. In this high-pressure cell, the electrode
area was estimated by using the dielectric constant of water, 78.5 at 297 K, and the
initial electrode separation (we assumed that the electrode area does not vary with
pressure change). The electrode separation was estimated by the same method as
explained in chapter 3.
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FIG. 4.7: (a) Schematic drawing of cross-section for a newly developed hole type anvil cell assembly.
WC and diamond epoxy means tungsten carbide and mixture of diamond powder (Tomei Diamond,
particle size: 1.0 µm) and epoxy resin (STYCAST® 1266 A/B): mass ratio = 3.8 : 1. Sample, with
a volume ∼13 mm3 is loaded into the gaskets sandwiched by anvils, and compressed using Paris-
Edinburgh press (type-V4). (b) Schematic drawing of cell assembly around sample. High voltage
(HV) of 6.1 kV was applied to the cell in most of our experiments. The upper Cu lead covered
with polyimide tube is electrically connected to a high-voltage power supply (TEXIO, STW-9803)
and insulated from the gaskets and anvils. (c) Schematic drawing of cross-section for the Cu lead
covered with polyimide tube, where OD and ID mean outer and inner diameters, respectively.
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