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The obtained phase boundary between ices VI and VIl and the melting curve for these ices are in accord
with most previous results. The different properties and amount of orientational defects in ice VI and
ice VIl are associated with abrupt changes in conductivity when a phase transition from ice VI to ice VII

occurs. The electrical transport mechanisms of these two ice polymorphs can be understood in terms of

www.rsc.org/pccp

1. Introduction

Water, one of the most abundant substances on Earth, has been
intensely studied over hundreds of years. It plays an important role
in various geophysical and geochemical processes. For example,
its occurrence in minerals not only determines the electrical
conductivity of the upper mantle" but also influences the formation
of minerals.” Therefore, studies on the electrical properties and
phase diagram of H,O at high pressure and temperature are crucial
for understanding the internal properties of Earth.

Electrical properties of water have been determined by shock-
wave experiments,® ™ which focused on H,0 in a liquid state under
ultra-high pressure and high temperature. These shock-wave studies
have revealed that a rapid increase in the electrical conductivity of
water under pressure was generated by highly mobile charge carriers
through chemical ionization®'° and then a weak pressure depen-
dence under higher pressure was attributed to complete chemical
ionization."" In static high pressure experiments, various techniques
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the conduction of the already existing ions and Bjerrum defects.

were used to detect the melting curves of different ices. How-
ever, static high pressure experimental results obtained with
different melting criteria yielded very different predictions for
the melting curves. Bridgman determined melting curves of
ices VI and VII up to 3.9 GPa by measuring their volume change
with a piston-cylinder device.'” The appearance and disappear-
ance of the X-ray diffraction peak (110) were used to determine
the melting curve of ice VII up to 20 GPa"® and 38 GPa.'* The
optical observation of melting in ice VII by Datchi et al'®
provided data up to 13 GPa. In a recent study by Lin et al.,'®
Raman-active OH-stretching modes and translational modes of
H,0 were used to detect melting in ice VII under a pressure of
22 GPa and temperature of 900 K. There are some ice VII melting
curves determined by electrical resistance-based measurements.
In 1963, Pistorius et al.'” determined the melting curve of ice VII
by the resistance drop of an aqueous copper sulfate solution in a
simple high-pressure and high-temperature squeezer device. In
1978, Mishima et al.'® determined the melting curve of ice VII by
the resistance change of a strain-sensitive manganin wire placed
inside the sample in a multianvil pressure device. In these
electrical resistance-based studies, the melting curves were
determined by the electrical resistivity change of materials other
than water itself.

In addition, some static pressure investigations focused on
the phase boundary between ices VII and VI.'>'**! Earlier phase
boundary data were obtained in a piston—-cylinder device by
measuring the abrupt volume change due to phase transition."**"
Johari et al."® showed that the phase boundary between ices VII
and VI is a straight line in the pressure-temperature (P-T) phase
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diagram using an equilibrium pressure method. But by using a
differential thermal analysis method, Pistorius et al.>* found
the phase boundary to be a curve with the slope changing
continuously from 2.4 GPa K ' at 0 °C to 0.57 GPa K ' at 80 °C.

Due to the limitations of the technique, the shock-wave experi-
ments mentioned above have only been used to study the electrical
properties of liquid water under very high P-T conditions, and there
have been no experimental data on the electrical conductivity of
water in solid state. In this study, we carried out in situ electrical
conductivity measurements on ices VI and VII in a diamond anvil
cell (DAC). By recording the abrupt changes of electrical conductivity
due to phase transitions of water, the phase boundary between ices
VI and VII, melting curves of these two phases of ice, and triple point
were determined. The electrical transport mechanisms of ices VI and
VII were also understood by using the Jaccard theory.

2. Experimental details

High pressure experiments were conducted using a DAC equipped
with a van der Pauw type microcircuit. Diamond anvils with a culet
of 800 um in diameter were exploited. Preparation of the micro-
circuit on the anvil has been reported in our previous works.”>** In
this study, a 0.3 pm-thick molybdenum film was deposited onto
the surface of the upper diamond anvil by a radio frequency
magnetron sputtering system and was patterned into a van der
Pauw four-probe circuit by a photolithographic method. Then the
microcircuit was covered with a 2 pm-thick alumina film and the
ends of electrodes were exposed for current loading and voltage
recording. To make the electrodes come in contact with the
sample, selected areas of the alumina layer were removed and
then a detection window was formed on the center of the diamond
culet. The sketch of the completed circuit and its photograph are
shown in Fig. 1a and b. A sheet of T-301 stainless steel was used as
a gasket and was indented to ~100 pm in thickness. For further
insulation, an 8 um-thick mica flake was pressed into the dent. A
hole with a 300 pm diameter was drilled into the center of the dent
and served as a sample chamber. The sample of deionized water
was prepared using a water purification system (KBROI-1010)
supplied by KEBANG Water Treatment Engineering Corporation
(Hangzhou, China). Deionized water was loaded into the sample
chamber of the DAC together with a small (of ~5 pm size) piece of
ruby crystal that served as a pressure calibrator. The profile of our
designed DAC is shown in Fig. 1c. The resistance of a van der Pauw
electrode (both molybdenum thin film electrode and copper wire)
is about 100 Q, which can ensure acceptable accuracy during
electrical conductivity measurements. The direct current (DC) was
provided by a Keithley 2400 Source Meter, and the voltage drop
was measured by a Keithley 2700 Multimeter. During the testing, a
constant drive current I, enters the sample through probe 1 and
leaves it through probe 2. Then, the voltage drop (V,3) was
recorded between probe 4 and probe 3. We define the resistance
R12,43) as the voltage drop V,3 per unit current I;,. We define the
resistance R(y3,14) sSimilarly. Then, the electrical conductivity ¢ was
obtained by the van der Pauw equation™*

exp(—ndR(12,43)0) + eXp(—NdR(23140) = 1 (1)

This journal is © the Owner Societies 2013

View Article Online

PCCP

100pm

Copper wire “Alumin
C

Water; .
NMica

Goske Ruby
Diamond
I [
TGy [ilif1=2

DAG

\

Ovd
L

Fig. 1 (a) Van der Pauw microcircuit on a diamond anvil; (b) photograph of the
van der Pauw electrodes on a diamond anvil; (c) the profile of the designed DAC;
(d) diagram of the designed DAC in the oven. TC 1 and TC 2 are thermocouples 1
and 2, respectively.
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Where ¢ is the conductivity, d is the thickness of the sample,
R(12,43) = V(a3)I12), and R(z3,14) = V(14)/I(23)- The sample thickness
under pressure was determined by a micrometer with the
precision of 0.5 pm, and the deformation of the diamond anvils
was taken into account.”®

The temperature control of the DAC was achieved with a
PH0307 model forced convection oven, in which temperature was
measured by a Chromel-Alumel type thermocouple 1 and was
controlled by a feedback power with the uncertainty of 1 K. To take
into account the thermal equilibration process after setting the
DAC in the oven, another Chromel-Alumel type thermocouple 2
adhered to the diamond anvil was used to ensure the reliability of
the temperature measurements. The profile of the designed DAC in
the oven is shown in Fig. 1d. Each experimental run of measuring
the melting curves of ices VI and VII was conducted by setting the
cell at a desired pressure to solidify the water, and after that the
temperature was elevated to melt the ice. The temperature was
increased by placing the DAC in the oven for about 20 minutes to
equalize the temperature between thermocouples 1 and 2 and to
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ensure that the sample reached the desired temperature. The
melting process of ices VI and VII was monitored by analyzing
the curves of the temperature dependence of electrical conductivity.
The phase boundary between ices VI and VII was determined by
setting the oven at a constant temperature and then increasing the
pressure to transform H,O from VI phase to VII phase. This phase
transition was monitored by analyzing the curves of the pressure
dependence of electrical conductivity. In the whole experimental
process, pressures were estimated using the ruby scale*® at room
temperature with an accuracy better than 0.05 GPa. Ruby R, line
fluorescence spectra were measured by a Renishaw inVia Raman
spectrometer with an argon ion 514.5 nm laser. We calibrate all
pressures at room temperature then put the DAC in the oven for
electrical conductivity measurements at high temperatures. The
use of the ruby fluorescence shift at room temperature to calibrate
the pressures at high temperature may introduce errors. The actual
pressure of the sample will increase with increasing temperature,
which may be caused by the micro-deformation of the anvil and
gasket. A temperature correction for the actual in cell pressures
(up to 539 K) has been reported by Li et al.,”” who claimed that
pressures deduced from the ruby scale for ambient temperature
and the yttrium aluminium garnet (YAG) scale for high tempera-
ture agree with each other within the uncertainty limits of 0.1 GPa
at a maximum pressure of 5.12 GPa. In this study, to be on the safe
side, the error limit of pressure determination was increased to
0.15 GPa as a more realistic estimate.

Electrical current is carried by protons in the ice and
electrons in the electrodes, which would give rise to space
charge layers formed at the ice-electrode interface in DC
measurements. In this respect one can say the following.
Firstly, ice VI and VII in the DAC are polycrystalline, because
there is no ice VI seed crystal in the sample chamber®® and ice
VII is produced through the phase transition of VI — VII at
300 K.>* The random distribution of the crystal lattice orienta-
tion may lead to disordered energy band bending near the
interface. Secondly, the grain boundary effect in a polycrystal-
line sample can also result in the distortion of an energy band
near the Fermi level.>* The macroscopic representation of these
two factors is that there is little space charge at ice-electrode
interfaces, and if it appears its thickness is very small. To verify
whether this test system suffers from a space charge effect at the
ice-electrode interface, we tested the contact quality between the
electrodes and ice at 3.1 GPa and room temperature (as shown in
Fig. 2). The numbers 1, 2, 3, and 4 respectively denote the four
van der Pauw type electrodes. Clearly, the linear I-V character-
istics indicate that the contacts between the electrodes and the
ice were almost ohmic. Therefore, we can conclude that, in this
DAC system equipped with van der Pauw electrodes, there is no
space charge formed at the interface between metal and ice, or
the space charge layer is so thin that charge carriers can readily
tunnel through it.

3. Results

The triple point was determined by the area surrounded by the
three lines (melting line of ice VI, melting line of ice VII, and
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Fig. 2 The |-V characteristics of the electrode—ice interface at 3.1 GPa and room

temperature.
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Fig. 3 The phase diagram of water determined by in situ high-pressure elec-
trical conductivity measurements. The inset shows an enlarged scale of the phase
boundaries near the triple point of ice Vi-ice VlI-liquid.

the phase boundary of ices VI and VII) within the experimental
uncertainty. The methods for measuring the melting curves
and phase boundary will be described in the two following
sections. The area enveloped by the three lines is in the shape
of a quasi-triangle, and its center of inscribedcircle is taken as
the location of the triple point (as shown in inset of Fig. 3).
Thus, the triple point of ice VI-ice VII-liquid is located at 2.2 +
0.18 GPa and 358.1 + 4.1 K. These P-T values are very close to
literature data:*" 2.216 GPa and 355 K.

A sharp change of the pressure dependence of electrical
conductivity will occur due to the phase transition from ice VI
to ice VII, then we differentiate the data with respect to pressure
and take the peak position and peak width as the transition
pressure and error, respectively. For example, Fig. 4a shows the
pressure dependence of electrical conductivity of H,O at 304 K.
In the pressure range of 1.94-2.27 GPa, the conductivity increases
abruptly. According to the phase diagram of water reported in the
literature, the observed sharp increase of electrical conductivity
corresponds to the phase transition of H,O from ice VI to ice VIIL.
Fig. 4b shows the derivative curve of the pressure dependence of
electrical conductivity at 304 K. By single peak fitting using
ORIGIN software, the peak position of the derivative curve was
found to be at 2.105 GPa, which is considered to be the pressure
of the phase transition from ice VI to ice VII at 304 K. All the
data points on the phase boundary between ices VI and VII are
shown in Fig. 3 along with respective experimental error bars.
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Fig. 4 (a) The abrupt change of the pressure dependence curve of electrical
conductivity ¢ at 304 K when a phase transition from ice VI to ice VII occurs; (b)
the pressure derivation curve of electrical conductivity at 304 K (black line) and
single peak fitting curve (red line).

The phase boundary between ices VI and VII is well described
by a simple quadratic equation: P = —1.5631 + 0.02087T —
2.72038 x 10 °T° with P in GPa and T in K.

One can notice that there is a midway data point at about
2.09 GPa being in neither of the ice VI or ice VII regions in
Fig. 4a. By depending only on the electrical conductivity data,
we cannot judge whether the midway point is in the ice VI
region or ice VII region, or coexisting in both phases ice. The
truth is accessible only by in situ X-ray diffraction measure-
ments. The midway point between two phases may be asso-
ciated with the polycrystalline nature of the sample. Phase
transitions can bring about the rearrangement of atom posi-
tions and result in a lower systematic energy and steadier lattice
structure. The DC electrical conduction of the polycrystalline
(bulk) sample mainly comes from grain conduction and grain
boundary conduction. The phase transition lowers the grain
boundary potential barrier, and the grain boundary effect
linearly decreases, resulting in the charge carrier transporting
more easily through the grain boundary.’® The grain effect
decreasing linearly during the phase transition may result in the
midway data point of the electrical conductivity data. Though the
grain boundary effect is unavoidable in DC measurements, the
agreement between our results and data from the literature
implies that the grain boundary effect does not play a very
important role in the electrical transportation of ices and DC
electrical conductivity measurements on polycrystalline ices
can reflect the intrinsic electrical transport properties of ices.
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Fig. 5 (a) Representative temperature dependence curves of electrical conduc-
tivity ¢ at 1.2 GPa (circles), 2.2 GPa (squares) and 2.9 GPa (triangles) as the ice
melts; (b) the derivative temperature curves of electrical conductivity at selected
pressures (black lines) and single peak fitting curves (red lines).

Grain interior conduction and grain boundary conduction of a
polycrystalline sample can be separated by AC impedance spectro-
scopy (IS), which would address the problem of the midway data
point, which provides motivation for our future work.

The melting curves of ice VI and ice VII were determined by
an abrupt increase in electrical conductivity when H,O experi-
ences a transition from the solid state to the liquid state. Fig. 5a
shows the temperature dependence of conductivity of H,O at
1.2, 2.2, and 2.9 GPa. It can be clearly seen that at each pressure
the electrical conductivity increases abruptly by 1-2 orders of
magnitude in a narrow temperature range. Fig. 5b shows the
derivative temperature curves of electrical conductivity at 1.2,
2.2, and 2.9 GPa respectively. We consider the peak positions as
the melting temperatures. All melting points obtained by in situ
conductivity measurements under high pressure are shown in
Fig. 3 along with experimental error bars.

The melting curve of ice VII can be well described by the
Simon equation,*

(P — Py)la = (TITy) — 1, (2)

where P, and T, are respectively the pressure and temperature of
the ice VI-ice VII-liquid triple point. The fitted Simon equation
according to our data for ice VII is (P — 2.2)/2.26 = (1/358.1)""% — 1.
Together with their standard deviations, the parameters a and
o have the values 2.26 £+ 1.04 and 1.78 + 0.72, respectively.
Ideally, the melting curve drawn according to the Simon equation
should be above all liquid points and below all points charac-
terized as solid states. Here, the Simon fit algorithm derives the
parameters a and o by minimizing the number of points that lie
on the wrong side of the melting curve.
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Due to the large deviations in fitting the melting curve of ice
VI to the Simon equation, a simple quadratic equation was used
in this study instead of the Simon equation. This equation for
the melting curve of ice VI has the form P = —12.24314 +
0.06392T — 6.58313 x 10 °7° with P in GPa and T in K.

4. Discussion

Fig. 6 shows our results together with those obtained in previous
studies. It can be clearly seen that our melting curve of ice VI is in
good agreement with the curve measured by Bridgman.'? For the
phase boundary between ices VI and VII, our result is consistent
with most previous results within respective experimental error
bars, and there is a little discrepancy between the present study
and Johari’s® and Pistorius’s®® works in the lower temperature
range. The transition pressures from ice VI to ice VII measured by
Bridgman are higher than our results. Bridgman’s phase boundary
between ices VI and VII was determined by the change in volume
of a sample due to the phase transition. When the phase transition
from ice VI to ice VII occurs, the volume decreases by 1.03 cm® per
mole. This change in volume is very slight relative to the ice VII
volume of 11.06 cm® per mole,"® which would affect the accuracy
of the measurement. Charge carrier transportation is very sensitive
to the material’s structure, which means that a small change in the
structure of the sample could result in a strong response of the
sample to the external electric signal.

Our melting lines of ice VI and ice VII are consistent with
most previous results'>'® within respective experimental error bars.
They are also in good agreement with the authoritative litera-
ture (see eqn (2.19) for the melting curve of ice VI and eqn (2.20)
for the melting curve of ice VII in this review article).*’ Thus,
our study shows that abrupt changes in electrical conductivity
can characterize the melting curves of ices as reliably as
previous optical determinations.

We now propose the following reasonable model to under-
stand why the electrical conductivity changes abruptly when the
phase transition from ice VII to ice VI occurs. Ice properties
related to electrical transport are believed to be dominated by
orientational defects. Bjerrum postulated the existence of two

Dubrovinskaia

IceVIl

300 350 400 450 500
Temperature(K)

Fig. 6 Phase diagram near the triple point of ice Vi-ice VlIl-liquid shown

together with previous results. Red circles: this study; black line: ref. 12; blue

line: ref. 14; gray line: ref. 15; green line: ref. 16; violet line: ref. 19; dark yellow

line: ref. 20.
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kinds of orientational defects, formed by rotation of an OH
bond away from its own hydrogen bond axis into that of a
neighbor.**** One pair of neighboring O- - -O atoms is then left
with no intervening H atom (an L-defect), while a pair of OH
bonds face each other (OH:--HO) along the O---O axis of
another neighbor (a D-defect). Diffusion of a defect in an ice
lattice occurs by rotation of a H-O- - -H bond. Such defect diffu-
sion in ice plays an important role in the electrical conductivity of
ice. It should be noted that ice VI shows the largest H-bond
bending of all known phases of ice and the H-O- - -H angles of
ice VII and ice VI have different values.*® Therefore, the abrupt
changes in conductivity (as shown in Fig. 4a), when the phase
transition from ice VI to ice VII occurs, should be caused by the
different properties and amount of the orientational defects in
ice VII and in ice VI

We now employ Jaccard’s model®” to gain further insight
into the electrical transport mechanisms of ice polymorphs.
Jaccard’s model proceeds from the assumption that charge
carriers in ice are protons, which, to be transferred sizable
distances, must go through a succession of jumps, both along
hydrogen bonds and from bond to bond. Indeed, any hopping
along the bond from one molecule to another will create H;O"
and OH™ ions, and any jump from one bond to another will
give rise to a pair of Bjerrum defects: L-defects and D-defects.
The DC electrical conductivity of ice is determined by all of
these kinds of charge carriers, with charges e;, mobilities u; and
concentrations n; (i = 1-4). Let 1, 2, 3, and 4 represent a H;0"
ion, OH™ ion, D-defect, and L-defect respectively. Then the
respective conductivities are:

o; = |ei|wm; 3

According to Jaccard’s theory, the DC electrical conductivity
of ice is: 6 = 0jon + 05 = 04 + 0, + 03 + 04. Here oj,, is the
conductivity of ions (H;0" and OH ™), and oy is the conductivity
of Bjerrum defects (D-defect and L-defect). In this study the
magnitude of the electric field is in the range of 10*~10* Vm ™,
which would supply a free proton with energy of about 107> eV.
However, generation of a proton from cracking a hydrogen bond
requires energy of approximately 1 eV. Therefore the application
of the electric field does not give rise to new protonic charge
carriers, but only sets in motion the already existing ions and
Bjerrum defects. The carrier concentration n; is henceforth
considered to be a constant quantity in ice. Then according to
eqn (3), the electrical conductivities of ices are determined by the
carrier mobilities y;, which are very low and should be associated
with diffusion of orientational defects in ice.** As for liquid water,
the idea of a significant ionic contribution to electrical conduc-
tivity has been widely used in the past. At ambient pressure, the
ions in water mainly come from chemical ionization: 2H,0 —
H;0" + OH . In fact, the lifetime of H;0" ions in liquid water is
too short to be observed and even if they occur, their electrical
mobility is small compared to that of H" ions. Because of this,
water at high pressures and temperatures ionizes simply as
H,O — H' + OH .*® The mobility of H" and OH™ ions is very
high and conduction is induced by the hopping of H" and OH™
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ions from molecule to molecule.*® Besides, application of pressure
can enhance chemical ionization in water,"* which results in an
increasing ionic concentration. For these reasons, a significant
increase in electrical conductivity by a factor about two orders of
magnitude is observed as a result of ice melting (see Fig. 5a). Thus,
the differences in electrical transport mechanism lead to a great
difference in electrical conductivity of ice and liquid water.

5. Conclusions

Based on in situ electrical conductivity measurements using a
DAC, the phase diagram near the ice VI-ice VII-liquid triple point
and electrical transport properties of ice have been studied.
Abrupt changes in electrical conductivity were used to determine
the phase boundary between ices VI and VII as well as the melting
curve for these ices. Good agreement between our melting lines
and those from authoritative literature shows that in situ electrical
conductivity measurements can characterize the melting curves of
ices as reliably as previous optical determinations. The pressure
dependence of electrical conductivity of ice indicates that the
electrical conduction in ices VI and VII is dominated by already
existing ions and Bjerrum defects, which play an important role in
the electrical transport properties of ice. The difference in elec-
trical conductivity of ice VI and ice VII is associated with different
orientational ordering in these two ice polymorphs. Although
there is a possible problem of space charge layers building at
the electrode-ice interface in DC measurements, the polycrystal-
line character of ice would hinder the appearance of a space
charge at the ice-metal interfaces.
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