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ABSTRACT. In order to investigate the temperature dependence of vibrational spectra
ofice, we measured the Raman spectra of artificial ice Th in the temperature range 198270 K.
The frequency of translational lattice vibrations decreases with increases in the measurement
temperature, and the rate of decrease discontinuously changes at 237 K. The discontinuous
change of the rate of decrease is consistent with the phase transition from a proton-disordered
arrangement to a proton-ordered arrangement at the ice temperature 73 = 237 K in polar ice
sheets, as proposed by Fukazawa and others (1998b). We then compared the Raman spectra of
translational lattice vibrations in ice Ih and Antarctic ice and examined the possible effects of
the phase transition on the geophysical properties of Antarctic ice. We also report preliminary
results of the neutron powder diffraction of Dome Fuji (DF) Antarctic ice, and discuss

arrangements of protons in DF ice.

INTRODUCTION

Ice Ih is ordinary ice, and the oxygen nuclei in ice Th have a
hexagonal arrangement. The orientations of water molecules
are disordered at temperatures from 0 K to the melting point,
and therefore the positions of the protons are disordered fol-
lowing the ice rules (Pauling, 1935): (1) there is only one pro-
ton on each bond, and (2) there are only two protons close to
each oxygen nucleus. Thus, protons in ice Ih are equally dis-
tributed between the two possible sites on each O-O bond.
The vibrational spectra of ice, which are associated with
the arrangement of protons and oxygen nuclei, have been
mainly investigated using incoherent inelastic neutron scat-
tering (IINS) (Li and Ross, 1992) and Raman scattering
(Wong and Whalley, 1975, 1976). Fukazawa and others (1998b)
measured the IINS spectra of Dome Fuji (DF) Antarctic ice,
which has remained at a constant temperature for a long
period (10° to 10° years), and they hypothesized that a very
slow change in the proton arrangement occurs in ice. DF ice
was retrieved by the Japanese Antarctic Research Expedition
(JARE) at the DF station located on the top of a mountain in
Antarctica (77°22'S, 39°37" E; 3807 m a.s.l) in 1995 and 1996
(Watanabe and others, 1997). They found that the IINS spec-
trum of the librational vibrations of DF ice at 350 m depth is
different from that of ice Ih, but that it is similar to that of ice
XI. These results imply that DF ice at 350 m depth has the
same proton-ordered arrangement as does ice XI. Ice XI is a
proton-ordered phase that was found by Tajima and others
(1982) in 0.001-0.1mol KOH-doped ice at temperatures of
<72 K. The protons in ice XI are fixed at one site on each
O-Obond (Leadbetter and others, 1985). Howe and Whitworth
(1989) and Line and Whitworth (1996) measured the neutron
diffraction of powdered KOH-doped ice and obtained the
polar structure of the space group Cmc2;. Jackson and others
(1997) obtained the same result in a neutron-diffraction study

of a single crystal of KOH-doped ice.
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Fukazawa and others (1996, 1997, 1998b) investigated the
Raman scattering of translational lattice vibrations in
Antarctic ice and found that the ratio of peak intensities at
300 and 220 cm !, Iy, depended on the ice temperature, T}, in
the ice sheet. An incident laser beam with a diameter of 1 ym
was focused on an appropriate crystal grain. The crystal grain
was pure ice because impurities in ice are concentrated at the
grain boundaries (Fukazawa and others, 1998a). Trom the
Raman spectra, they calculated the 7; dependence of the
order parameter (the ratio of ordered protons in ice), 77, which
was consistent with the theory of the second-disorder phase
transition from the proton-disordered arrangement in ice Th
to the proton-ordered arrangement in ice XI at 7T; = 237 K.

Since the phase transition in Antarctic ice is caused by a
change in intermolecular potential, this change is expected to
occur in ice ITh when the measurement temperature is reduced
to <237K. In order to observe the change in molecular
polarizability due to the change in inter molecular potential,
we measured the Raman spectra of ice Ih in the temperature
range 198—270 K. We then compared the Raman spectra of ice
Th and DF ice in order to clarify the phase transition of ice
according to the change in ;. We also examined the possible
effects of the phase transition on properties of ice that may
have geophysical significance, such as mechanical and electri-
cal properties.

Neutron-diffraction measurements provide a direct
method for determining the proton ordering in ice. We have
been working on neutron-diffraction measurements on DF
Antarctic ice. In this paper, we report preliminary results of
neutron powder diffraction of DF ice at T} = 214 K, and
discuss arrangements of protons in DF ice.

EXPERIMENTAL METHODS

Neutron-diffraction data for the sample were measured in
the lattice-plane spacing (d) range of 1.8-2.2 A on the time-
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Fig. 2. Raman spectra of ice Ih in the region of translational
lattice vibrations (150-350 cm ). Measurement temperatures:
(a) 220 K, (b) 238 Kand (¢) 253 K. The polarization plane
of the incident beam was parallel to the c axis of the sample.
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of-flight powder diffractometer (Vega). The Vega is installed
at the High Energy Accelerator Research Organization 216 — e
(KEK), Japan. DF ice at 350 m c.iepth (T1 = 214 K) was I | | \ I
finely ground, and the representative particle size is about
10 gm. The temperature of the sample was held at 75 K 224 F 1 | | | 1
during the measurements. b
The Raman spectra of ice Th in the range 50-4000 cm '
were measured using a JOBIN YVON RAMANOR 222 1= ;e -
T64000. The excitation energy for Raman scattering was e .’°
produced by an Ar-ion laser of 5145.5 nm with an output of IE 200 . ”. -
300 mW. We measured the spectra of the polarization plane o
of the incident beam parallel and perpendicular to the c axis 3 ."'-.. .
of ice Th. The scattered light was collected at 180° to the dir- 5 218 |- 'I_._ -
ection of the laser beam. ""._9
A single crystal of ice Th was made from water using the
modified Bridgman method. The Raman spectra were 216 - YA
measured at temperatures of 198—270 K. Fluctuation in the | 1 1 ) *
measurement temperature was within 0.1 K. 200 220 240 260 280
RESULTS TH
Neutron powder diffraction Fig. 3. The measurement-temperature (T') dependence of the
Jrequency of translational lattice vibrations, v, observed by
Figure la shows the preliminary result of the neutron-dif- Raman spectroscopy of the c axis parallel (a) and perpen-
fraction profile of DF ice (at 350 m depth) in the d range dicular (b) to the polarization plane of the incident beam.
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1.8-2.2 A at a measurement temperature of 75 K. The profile
has large peaks at 1.91 and 2.07 A, and small peaks at 1.83,
1.89, 1.95, 2.02 and 213 A. The peaks at 1.83, 1.89, 191, 1.95
and 2.07 A are observed in the profile of ice Th with proton-
disordered arrangement.

Figure 1b and ¢ show the neutron-diffraction profiles of
DF ice in the d ranges 2.00-2.05 and 2.10-2.15 A, respectively.
The peaks at 202 and 2.13 A are clearly observed. These
peaks are not seen in the profile of ice Th.

The translational lattice vibrations

The Raman spectrum of ice Th has a peak at about 220 cm ',
which is assigned to translational lattice vibrations (Wong
and Whalley, 1976), and a peak at about 3140 Cmfl, which 1is
assigned to the O-H stretching vibrations (Wong and Whalley,
1975). Figure 2 shows typical spectra of ice Th at measurement
temperatures of 220, 238 and 253 K in the region of trans-
lational lattice vibrations (150—350 cm 1). The Raman spectra
at 220 K have a large peak at 22161 cm ' and a small peak at
about 300 cm . The large peaks in the spectra at 238 and
253 K are at 220.52 and 218.07 cm |, respectively. Our analysis
of the temperature dependence of translational lattice vibra-
tions is restricted to the frequency of the large peak at about
220 cmfl, v, because the peak at about 300 cm s too small
and broad.

Figure 3 shows the temperature (T') dependence of v
and vr ., where vy and vt . represent the values of vt for
the polarization planes parallel and perpendicular,
respectively, to the ¢ axis of ice Th. We found that both v,
and vr | . decrease with increases in T, and that the rates of
decrease in vt|. and vt . discontinuously change at a meas-
temperature of T, =237K. The

relations (dotted lines in Iig. 3) were obtained:

urement following

T>T. vpje(em™) = —0.137(K) +251.33, (1)
vrie(lem™) = —0.12T7(K) + 248.41, (2)
T<T. vpje(em™) = —0.07T(K) +237.11, (3)
vri(em™) = —0.07T(K) + 236.56.  (4)

The intramolecular vibrations

Figure 4 shows typical spectra of ice Th at measurement tem-
peratures of 220, 239 and 253 K in the region of the O-H
stretching vibrations (28003700 cm ). The Raman spectra
at 220 K have a large peak at 3125.05 cm ™", The peaks at 239
and 253 K are at 3131.70 and 3137.00 cm ', respectively. Figure
5 shows the T' dependence of vou | and voH L, where voy |
and vom L. represent the frequency of the peak of the O-H
stretching vibrations, vom, for the polarization planes
parallel and perpendicular, respectively, to the ¢ axis of ice
Th. Both von | and von L. linearly increase with increases in
T. The following relations (dotted lines in Fig. 5) were
obtained:

vou|.(cm™") = 0.347(K) + 3050.76, (5)

von Le(cm ™) = 0.35T(K) 4 3046.84. (6)

The linear increase in vog is the same as the T' dependence
of vop reported in Wong and Whalley (1975).

DISCUSSION

The neutron-diffraction profile of DF ice has the peak at
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Fig. 4. Raman spectra of ice Ih in the region of O-H stretching
vibrations (2800-3700 cm ). Measurement temperatures:
(a) 220K, (b) 239 K and (c¢) 253 K. The polarization
plane of the incident beam was parallel to the ¢ axis of the
sample.

2.13 A (Fig. Ic), which is not seen in the profile of ice Th. This
result shows that the structure of DF ice is clearly different
from that of ice Th with proton-disordered arrangement. Line
and Whitworth (1996) and Jackson and others (1997) reported
that the profile of ice XI with proton-ordered arrangement
has the peak at 2.13 A, and it is assigned to the 131 diffraction
peak. Thus, it is considered that DF ice has the proton-ordered
arrangement in ice XI. The result is consistent with the proton
ordering in Antarctic ice of 7; <237 K that is proposed in our
previous papers (Fukazawa and others, 1998b, 1999, in press).
The neutron-diffraction profile of DF ice has the peak at
2.02 A (Fig. Ib), which is not seen in the profile of ice Ih or ice
XI. This result implies that DF ice includes a proton
arrangement which is different from that in ice Ih and ice
XI. In order to analyze the arrangement, we plan to measure
the diffraction precisely.

The frequency of translational lattice vibrations in Raman
spectrum 1s associated with the force constant between
adjacent water molecules. Any change in frequency affects
the dielectric properties of ice, which must be known in order
to interpret radar remote-sensing data, as follows.

The discontinuous changes in vt and vr,. at T, are
caused by a temperature effect at a constant volume,
Out /0Ty, namely, non-linear effects in the displacement.
The value of (Qur/0T)y is divided into the effect of T" on
vr at constant pressure, (Oup/9T)p, and the constant-tem-
perature volume effect, (Qur/OP)r. Thus,

(Ovr/dT)y = (Jvr/9T)p + (/B)(dvr/OP) 1, (7)

where «is the volume expansivity and (3 is the compressibil-
ity. The values of & and 3 in ice Ih are 155 MK ' (LaPlaca
and Post, 1960) and 12 Mbar ' (Gow and Williamson, 1972),
respectively, at about 255 K. Johari and others (1984)
reported that (Qur/OP)y = 477 cm 'kbar . From Equations
(1-4), we obtained values of (ur)./0T)p = 013cm 'K
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Fig 5. The T dependence of the frequency of the peak of the O-H
stretching vibrations, vou, observed by Raman spectroscopy of
the c axts parallel (a) and perpendicular (b) to the polariza-
tion plane of the incident beam.

and (Ovr../0T)p = —012cm 'K ' for > 7T, and (dvr|./
OT)p = —007cm 'K ' and (v, ./0T)p = —0.12cm 'K
for < T¢., where (Qvr)./0T)p and (Ory./0T)p are the values
of (Qup/dT)p for the polarization planes parallel and
perpendicular, respectively, to the c axis of ice Th. Substituting
these values into Equation (7), we obtain:

T=T., (Qvy)/0T)y =-0.07, (8)
(Ovr1./0T)y = —0.06, (9)
T'<T., (dvy)/0T)y =—0.01, (10)
(vr,./0T)y = —0.01, (11)

where (Qu)./0T)y and (Quri./0T)y are values of
(Our/OT)y for the polarization planes parallel and perpen-
dicular, respectively, to the ¢ axis. The rates, (Quy)./0Ty
and (Ouri./0T)y, below 237K are about 80% less than
that above 237 K. The decrease at 237 K implies a decrease
in the anharmonicity of the lattice vibrations, because
(Ovp/0T)y is due to the anharmonic term in the inter-
molecular potential (Johari, 1981). Sivakumar and others
(1978) estimated that the anharmonicity is mainly caused
by the bending of O-H - - - O angles.

The decrease in anharmonicity of the lattice vibrations
below 237 K is able to drive phase transitions. Thus, the
temperature dependence of vt in ice Th is consistent with
the phase transition from a proton-disordered arrangement
to a proton-ordered arrangement at 7; = 237 K in polar ice

250

https://doi.org/10.3189/172756400781820426 Published online by Cambridge University Press

0.33
0.32
0.31
0.30
0.29
0.28
0.27
0.26

| | 1 = | |
220 230 240 250 260
T (K)

Fig. 6. (a) The T dependence of Iy in Antarctic and Green-
land ice ( Fukazawa and others, 1998b). (b) The T; depen-
dence of m in DF ice (filled circles), determined by IINS
measurements (Fukazawa and others, in press). The open
squares represent values of 1 in Antarctic and Greenland ice,
whichwere obtained by analyses of Raman spectra ( Fukazawa
and  others,  1998b). The  solid  line  shows
n=+/(T. —T)/T. for T, < T.and n =0 for T; > T,
where T, = 237 K.

sheets, as proposed by Fukazawa and others (1998b).
However, since the co-operative process of proton re-
arrangement at a low temperature is very slow (Eisenberg
and Kauzmann, 1969), proton ordering requires a very long
period. On the basis of results of extrapolation of the relaxa-
tional heat capacity of ice annealed for 624 hours, Suga
(1985) roughly estimated that proton-ordering in ice Ih
requires about 10°years. Therefore, the proton-ordered
arrangement is not found in ice Ih, but polar ice which has
been kept for a long period at a constant temperature
of <237 K contains the proton-ordered arrangement.

Matsuoka and others (1998) precisely measured Raman
spectra of translational lattice vibrations and the dielectric
constant of DF ice (at 350 m depth) in the temperature range
210-260 K. They found that the temperature dependence of
translational lattice vibrations discontinuously changes at
about 237 K, and the dependence is approximately the same
as that of ice Th: for T > 238 K, (Ov/9T)p = —0.136 cm '
K, and for T < 238K, (Ov/dT)p = —0082cm ' K.
Furthermore, the temperature dependence of the dielectric
constant discontinuously changes at about 237 K. Analysis
of the temperature dependence using the Kramers—Kronig
relation showed that this change is caused by a change in
temperature dependence of vt in DF ice. This finding
suggests that one of the two potential minima of protons is
lowered at temperatures below 7. Thus the discontinuous
change in vt at T, affects the dielectric properties of polar
ice at microwave frequencies.
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The intensity of the peak in translational lattice
vibrations in Raman spectrum is due to the arrangements
of oxygen nuclei and protons (Fukazawa and others, 1998b).
As shown in Figure 2, the ratio of peak intensities at 300 and
220 cm !, Iy, in ice Ih remains constant at about 0.36 and is
independent of the measurement temperatures. Since the
value of Iy depends on the ratio of the proton-ordered
arrangement to the disordered arrangement in ice, the
constant values show that the protons in ice Ih are disor-
dered regardless of the measurement temperature. For polar
ice, Ir depends on 7 in the ice sheet, as shown in Figure 6a
(Fukazawa and others, 1998b). The values of the ratio of
ordered protons in polar ice, 7, calculated from the I in the
polar ice (Fig. 6b), are in good agreement with the relation
between temperature and 7 obtained from the Landau
theory of the second-order phase transition (Landau and
Lifshitz, 1959): n = /(T — T})/T.. for T; < T. and n= 0
for T3 > T'., where T, = 237 K, while the value of 7 in ice
Ih is 0. These results are consistent with the hypothesis that
proton ordering in ice requires a very long period of time to
be realized.

Polar ice in an area where 7; < 237 K contains the proton-
ordered arrangement. At DF station in inland Antarctica,
there is a large proton-ordered ice mass from the surface to
about 2000 m depth, where T; <237 K. The thickness of this
layer is more than half that of the total ice thickness, which
was calculated by radio-echo sounding to be about 3060 m.
Goodman and others (1981) reported that proton rearrange-
ment controls the glide of ice. Since the proton rearrange-
ment in proton-ordered ice is extremely slow, it is thought
that flowability of ice discontinuously changes at about
2000 m depth. Mizuho station is located at the boundary
between the proton-ordered and -disordered ice areas. Ice
between Mizuho station and the coast has the proton-disor-
dered arrangement because 7; > 237 K. In Greenland, T3 >
237 K in most of the ice sheet.

Based on the results of proton ordering in Antarctic ice,
Fukazawa and others (1998b) estimated that ice slowly
grown from vapor at temperatures of <237 K has the
proton-ordered arrangement because the ice is in thermo-
dynamic equilibrium. Su and others (1998) measured the
sum-frequency vibrational spectra of ice grown from vapor at
about 140 K and found proton ordering in thin layers of the ice.
Iedema and others (1998) also found the proton ordering in ice
grown from vapor at temperatures of 40-150 K. The results of
these recent works imply that ice grown from vapor in the
Earth’s ozone layer and atmospheric aerosol over Antarctica
have the proton-ordered arrangement.

These temperatures at which the proton-ordered
arrangement in ice was found are higher than the transition
temperatures of 72K in KOH-doped ice. The analyses,
which explain the phase transition and the high transition
temperatures, are very important for understanding the
hydrogen bond of ice, but the complete picture is not clear
at present. In order to obtain direct evidence for the proton
ordering in ice, the determination of proton arrangements
in ice, by single-crystal neutron-diffraction, is important.
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