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Thermal expansion of HoO and D20 ice Ih with relative resolution of one part in one billion is
reported. A large transition in the thermal expansion coefficient at 101 K in HoO moves to 125 K
in D20, revealing one of the largest-known isotope effects. Rotational oscillatory modes that couple
poorly to phonons, i.e. lattice solitons, may be responsible.

The form of ice most familiar to man is known as or-
dinary ice. It has a hexagonal close pack (hcp) crystal
structure commonly referred to as ice Ih where the HoO
molecules remain intact with the oxygens fixed on the hcp
lattice sites [1, 2]. The hydrogens assume one of two pos-
sible positions between neighboring oxygens. They are 1
A from an oxygen when they belong to an HoO molecule
or 1.75 A away when they provide the hydrogen bond to
a neighboring molecule, effectively forming a double-well
potential for the hydrogen between neighboring oxygens
[3]. Six possible orientations of each HoO molecule ex-
ist within the hep structure [1, 2, 4]. The orientations
of the molecules are random, resulting in disorder of the
hydrogens. Dispersion of the hydrogen positions along
hydrogen bonds [2] also exists. Furthermore, the hexag-
onal lattice requires a bond angle between the oxygens
of 109.5°, however, 104.5° is the H-O-H angle for the
H50 molecule in the vapor phase [5]. The observed H-
O-H angle in ice Ih lies between these two values [6],
which also leads to disorder. These sources of disorder
and the double-well potential result in an anharmonic
energy landscape for each atom of ordinary ice.

Anharmonic atomic vibrations are responsible for the
thermal expansion of solids [7, 8]. Although the thermal
expansion of ordinary ice has been previously measured
[7, 9-12], the measurements presented here utilize capac-
itive dilatometry, which can resolve length changes of 0.1
A [13-15]. The relative resolution is about 1 part in one
billion for the single crystals measured herein, which is
4,000 times higher than past dilatometry measurements
[10] and 8,000 to 30,000 times higher than lattice param-
eter measurements [11, 12]. The data reveal features in
the thermal expansion of ice Ih that have not previously
been observed. This includes an extremely large transi-
tion in the thermal expansion coefficient at 101 K, corre-
sponding to the temperature where the frozen-in electric
polarization is released. When ice made from D>O is
measured, the transition moves to 125 K, revealing one
of the largest-known isotope effects [21-23]. The shift in
the transition temperature is calculated within 1% using
a lattice-soliton model involving molecular rotations.

The change in sample length AL normalized to the
length at 10 K, L1k, of HoO and D50 ice Ih is shown in
Figs. 1(a) and 2(a) for the a and ¢ crystallographic direc-

tions. The AL/Lqpk data span the temperature range
5 K < T < 265 K with over 1,300 individual data points.
These are raw data, with no post processing beyond cor-
rections for an addenda and the thermal expansion of
fused silica [15]. HyO ice (Fig. 1(a)) displays subtle
anisotropy between a and c. A kink is evident at 101 K
along c. Distinct minima in AL/Ljgk are visible in the
inset of Fig. 1(a) along both a and ¢ near 63 K. The
kink near 101 K and the minimum near 63 K were also
observed in measurements by the authors on polycrys-
talline ice. The data for D2O ice (Fig. 2(a)) are similar,
although the kink is near 125 K.

Differentiating AL/Lqok yields the thermal expansion
coefficient « = d(AL/L1pk)/dT (see Figs. 1(b) and
2(b)). Note that & — 0 as T'— 0 K for H,O and D20,
in agreement with the third law of thermodynamics. Fo-
cusing on HoO (Fig. 1(b)), a large feature is evident in
the c-axis data, which was not resolved in prior exper-
iments [9-12]. Tts relative magnitude Aa/a = +220%,
is 100 times larger than the corresponding feature in Cp
[24], and it is 26% of the overall change in « along ¢ for
5K < T < 265 K. It is ~11 K wide (neglecting the step
between 85 and 95 K) with its midpoint at 101 K. It is
hereafter referred to as the glass temperature Ty. There is
a more subtle feature along a between 104 K and 128 K,
noticeable as a small decrease in the slope of . There
is a second, much weaker increase and then decrease in
the slope of « starting at 165 K, ending at 212 K, that is
most pronounced along a, but also visible along ¢ in the
same temperature interval. The a data for D2O along ¢
reveal that 7, moves up considerably with its midpoint
at 125 K, transition width of 13 K, broad step between
111 K and 118 K, and Aa/a = +64%. Along a, the
feature occurs between 112 K and 138 K, noticeable as a
small decrease in the slope of .. There is a second, much
weaker decrease in the slope near 178 K that seems to
conclude near 214 K, visible only along a.

The temperature below which the negative thermal ex-
pansion (NE) occurs (o < 0) is defined as Tygz (lower
insets of Figs. 1 and 2). Below Tng2 the sample expands
upon cooling. For HyO Txge = 61.3(1) K along a and
64.3(1) K along ¢. For D20, Tygz = 60.5(1) K along
a and 62.9(1) K along ¢, shifts of 0.8 K and 1.4 K for
a and c, respectively, that are associated with the more
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FIG. 1. (color online) (a) Linear thermal expansion AL/L1ok
of single-crystalline H2O ice Ih along the a and c axes: insets
reveal additional detail, including a transition at T, (arrow).
(b) Thermal expansion coefficient o. The upper and lower in-
sets reveal the regions near T, and where a becomes negative.

massive deuterium atom. The temperatures correspond-
ing to the minima of «, Txg1, along a are 35.8(1) K and
35.7(1) K, and along ¢ are 36.0(1) K and 36.5(1) K for
H0 and D-0O, respectively, do not change appreciably.
Prior measurements could not accurately determine Tng1
and TNE2 [9*12}

The thermal expansion data for HoO and D5 O are com-
pared in Fig. 3. The similarity in the behavior and the
shift in T, are evident. Notable is that above T, « is
larger for D3O. The same is true for 3, the volume co-
efficient of thermal expansion, and the relative volume
change AV/Vipk (see Figs. 3(c) and (d)). Prior mea-
surements failed to reveal significant differences between
H>0 and D50 [10], but did reveal an enhancement of «
for DoO above ~ 140 K [11, 12, 25]. Cp in DO also
exhibits an enhancement [26].

The inset of Fig. 3(d) shows AV/Varsk of HoO liquid
[27] and AV/Vipk of HyO ice near their minima. Ice’s
minimum spans a broader range in T and is about 3
times larger than the minimum in water. The ~4% vol-
ume change could have implications in astrophysics; 1 m3
of ice embedded in a comet would exert ~4000 Earth at-
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FIG. 2. (color online) (a) Linear thermal expansion AL/L1ok
of single-crystalline D2O ice Ih along the a and c axes: insets
reveal additional detail, including a transition at T, (arrow).
(b) Thermal expansion coefficient o. The upper and lower in-
sets reveal the regions near T, and where a becomes negative.

mospheres of pressure [28] as it warms and cools through
the minimum, leading to fragmentation.

The temperature-dependent lattice parameters are ob-
tained after multiplying AL/Ljok by the respective lat-
tice parameter at 10 K [11], and adding it to that lattice
parameter. The resulting a and c lattice parameters ver-
sus T for HyO are shown in the inset of Fig. 4. The ¢/a
ratios (main panel of Fig. 4) reveal behavior that was
not observable in prior experiments. If ¢/a determined
from lattice parameter data [11, 12] were plotted in Fig.
4, the data would exhibit scatter beyond the plot’s ver-
tical boundaries. Distinct minima in ¢/a occur precisely
at Ty, reflecting the anisotropy of AL/L1ok imparted on
ice due to the glass transition.

Solids with hcp crystal structures, including the ele-
ments Be, Zn, Cd, Ti, Zr, Co, and TI, exhibit signifi-
cant anisotropy in the thermal expansion between a and
¢ [7], making the nearly isotropic expansion of ice Ih un-
usual. Ice is softer than most solids, with an isothermal
bulk modulus ranging from 11 GPa (at 0 K) to 8.4 GPa
(at 273 K) [28]. The aforementioned hexagonal solids
have bulk moduli 4.3 to 23 times larger, densities 1.8
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FIG. 3. Comparison of the thermal expansion coefficients
(panels a and b), volumetric thermal expansion coefficients 3
(panel ¢), and volumetric thermal expansion AV/Vigk (panel
d) for H2O and DO ice. The inset displays the volume min-
ima for solid and liquid H2O.
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FIG. 4. (color online) The ¢/a ratio versus T for H,O and
D20. Inset shows the lattice parameters versus T for HoO
from Ref. 11 and calculated from AL/Liok.

to 11.9 times larger, a and c lattice parameters 1.3 to 2
times smaller, and thermal expansion coefficients 1.6 to
6.1 times smaller [7, 8]. Ice’s crystal structure possesses
substantial empty volume [1] due to the large relative
spacing between its molecules. The resulting softness and
the anharmonicity noted above are likely responsible for
the large magnitude of its thermal expansion. Solids with
crystal structures possessing substantial empty volume,
tetrahedrally-bonded solids (Si and Ge, for example), and
compounds sharing ice’s wurtzite crystal structure (CdS
and ZnO, for example) often exhibit NE [7, 29]. Atomic
vibrations perpendicular to the line connecting adjacent
atoms, known as transverse acoustical phonons, can be
the source of NE [29]. They have been identified as re-
sponsible for ice’s NE [30-32]. The temperature TNgo

defines the temperature above which Griineisen modes
responsible for positive thermal expansion begin to dom-
inate. Near 25 K, which is below Txg1, « is shifted down-
ward in temperature for D3O from the values observed
for HyO by 2.0% along a and 4.0% along c¢. Txgs is also
shifted downward in D20, by 1.3% along a and 2.2%
along c. The direction of these shifts and their modest
magnitude indicate that the modes giving rise to negative
and positive Griineisen parameters for 7' < 70 K proba-
bly involve vibrations of the entire molecule. Note that
the ratio of Tng1 along ¢, 36.5(1)/36.0(1) = 1.014(5),
agrees well with the ratio of the dipole interaction en-
ergies for D3O and HoO [33], suggesting that Txg; may
signify the temperature above which the electric polar-
ization along ¢ weakens.

The large increase of a at T, proves the bulk na-
ture of the transition. If it were first-order, as expected
for a transition from one crystallographic structure to
another, a discontinuity in AL/Ljgx would be evident
[34]. The measurements reveal no discontinuity, so this
is unlikely. More rapid cooling of HyO ice (instead of
0.2 K/min, 0.5 K/min and 1 K/min), and then warming
at 0.2 K/min, moves Ty to higher temperature (+6 K
and +11 K, respectively) [14]. Since « exhibits hysteresis
about T, the transition is not continuous (i.e. second-
order) [34]. Furthermore, it is extremely broad and the
transitions along a and ¢ do not coincide in temperature.
These considerations lead us to characterize it as a glass
transition, in agreement with Haida et al. [24].

Phonons are not responsible for upward shift of Ty,
since measured phonon modes move downward in energy
for DoO versus HyO [1, 31, 35]. However, it seems rea-
sonable to assume that hydrogen motion is in some man-
ner responsible for the transition at 7,. In principal,
hydrogen motion in pure ice over the 0.75 A distance
from one oxygen to its neighbor is possible through di-
rect transfer of a HY ion. Since the energy to dissociate
H50 to form H* and OH™ is extremely high [36], this
process has a low probability. Direct transfer of a H ion
through quantum-mechanical tunneling [37] has been re-
ported, but recent experiments failed to observe any tun-
neling [38]. In a laboratory-accessible electric field E, if
the protons in ice were to move via tunneling, the force
would be negligible compared to the dissociation energy
per meter, and proton tunneling would remain spatially
random leading to zero net electric polarization. Partial
rotation of an HoO molecule, equivalent to tilting of p),
the electric dipole moment, would lead to a net electric
polarization [39]. Polarizing ice near its melting point
with F, cooling to 80 K, setting E' = 0, and observing the
polarization loss upon warming leads to the thermally-
stimulated-depolarization (TSD) current. It reveals [40]
a release of the frozen-in electric polarization above 100
K. A reasonable assessment is that the HoO molecules
are held in slightly-rotated positions below 100 K by lo-
cal strain fields associated with ice’s hydrogen disorder



due to the dominance of potential energy over kinetic
energy. The thermal energy above 100 K is sufficient
to release the molecules. TSD current was measured for
the samples in this study with E along ¢, the direction
where the transition at T, is most evident. The peak in
TSD current coincides with the transition in « at 7}, for
H50 and D50 [15] indicating a common physical origin.
Given the coincidence in temperature of the transitions
in the a and TSD data, the transition at T is attributed
to hydrogen (deuteron) motion through release of HoO
(D20) molecules from their frozen-in orientations below
Ts.
We postulate that once the hydrogens are released from
their local strain fields above T}, the strongly anharmonic
potentials in which they exist lead to rotational oscilla-
tory modes of the molecules that couple poorly to ice’s
phonon modes [41]. Comparison of the specific heats of
H50 ice and its heavy water variant, DoO [26, 42, 43], re-
veals that small-amplitude molecular rotation, also called
libration, contributes significantly to the specific heat,
particularly above 100 K. In our scenario the molecular
rotation is spread, along a chain, over of a large num-
ber of H,O molecules with small relative rotation from
one molecule to the next, forming a wavefront. That
is, the HyO molecules exhibit intrinsic localized modes
(ILMs) of vibration [44], also referred to as lattice soli-
tons. Across the wavefront, the H-O distance changes
monotonically from 1.75 A to 1.0 A, effectively transfer-
ring one hydrogen. Our scenario combines the mecha-
nism of libration with the formation of Bjerrum L and
D defects [1, 39, 45, 46], however, the defect is spread
across the wavefront. The formation of ILMs would lead
to a structural relaxation [41, 44], thereby contributing
to the thermal expansion. If the strained regions prop-
agate, they may annihilate oppositely strained regions
upon collision, resulting in a large scale relaxation. The
presence of ILMs in ice is consistent with the peak ob-
served in the specific heat [24] since, when active, they
add configurational entropy [44].

A modified version of a lattice-soliton model [3] for
chain-like structures of HoO molecules offers a possible
type of ILM. To connect with the discussion above, the
solitary wavefront represents the local strained region
and the moving wavefront represents the propagation of
strain. Note that zig-zag, chain-like structures exist along
¢ in ice Ih, but not in the basal plane [1]. The original
model [3] considered a chain of OH™ ions with a proton
placed between neighboring ions in a double-well poten-
tial with one minimum representing covalent bonding to
one ion and the other representing hydrogen bonding to
the same ion. In our modified version, we view a hy-
drogen hopping from one minimum to the next as a co-
operative motion between neighboring water molecules
along the chain via multiple small-amplitude molecular
rotations. This allows for a continuum description in con-
trast to the fully discrete case of the Bjerrum rotation of

one molecule at a time. For simplicity, the bond-length
difference between O-H and O-D are ignored and the elas-
tic energy constants associated with (a) relative displace-
ment between two neighboring oxygens and (b) relative
displacement between neighboring in-line hydrogens are
assumed to be identical. With these simplifications, and
the assumption of weak coupling between hydrogen and
oxygen motion along the chain, the result from Ref. 3
gives a relation for the energy of the lattice soliton as

T (1)

with m the hydrogen (deuteron) mass and Mo the oxy-
gen mass. Provided that the barrier height ey o \/m,
we obtain Ep,o/Em,0 ~ 1.23, representing the ratio
of thermal energies needed for solitary wave formation
in DoO and HO. This is in agreement with the ratio
T, (D20)/Tg(Ho0) = 1.24. Additional information re-
garding the model, Eq. (1), e and the T ratio when
discrete Bjerrum rotation is used as the strain release
mechanism is provided in Ref. 15.

Coincident with the large feature in a along c at
Ty, there is a smaller feature along a. The resulting
anisotropy in AL/Ljgk is responsible for the dramatic
dip in ¢/a at T;. ILMs in uranium are polarized along
the [0 1 0] direction [47], leading to anisotropy in its ther-
mal expansion. If ILMs are active in ice, anisotropy in «
and the dip in ¢/a signify polarization of the ILM. Addi-
tional features in « along a and ¢, evident in the region
165 K < T < 212 K, may correspond to the formation
of higher-order ILMs or coupling between them. Further
study will be required to understand these features.

This work reveals new aspects regarding the thermal
expansion of ice, due to the high relative resolution of the
measurements. A large transition in « at 101 K is shown
to coincide with the release of frozen-in electric polariza-
tion, and to be strongly influenced by the replacement
of hydrogen with deuterium. It is attributed to the on-
set of lattice solitons activated by hydrogen motion along
a chain of HoO molecules via small-amplitude molecular
rotation. The solitary wavefront can be viewed as a screw
dislocation that is restricted to the hydrogen lattice.
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