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Orientational defects play an important role in a variety of ice phenomena, such as dielectric and
mechanical relaxation, and electrical conductivity. In this study, structure and migration mechanisms of
such defects were investigated using molecular dynamics simulations. Defect structure is quite different
from the one proposed originally by Bjerrum [Science 115, 385 (1952)]. Two basic structures were
identified for the D defect (with excess OH in the network), and one dominant structure was obtained
for the L defect (with a missing hydrogen bond). Typically, one water molecule in a defect is displaced
�1 Å from the crystal lattice site. Defect jumps occur via vibrational phase coincidence.

PACS numbers: 66.30.Lw
Water ice is one of the most important natural sub-
stances. The common crystalline form of solid H2O (ice
Ih) can be viewed as a nearly perfect tetrahedral network of
H bonds [1,2]. The four hydrogen bonds effectively im-
mobilize each water molecule. Therefore, ice properties
related to transport and relaxation are believed to be domi-
nated by defects. This Letter addresses the structure and
the dynamics of the kind of defects that promote molecular
reorientation, e.g., during dielectric and mechanical relax-
ation [1]. Such defects play also an important role in the
unusual electrical conductivity of ice [1], and perhaps in
the crystallization of icy substances [3].

While there is little doubt about the existence and
the importance of defects, their molecular structures and
migration mechanisms are far from being well understood.
A classical model which has been broadly invoked in the
past was suggested by Bjerrum [4] (see Fig. 1). The model
postulated the existence of two 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 left with no intervening
H atom (an L defect), while a pair of OH bonds are
facing each other �OH · · · HO� along another near neighbor
O · · · O axis (a D defect). A jump of a defect to a new site
occurs by a 120± rotation of a molecule, as shown in Fig. 1.
Such jumps were proposed to provide a mechanism for
molecular reorientation. The defects diffuse in ice until a
recombination of an L-D pair takes place.

However, it has been clear that the Bjerrum model can-
not be correct beyond a cartoon level. Electrostatic re-
pulsion between partial positive charges on the H atoms
of the D defect and between partial negative charges of
the L defect is bound to alter the defect structure. Pre-
vious studies of relaxed ice defects [5] focused mostly
on energy minimization of reduced dimensionality mod-
els which included a defect and neighboring molecules
[1,2,5]. These investigations produced a variety of results,
depending on the choice of “important” relaxing coor-
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dinates. In an alternative one-dimensional kink-solitonic
model of orientational defects, the defects were proposed
to be delocalized over numerous water molecules [6].

Here, we employ molecular dynamics simulations of
defects in a realistic ice model containing several hundred

FIG. 1. From top to bottom: schematic representation of the
formation of a pair of D and L defects, and an L-defect jump,
in the Bjerrum model. The c axis is perpendicular to the page.
The second OH of the rotating molecule in the top (middle)
panel points into (out) of the page, respectively.
© 1999 The American Physical Society
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molecules. The model is sufficiently large to investigate,
for the first time, structure and dynamics of migrating
orientational defects in ice at finite temperatures.

The ice structure.—Ice Ih is orientationally disordered,
despite the nearly perfect tetrahedral network of hydrogen
bonds [1,2]. That is, while O atoms form a nearly
perfect periodic pattern [7], the H atoms are arranged
at random within the constraints of the so–called ice
rules—two chemically bonded and two hydrogen bonded
H atoms around each O atom. Our method to generate
orientationally disordered ice models is described in
Ref. [8]. The present study employs a rectangular ice
model containing 360 water molecules; several check-up
runs employed a larger 1600 molecule model. Periodic
boundary conditions were used.

The potential.—The calculation employed an empirical
polarizable potential denoted EMP [8], which is a modi-
fied version of a potential proposed in Ref. [9]. The
modification was carried out by us recently [8], in an
effort to provide a balanced description of all water phases
(solid, liquid, and clusters). Another set of simulations
was carried out with the nonpolarizable (and much more
computationally efficient) TIP4P potential [10]. The main
conclusions of this study were found to be valid for both
potentials.

Initial conditions, technical details.—The study does
not consider the formation mechanism of the defect pair.
This is since defect pair formation is associated with a
substantial energy barrier [1,2], and is therefore unlikely
to be observed on an ordinary simulation time scale. We
adopted the basic Bjerrum’s assumption, that an orienta-
tional defect is associated with one extra or one missing
OH bond in the hydrogen bond network. The starting
point is an ice structure, with a pair of idealized Bjerrum
defects. The ideal L-D defect pair was introduced by a
rotation of one of the molecules; the two defects were
then displaced from each other by a geometric transfor-
mation corresponding to 10–13 “ideal” Bjerrum jumps of
the L defect (see Fig. 1). Conjugate gradient minimiza-
tion was then applied to this initial structure, followed by
heating to a temperature in the range 100–230 K. Finally,
a classical trajectory simulation was carried out. The re-
sults described below are based mostly on five 20 ps tra-
jectories employing EMP, at 230 K, and twelve 15 ps
trajectories employing TIP4P, at 210 K. Two backup
calculations (employing EMP and TIP4P, respectively)
were 100 ps long. Computational details of classical
molecular dynamics are similar to the ones used in our
past ice simulations [11,12].

Results.—Three basic defect structures were identified,
two derived from D, and one from L. The structures
are shown in Figs. 2 and 3, together with the respective
defect jump mechanisms, and some energetics [13]. The
two basic structures derived from D are very different
from the Bjerrum model [see Figs. 2(a) and 3(a)]. The
D structure as proposed by Bjerrum (see Fig. 1) was
FIG. 2. A jump of a D�ab� defect (left), and of an L defect
(right). Snapshots from 230 K trajectories employing EMP.
The initial, intermediate, and final states are shown from top to
bottom, as projections on the ab plane. For clarity, the initial
and the final states were minimized. “D” and “L” denote the
locations of the defect. While the figure shows jumps in an ab
plane, similar jumps occur between planes. The mean energy
of the two D and L defect molecules in (a) and (A) is 211.5
and 29.4 kcal�mol, respectively. The mean molecular energy
away from the defects is 213.6 kcal�mol. Only molecules near
the plane of the defects are shown.

never found, even as a transition state. The L defect
is substantially distorted with respect to the Bjerrum
structure. However, in the discussion below, we retain
the classical terminology (L and D) as bookkeeping
devices, denoting entities with a missing and an extra
OH bond, respectively. In the two D defects, the extra
OH is oriented either close to the ab hexagonal plane, or
close to the c axis; the two species are therefore labeled
D�ab� and D�c�, respectively. It should be realized
that defect structures are influenced by the microscopic
neighborhood, which varies because of the orientational
disorder. Because of that, there is some variability
in the three prototype geometries. However, the three
basic structures are easily identifiable throughout the
simulations. Typically, each defect contains one molecule
which is displaced significantly (�1 Å) from its ideal
lattice site.

The D defects.—In the D�ab� defect, shown in
Fig. 2(a), the excess OH (denoted D) points into a cavity
in the ice structure, and is close to the ab plane. The
corresponding water molecule is displaced from its lattice
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FIG. 3. A jump, in which a D�c� defect is converted into
D�ab�. Snapshots from a 230 K trajectory employing EMP.
For clarity, the initial and the final states were minimized. The
c axis is vertical. “D�c�” and “D�ab�” denote the initial and
the final locations of the defect. The energies of the t, m,
and b molecules in (a) are 211.3, 213.2, and 214.6 kcal�mol,
respectively. Only molecules near the plane of the defects are
shown.

site into the cavity, in the direction of the dangling OH.
(If this molecule retained its crystal location, significant
repulsion would be present between the dangling H,
and the neighboring H atoms in the hydrogen bond
network.) The displacement at the local minimum energy
configuration is in the range 0.8–1.4 Å, and is sufficiently
large to break (or weaken considerably) the hydrogen
bond with the water molecule on the other side of the
dangling OH. The corresponding O · · · O distance is
3.4–4.0 Å, as compared to the mean minimum O · · · O
distance of 2.785 Å for hydrogen bonds in ice in the
EMP potential. Thus, in the limit of long displacement
[Fig. 2(a)], this defect can be considered composed of
two three-coordinated water molecules, each with one
dangling OH, two bonds through O, and one through H.
In the limit of short displacement [Fig 2(c)], the defect
can be viewed as localized on a single molecule with one
hydrogen bond through H, three hydrogen bonds through
O (one long), and one dangling OH.

The D�c� form of the D defect, exemplified in
Fig. 3(a), was encountered less commonly than D�ab�.
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D�c� constituted about 1�6 of the D defects examined in
EMP, and about 1�3 in TIP4P. D�c� is delocalized over
three molecules (denoted t, m, and b), which are stacked
above each other along the c axis [see Fig. 3(a)]. The
middle molecule m is the carrier of the excess OH, which
is oriented downwards close to the c axis.

In order to explain the existence of D�c�, let us consider
as a starting point a structure such as the one shown
in Fig. 3(b). This is how the D�c� defect would have
looked, if it had chosen to adopt a structure analogous
to D�ab�; then the excess OH would have pointed into
a cavity, in the direction close to the c axis. However,
the bottom molecule (denoted b in the figure) attracts the
excess OH, resulting in the formation of a new hydrogen
bond m · · · b, as seen in the minimum energy structure in
Fig. 3(a). At the same time, the m molecule is displaced
�1 Å from its lattice site, and the bond to the top molecule
t is “broken.” (There is, of course, attractive interaction
between m and t; however, the corresponding O · · · O
distance at the minimum is long, in the range 3.7–4.0 Å.)

Defect motion is very efficient, and depends on
phase coincidence. A jump D�ab�-D�ab� is shown
in Figs. 2(a)–2(c). A jump D�c�-D�ab� is shown in
Fig. 3. A molecule with the excess OH performs high
amplitude (�1 Å) oscillations around its minimum, which
is displaced from the ideal lattice site. However, every
�0.5 ps the distance of the O atom of the defect H2O from
its lattice site is at the minimum. The jump occurs when
the oxygen of the defect molecule approaches its ideal
lattice site, while an oxygen of a neighboring molecule
performs an excursion away from its lattice site towards
a location appropriate for a defect. In the D�ab�-D�ab�
transition, an exchange between a bonded and a dangling
OH occurs, when the O configuration at the neighboring
sites becomes roughly equivalent from the point of view
of the H atoms [see Fig. 2(b)]. (Sometimes, the second
OH of the defect molecule becomes involved in the defect
jump, and acquires a new partner in the process.) The
asymmetric D�c�-D�ab� transition shown in Fig. 3 is
somewhat more complex; first the m molecule returns
close to its lattice site while breaking the m-b bond and
reforming the m-t bond [Figs. 3(a) and 3(b)], after which
the m-d bond is broken and the dangling-bonded OH
exchange occurs [Figs. 3(b)–3(d)]. Note that half of the
molecules can accept both D�ab� and D�c� defects, and
half can accept only D�ab�; the latter correspond to H2O
with one of the OH bonds aligned along the c axis.

We are not aware of any past reports of D�ab� and
D�c� defect structures, as shown in Figs. 2(a) and 3(a).
Some past studies [5(b),5(e)] proposed relaxed D struc-
tures similar to the variant of D�ab� shown in Fig. 2(c).
Other past models [also based on reduced dimensionality
minimizations [5(a),5(d)] ] proposed relaxed D structures
similar to the intermediate state in Fig. 2(b).

The L defect.—The L defect [shown in Figs. 2(A)
and 2(C)] is more similar to the Bjerrum model, and
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corresponds, in fact, to a single missing hydrogen bond.
However, the O · · · O distance increases dramatically due
to electrostatic repulsion. Thus the L defect O · · · O dis-
tance at the minimum is typically about 4 Å; for compari-
son, in the EMP potential the mean first and second nearest
neighbor distances are 2.785 and 4.55 Å, respectively [14].
As a result of the O · · · O bond lengthening, either one of
the defect molecules or both stick out of their normal crys-
talline positions, into neighboring cavities. The potential
surface is very flat in this region, so one may observe an
L defect gliding between all three possible configurations
during its lifetime at a given site. In calculations employ-
ing the polarizable potential, the dipole of the defect pair
molecules at the minimum is reduced by �0.2 D with re-
spect to the mean crystalline value of 2.8 D [8].

The O · · · O distance in L defects performs a slow
high amplitude oscillation (of a period of about 0.5 ps,
and an amplitude of �1 Å). When the distance is close
to the minimum, but still contracting, a defect jump
may occur, provided that a neighboring hydrogen bonded
O · · · O distance is at the same length as the defected one,
and is expanding [see Fig. 2(B)]. The jump occurs by a
quick OH rotation at the time when the O · · · O distances
are approximately equal. Typically, a jump occurs after
several oscillations of the O · · · O distance in the defect,
but sometimes after one oscillation only.

It is clear that defect dynamics requires further study.
Microscopic neighborhood of the defect affects the dy-
namics; and the number of possible configurations is
large, due to the orientational disorder. The number of
sites visited by a defect during a 20 ps EMP trajectory at
230 K is in the range 2–11. The number of jumps is usu-
ally significantly larger, since back-and-forth transitions
occur commonly between the same sites. The defect mo-
tion cannot be described as random diffusion between all
available sites; rather, preferred paths are present. A de-
fect seems to drift through ice, while getting trapped at
some preferential sites, and performing excursions around
these sites. The time spent at the “trap sites” is typically
several picoseconds [15], but may be as long as a few
tens of picoseconds. About 1�5 of the time, defects are
found at short lifetime sites, of a duration of �1 ps. Not
uncommonly a double jump occurs, in which a defect is
displaced by two lattice sites over a period of a fraction of
a picosecond.

The barrier for both L and D defect migration is
low. Defect migration on a time scale of picoseconds
was observed at T � 200 230 K for both potentials.
For TIP4P, preliminary results were obtained for lower
temperatures as well. At 150 K, defect jumps were
observed on a time scale of several tens of picoseconds.
At 100 K, no significant defect migration was observed in
a 500 ps trajectory.

In summary, a new molecular level description was
presented for the structures and the migration mechanisms
of orientational defects in ice.
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