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When ice grows, the growth rates are unequal along different growth directions and some layers con-
tain planar defective regions. With the aim of helping to understand these phenomena, we report the
molecular dynamics simulations of ice growth on the basal and prismatic faces of initial hexagonal
ice, using the TIP5P-E water model. By presenting the time evolution of the two-dimensional den-
sity profiles of water molecules in each layer and the kinetics of layer formation during ice growth
at the temperature of 11 K supercooling, we show that two forms of ice arrangements, hexagonal
and cubic, develop competitively within the same ice layer on the basal face, whereas such in-layer
stacking-competition is insignificant on the prismatic face. It is shown that, on the basal face, the oc-
currence of significant in-layer stacking competition in one of the layers significantly delays the layer
formation in several overlying layers and explains the overall delay in ice growth on the basal face
compared to that on the prismatic face. In addition, it is observed that large planar defects form on
the basal face, as a consequence of the long-lasting in-layer stacking competition when the overlying
layer grows rapidly. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4852180]

I. INTRODUCTION

Although hexagonal ice Ih is the most stable, and cubic
ice Ic is metastable at ambient pressure, recent experiments
revealed that the initial metastable ice is neither a purely
hexagonal nor a cubic structure, but has a stacking disorder
with hexagonal and cubic layers.1–3 Since such mixed stack-
ing of initial metastable ice has been mostly proposed using
X-ray and neutron diffraction techniques,1–3 competitive
stacking of hexagonal and cubic arrangements in the interfa-
cial region between ice and supercooled liquid has not been
clearly revealed. However, competitive stacking in the same
layer has been evidenced by the presence of polycrystallinity
or stacking defects observed in the grown ice crystal.4, 5 In
recent simulation studies on homogeneous ice nucleation
from supercooled water, the development of competitive
structures between hexagonal and cubic ice was reported.6, 7

In our recent work, we also showed how the competitive
stacking of hexagonal and cubic arrangements in the same
layer parallel to the basal face evolves with time by presenting
two-dimensional density profiles of water molecules in each
layer using molecular dynamics (MD) simulations.8

Among the many interesting phenomena of ice crystal-
lization, anisotropic growth kinetics of ice in supercooled
water has been known for more than half a century; the
growth rate in the direction perpendicular to the basal face of
ice Ih is significantly lower than that in the directions parallel
to the basal face.8–14 Earlier, this difference was explained,
without explicit verification, in terms of the different numbers
of water molecules needed to form a stable cluster bound
to the underlying ice layer.9, 11 In recent MD simulations, it
was confirmed that the growth on the basal face is signifi-
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cantly slower than on the prismatic and secondary prismatic
faces,8, 12–14 and different growth mechanisms on these faces
have been suggested: the layer-by-layer growth mechanism
on the basal face and the collective three-dimensional
growth mechanism on the prismatic and secondary prismatic
face.12–15 Recently, it was also proposed that ice growth on
the prismatic face occurs via the layer-by-layer mechanism in
a certain range of temperatures or under high pressure.14, 16 In
addition, the thermodynamic contributions to the anisotropic
growth have been analyzed.14

Based on the time evolution of two-dimensional density
profiles of water molecules in each layer, in our recent MD
work8 we proposed that the anisotropic growth kinetics on
different ice faces originated from the differences in the struc-
ture and duration of the transient water clusters formed in the
growing ice interface. The two-dimensional transient water
structures formed on the basal face lasted for a significant
period of time before slow rearrangement into the final ice
configuration, which was in contrast to the short-lived tran-
sient water structures on the prismatic and secondary pris-
matic faces. Slower ice growth on the basal face than on the
other faces was attributed to the delayed layer formation on
the basal face due to the formation of such long-lasting tran-
sient water structures.

In this work, we further develop this idea by perform-
ing and analyzing MD simulations of ice growth for sys-
tems with a larger ice/water interface than in the previous
work. For example, the size of an interface between the basal
face of hexagonal ice and supercooled water is, on average,
9.2 × 8.0 nm2 in this work, compared to 3.1 × 2.7 nm2 and
6.1 × 5.3 nm2 considered in the previous work.8 In simula-
tions of larger systems in this work, competitive stacking be-
tween hexagonal and cubic arrangements in the same basal
interface is manifested more clearly (which we refer to as
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in-layer stacking competition hereafter), and in some layers
the in-layer stacking competition persists long enough to form
planar stacking defects when overlying layers grow rapidly.
The formation of such planar stacking defects was not ob-
served in the previous work,8 implying the necessity of large
systems for more complete understanding of ice growth using
MD simulations. In addition, the formation of distinct interfa-
cial structures, of which the dimension is several nanometers,
is observed on the basal and prismatic face: curved, bulging
interfacial structure on the basal face and flat interface on the
prismatic face. In the previous work, analyses of simulation
trajectories were limited to the evaluation of growth rates in
systems with different interface sizes and the observation of
two-dimensional density profiles of water molecules in each
layer during ice growth.8 However, more quantitative analy-
ses of layer formation are provided in this present work, by in-
troducing a method that can distinguish between liquid water
and ice molecules. Ice molecules are further categorized into
those that are in-registry or out-of-registry with a predomi-
nant layer structure. The kinetics of layer formation is inves-
tigated by counting the number of each type of molecules with
time. Comparisons of the layer formation kinetics in consec-
utive layers reveal that the significant stacking competition
in one of the layers on the basal face significantly delays the
formation of several overlying layers, resulting in the overall
delay in ice growth on the basal face. Therefore, this work
provides the direct correlation between the in-layer stack-
ing competition and the anisotropic growth kinetics of ice
crystals.

The remainder of this paper is organized as follows. We
describe the simulation and analysis methods in Sec. II. In
Sec. III, we discuss the in-layer stacking competition and
the resulting interfacial structures during ice growth on the
basal and prismatic faces. The in-layer stacking competition
is visualized using two-dimensional density profiles of wa-
ter molecules during ice growth and quantitatively discussed
by the layer formation kinetics. Furthermore, a direct correla-
tion between the in-layer stacking competition and the delay
in layer formation is provided by comparing the layer forma-
tion kinetics of several consecutive layers, and the stacking-
disorder seen in final ice configurations is discussed. Finally,
our conclusions are given in Sec. IV.

II. METHODS AND MODELS

A. Molecular dynamics simulations

Ice/water interfacial systems are prepared as shown in
Figure 1 such that the basal and prismatic faces of the hexago-
nal ice are in contact with the supercooled liquid phase for the
study of ice growth on the basal and the prismatic faces, re-
spectively. To ensure that conclusions are independent of the
initial ice configuration, we prepare four independent ice con-
figurations. Initially, a proton-disordered hexagonal ice con-
figuration containing 768 water molecules is obtained17 and
four different configurations are prepared, as explained in pre-
vious works,18–20 by flipping the protons along any closed
loop of the O–O bonds until the configurations with zero
dipole and quadrupole moments are obtained. Each ice con-

FIG. 1. Representative initial configuration of simulation systems, for which
the interface is formed between the basal face of initial hexagonal ice and
the supercooled water. The ice grows along the direction perpendicular to the
basal face. The image was created using VMD.28

figuration is then duplicated eight times in its surroundings
normal to the growth direction, such that the resulting ice
configuration resembles a thin ice layer containing 6912 ice
molecules and has an average size of 9.2 × 8.0 nm2 and
8.7 × 8.0 nm2 for the basal and prismatic faces, respectively.
The four ice configurations are then combined with four in-
dependently equilibrated liquid configurations of 13 824 wa-
ter molecules for the preparation of four initial ice/water
mixtures. This procedure is applied in the same way to the
ice/water configurations with the basal and prismatic inter-
faces. For the growth on the basal face, we prepare an extra
configuration, to confirm the formation of planar stacking
defects. Therefore, five and four initial ice/water mixtures
are prepared for growth on the basal and prismatic faces,
respectively.

Molecular dynamics simulations are performed with
GROMACS v 4.5.321 using the TIP5P-E water model,22

which is a modified version of the original TIP5P model.23

The freezing point of this model was estimated as 271 K.24, 25

The TIP5P-E water model has been shown to provide a
reasonable description of the properties of ice and super-
cooled water.8, 26, 27 All simulations are performed using a
time step of 1 fs and the temperature of the system is set at
260 K using a Nose-Hoover thermostat with a time constant of
0.1 ps. The pressure of the system is set at 1 bar along di-
rections parallel to the interface using a Parrinello-Rahman
algorithm with a time constant of 0.1 ps. A cutoff distance
of 1 nm is used for Lennard-Jones interactions, and the
long-range electrostatic interactions are calculated using the
Particle-Mesh Ewald method with a real space cutoff dis-
tance of 1 nm. Five and four simulations are run for 170 ns
and 70 ns for growth on the basal and prismatic faces, re-
spectively, and the coordinates of molecules are saved every
2 ps.

B. Definitions of liquid water molecules,
and in-registry and out-of-registry ice molecules

Each water molecule is defined, at every 100 ps, as either
a liquid or an ice molecule. The distinction into a liquid and an
ice molecule is made based on the root-mean-square deviation
(RMSD) from the average position of each water molecule
during a period of 100 ps. The distinction method based on
RMSD has been used in previous simulation studies.29 Extra

 Reuse of AIP Publishing content is subject to the terms: https://publishing.aip.org/authors/rights-and-permissions. Downloaded to  IP:  203.255.172.21 On: Mon, 02 May

2016 05:42:01



014701-3 Choi, Jang, and Kim J. Chem. Phys. 140, 014701 (2014)

simulations of bulk ice and bulk water containing 768 wa-
ter molecules are performed at 260 K and 1 bar, and the co-
ordinates of water molecules are saved every 2 ps, resulting
in 50 positions for each water molecule at every interval of
100 ps. The trajectory of a water molecule in bulk ice and
in bulk water resembles an ideal polymer with the monomer
number of 50. Using a similar equation to that used to calcu-
late the polymer radius of gyration, the RMSD value of each
water molecule is calculated as follows:

RMSD =
[

1

50

50∑
i=1

(Ri − Rave)2

]1/2

, (1)

where Ri is the position of a water molecule at each time i and
Rave is the average position of the molecule over 100 ps. It is
shown that the RMSD distributions of all water molecules in
bulk ice and in bulk water are well separated with a critical
value of 0.051 nm, as shown in Figure 2. Therefore, in our
simulations with the ice/water mixture, any water molecule
of which the RMSD value exceeds 0.051 nm over 100 ps is
defined as a liquid molecule; otherwise, it is defined as an ice
molecule.

An ice molecule is further distinguished based on its av-
erage location in comparison with the predominant ice config-
uration of the layer to which the ice molecule belongs. Here-
after, such predominant ice configuration is called a reference
ice configuration. The averaged final ice configuration is ob-
tained by connecting the average positions of oxygen atoms
in the layer during the final 1 ns of simulations. When no de-
fective region occurs in the layer, the averaged final ice con-
figuration forms a hexagonal network of hydrogen bonds and
is used as a reference ice configuration. In the presence of
defective regions arising from in-layer stacking competition,
however, the averaged final ice configuration forms two par-
tial hexagonal networks representing two competing ice ar-
rangements. In this case, a partial hexagonal network cover-
ing a larger area is chosen for interpolation of the remaining
area of the layer to form only a single hexagonal network.
This single hexagonal network of hydrogen bonds is used as
a reference ice configuration for the layer that contains the
defective region.
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FIG. 2. Probability density of the RMSD values of water molecules in bulk
ice and in bulk water, calculated over 100 ps using Eq. (1). The probability
densities of bulk ice and bulk water are well separated at 0.051 nm. Inset
shows a magnified view of the probability densities near the separation.

For distinction of ice molecules, the average position over
100 ps of an oxygen atom in each ice molecule is first com-
pared with the position of the nearest oxygen atom in the ref-
erence ice configuration of the same layer. If the distance is
less than a critical value and the ice molecule under consid-
eration has two or more nearest ice molecules of which the
average oxygen position is also consistent with that of the
reference ice configuration, the ice molecule is defined as an
in-registry ice molecule. Otherwise, the ice molecule is de-
fined as an out-of-registry ice molecule. In this work, the crit-
ical value of oxygen distance is 0.7 Å. It is confirmed that
the use of different values around 0.7 Å does not change our
conclusions.

Since the positions of the in-registry ice molecules are
matched with the reference ice configuration of the layer, it is
highly likely that the in-registry ice molecules will remain sta-
ble during the remaining simulation trajectories. However, the
positions of the out-of-registry ice molecules are not matched
with the reference ice configuration, and the out-of-registry
ice molecules are thus likely to be rearranged during layer
formation unless they are frozen in the layer due to the rapid
growth of overlying layers. It is noted that the final ice con-
figurations of five simulations for growth on the basal face
contain the mixed stacking of hexagonal and cubic ice layers;
this will be discussed later in this paper. Therefore, the refer-
ence ice configuration of each layer along the direction per-
pendicular to the basal face is either hexagonal or cubic. The
structure of in-registry and out-of-registry ice arrangements
is determined as hexagonal or cubic, according to the struc-
ture of the reference ice configuration. Therefore, the in-layer
stacking competition between in-registry and out-of-registry
ice molecules, discussed in Sec. III, can be interpreted as that
between hexagonal and cubic arrangements without designat-
ing the in-registry and the out-of-registry ice molecules as ei-
ther hexagonal or cubic.

C. Calculation of two-dimensional density profiles
of water molecules in each layer

The two-dimensional density profiles of water molecules
in each layer are calculated for each 100 ps during ice
growth. First, the one-dimensional density profile of wa-
ter molecules is calculated along the growth direction from
the final 1 ns of simulation trajectories, from which the in-
terval between layers along the growth direction is deter-
mined. The average interval between layers is 3.62 Å for
growth on the basal face and 3.84 Å for growth on the pris-
matic face. For each layer, the plane perpendicular to the
growth direction is divided into bins with 0.2 × 0.2 Å2, and
the average density of oxygen atoms in each bin is calcu-
lated as the average of the number of oxygen atoms in each
bin over 100 ps divided by the volume of each bin. The
two-dimensional density of oxygen atoms, and equally, that
of water molecules is calculated at every 100 ps for each
layer and the time sequence of the two-dimensional density
profiles provides the sequential water redistribution in each
layer.
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D. Determination of the growth rates

The growth rate is calculated based on the potential en-
ergy decrease during ice growth. The potential energy of the
system decreases as ice grows and reaches a plateau when
the crystallization is completed. The slope of the potential
energy decrease is calculated by fitting to a linear line. The
average potential energies in the first and final 1 ns are cal-
culated, from which the difference in potential energy due
to ice growth is obtained. Since the initial ice configuration
contains eight ice layers and the initial system contains twice
as many water molecules as in the ice configuration, we as-
sume that the calculated potential energy difference corre-
sponds to the energy release by the formation of 16 new ice
layers. By multiplying the slope of the potential energy de-
crease in kJ/(mol ns) by the average length (nm) of 16 new
layers along the growth direction and dividing by the poten-
tial energy difference (kJ/mol), we obtain the growth rate in
nm/ns and then in cm/s after a dimensional analysis. The er-
ror is estimated as the standard deviation of growth rates from
different simulation trajectories. It is noted that the number of
ice layers formed at the end of simulations is about 15 rather
than 16, due to the formation of the disordered liquid-like
layer, called the quasi-liquid layer, on the interface between
ice and vacuum.15 The average length used in the conversion
is therefore slightly overestimated by about 6%, compared to
the actual length of grown ice layers, and thus the calculated
growth rates are also slightly overestimated. However, this is
the method used in the previous work8 and enables the direct
comparison of data in this work with previous results to un-
derstand the system-size dependence of growth rates on the
basal and prismatic faces. In addition, the difference of about
6% in growth rates does not alter the qualitative conclusions
presented in the present work.

III. RESULTS AND DISCUSSION

A. Stacking competition within the same ice layer
during ice growth

Snapshots taken from two representative simulation sets
for each growth direction, perpendicular to the basal and pris-
matic faces, are presented in Figure 3, with a view from the
secondary prismatic face. The most interesting feature dur-
ing growth on the basal face is the competitive accumula-
tion of in-registry (colored in blue) and out-of-registry (col-
ored in pink) ice molecules in the same layers as shown
in Figures 3(a) and 3(b). In the snapshot taken at 57 ns of
Figure 3(a), a large number of out-of-registry ice molecules
are present together with the in-registry ice molecules in layer
A and the overlying layers. The out-of-registry ice molecules
are then slowly replaced by in-registry ice molecules during
ice growth, disappearing completely before 75 ns. In the snap-
shot at 85 ns shown in Figure 3(b), the competitive accumula-
tion of in-registry and out-of-registry ice molecules is clearly
indicated in layer C and the overlying layers. Unlike the out-
of-registry ice molecules in layer A of Figure 3(a), however,
these out-of-registry ice molecules in layer C and the overly-
ing layers are frozen without rearrangement and form a de-

(a)

(b)

(c)

(d)

FIG. 3. Snapshots of representative simulation systems, viewed from the sec-
ondary prismatic face, during ice growth on the basal and prismatic faces of
initial hexagonal ice, created using VMD.28 Ice grows on the basal face in
(a) and (b) and on the prismatic face in (c) and (d). Layers A–F are marked
for later analysis, representing layers with different features as described in
Table I. Blue and pink colored molecules represent in-registry and out-of-
registry ice molecules, respectively. Liquid molecules are represented by gray
dots.

fective region in these layers, due to the rapid formation of
overlying layers.

During growth on the prismatic face, however, the num-
ber of out-of-registry ice molecules formed in the interfacial
region is considerably less, and they soon disappear as the
layer formation continues, as shown in Figures 3(c) and 3(d).
In addition, the competitive development of in-registry and
out-of-registry ice molecules in the same layer is not apparent.
Therefore, we conclude that in-layer stacking competition be-
tween two distinct ice arrangements is significant on the basal
face, whereas it is insignificant on the prismatic face.

The final configuration shown in Figure 3(a) contains
only a small number of out-of-registry ice molecules within
the grown ice layers, whereas that of Figure 3(b) contains
a significant number of out-of-registry ice molecules in the
middle of the fully grown ice crystal. This indicates the for-
mation of large planar stacking defects (depicted as clusters
of pink colored molecules) during ice growth, as shown in
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Figure 3(b), contrasted with the absence of defective regions
during ice growth, as shown in Figure 3(a).

Previously, interfacial structures during ice growth on
basal, prismatic, and secondary prismatic faces have been
studied using MD simulations and it was shown that the in-
terfacial structure was flat on the basal face and rough on
the prismatic and secondary prismatic faces.12–14, 30 Based on
these observations, the layer-by-layer growth mechanism has
been proposed for growth on the basal face and the collective
three-dimensional growth mechanism on the prismatic and
secondary prismatic faces.12–15 Recently, the layer-by-layer
growth mechanism was also reported during ice growth on
the prismatic face under high pressure or in a certain tem-
perature range.14, 16 These proposed mechanisms on different
ice faces were supported by our previous MD results on the
system-size dependence of growth rates.8 Ice growth on the
prismatic and secondary prismatic faces occurs via the collec-
tive three-dimensional growth mechanism with short-ranged,
two-dimensional structural order, and therefore the use of the
periodic boundary condition applied to the simulation sys-
tems with different interfacial sizes did not alter the overall
growth rates. However, when ice grows on the basal face, the
formation of a relatively long-ranged, two-dimensional layer
structure is involved as suggested by the layer-by-layer mech-
anism, and the variation of the system interfacial size resulted
in different growth rates due to the use of the periodic bound-
ary condition. The present simulations with larger interfacial
systems also confirm the proposed growth mechanisms. A
close look at the local structures on a scale of a few nanome-
ters reveals that the interfacial structure is rough on the pris-
matic face and flat in partial layers on the basal face (data not
presented).

However, on a larger scale with a dimension of several
nanometers, different interfacial structures are observed on
the basal and prismatic faces as shown in Figure 3. During
the course of ice growth on the basal face, relatively stable,
partial layers of in-registry and out-of-registry ice molecules
form competitively via the layer-by-layer mechanism, and
their competitive growth adjacent to each other retards the
layer formation in their boundaries and results in curved,
bulging interfacial structures on a scale of several nanome-
ters, as shown in Figure 3(a) at 57 ns and Figure 3(b) at
85 ns. The formation of curved interfacial structures with a
dimension of several nanometers on the basal face is con-
trasted with flat interfaces on the prismatic face, as shown in
Figures 3(c) and 3(d). However, it is noted that the snap-
shots in Figure 3 are presented as two-dimensional projec-
tions of simulation systems with a view from the secondary
prismatic face. When the basal systems of Figures 3(a) and
3(b) are viewed from the prismatic face, the interfaces ap-
pear flat due to the elongated partial layers parallel to the pris-
matic face. Nevertheless, the formation of curved, bulging in-
terfacial structures on the basal face, resulting from the com-
petitive growth of distinct molecular arrangements following
the multi-nucleation, is anticipated to be observed on a scale
larger than that of the critical size of two-dimensional nuclei.

For further analysis of in-layer stacking competition
based on two-dimensional water density and the kinetics
of layer formation, six representative layers are chosen and

TABLE I. Representative layers A–F.

Stacking Defect
Layer Ice facea competition formation

A Basal Significant No
B Basal Insignificant No
C Basal Significant Continuous
D Basal Significant Isolated/triangular
E Prismatic Insignificant No
F Prismatic Insignificant No

aIce face perpendicular to the growth direction.

marked as layers A–F shown in Figure 3. These A–F layers
are distinguished in terms of the direction of ice growth, the
degree of stacking competition, and the formation of planar
stacking defects in the final configuration, as summarized in
Table I.

B. Two-dimensional density profiles of water
molecules in the interfacial region between ice
and liquid water

To understand the dynamic water rearrangement during
layer formation, two-dimensional density profiles of water
molecules in layers A–F, marked in Figure 3, are constructed
during the course of layer formation and are presented
in Figures 4 and 5. The distribution of oxygen atoms of
water molecules located in each layer is determined at
every 2 ps and averaged over 100 ps, generating an average
two-dimensional density profile of water molecules at every
100 ps. In the two-dimensional density profiles, the solid
hexagonal network is constructed by connecting the positions
of oxygen atoms in the reference ice configuration. Bright
spots arising from the localized oxygen density indicate the
presence of oxygen atoms of either in-registry or out-of-
registry ice molecules and the presence of liquid molecules
is represented as blurred regions, indicating the delocalized
oxygen density over 100 ps. Three density profiles at different
times are presented for each of the A–F layers, to show the
time course of layer formation.

During the formation of layer A, a significant degree of
stacking competition between in-registry and out-of-registry
ice molecules is observed, as shown in the two-dimensional
density profiles in Figure 4. Early in the layer formation,
multiple nucleations start in different regions on the under-
lying ice layer and grow by coalescence between nuclei with
the same ice arrangements. In two-dimensional density pro-
files of layer A at 4.0 ns, multiple nuclei of out-of-registry
ice molecules are observed with their separation indicated by
blurred regions. These multiple nuclei coalesce with time and
form one large partial layer of out-of-registry ice molecules,
as shown at 14.0 ns. The in-layer stacking competition is most
pronounced at 14.0 ns. About half of layer A was occupied by
in-registry ice molecules, as indicated by the bright spots on
the density profile which are in-registry with the solid hexag-
onal network, whereas the other half of layer A was occu-
pied by out-of-registry ice molecules represented as bright
spots out of registry with the solid hexagons. The competi-
tive structures of in-registry and out-of-registry ice molecules
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FIG. 4. Two-dimensional oxygen densities (nm−2) of the A–D layers, averaged over 100 ps. Solid lines connect average locations of oxygen atoms in the
reference ice configuration. Water molecules, represented by a bright spot indicating a high density, are classified as ice-like molecules, among which those in-
registry with solid hexagons are further classified as in-registry molecules, whereas the remaining ice-like molecules are classified as out-of-registry molecules.
Water molecules represented by the blurred area, indicating the delocalization, are classified as liquid molecules.
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FIG. 5. Two-dimensional oxygen densities (nm−2) of layers E and F, averaged over 100 ps. Solid lines connect average locations of oxygen atoms in the
reference ice configuration. Ice-like molecules are represented by bright spots and liquid water molecules are represented by the blurred area.

persist for a long time, ∼60 ns, and then bright spots cor-
responding to out-of-registry ice molecules rearrange them-
selves and slowly but completely become in-registry with the
solid hexagonal network before 75.0 ns. The transition of out-
of-registry ice molecules into in-registry molecules occurs
with the out-of-registry molecules located in the boundary
between the two competing regions of in-registry and out-of-
registry molecules.

The transition of out-of-registry ice molecules to in-
registry molecules occurs in two mechanisms: first by the lo-
cal movement of out-of-registry ice molecules to the nearby
location in-registry with the solid hexagonal network, and
second by the escape of out-of-registry ice molecules from
the region followed by the replacement by another liquid
molecule that is placed in the arrangement consistent with the
nearby in-registry ice molecules. To compare the relative im-
portance of both types of transitions, we quantify the transi-
tion by the former mechanism occurring in layer A between
14.0 ns and 75.0 ns which corresponds to the times when the
in-layer stacking competition is most pronounced and com-
pletely absent, respectively. We first count the number of ice
molecules in layer A that are identified as out-of-registry
ice molecules at 14.0 ns and as in-registry ice molecules at
75.0 ns. Among them, we only count those ice molecules of
which the positions at 14.0 ns and 75.0 ns do not differ by

more than a cut-off distance, rcut, to make sure that the tran-
sition occurs by the local movement. The average distance
between the two nearest oxygen atoms in the hexagonal ice
is about 2.75 Å, and we use various values of rcut ranging be-
tween 4.0 Å and 7.0 Å.

The numbers of in-registry and out-of-registry ice
molecules in layer A at 14.0 ns are 292 and 469, respectively,
compared with the total 864 in-registry ice molecules in this
layer found at the end of the simulation. Of the 469 out-of-
registry molecules at 14.0 ns, only 164 molecules are found
in layer A at 75.0 ns, all of which are identified as in-registry
ice molecules. With rcut of 4.0, 5.0, 6.0, and 7.0 Å applied
to these 164 molecules, the number of the ice molecules re-
arranged by the local movement is determined as 109, 130,
137, and 142, respectively, amounting to 23%, 28%, 29%,
and 30%, respectively, of the total 469 out-of-registry ice
molecules at 14.0 ns. Therefore, it is concluded that about
30% of the 469 out-of-registry ice molecules at 14.0 ns in
layer A rearrange themselves in the local area to transform
into in-registry ice molecules, whereas the remaining out-of-
registry ice molecules escape the layer and are replaced by
other liquid molecules during the layer formation.

In-layer stacking competition is not as significant in layer
B as in layer A. During the formation of layer B, the coexis-
tence of in-registry and out-of-registry ice molecules is also
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observed as shown in Figure 4. However, the out-of-registry
ice molecules do not cover as much of the layer as in-registry
ice molecules and their survival time is also much shorter.
The oxygen densities corresponding to the out-of-registry ice
molecules are completely rearranged into those of in-registry
ice molecules within 11 ns. Therefore, the formation of layer
B is not significantly affected by the in-layer stacking compe-
tition between in-registry and out-of-registry ice molecules.

Two-dimensional density profiles of layers C and D cal-
culated at the end of the simulations contain planar defec-
tive regions mismatched with their reference ice configura-
tions. The in-layer stacking competition between in-registry
and out-of-registry ice molecules is developed even earlier,
and the structure of this competitive stacking becomes frozen
due to the rapid formation of overlying layers, forming the
planar stacking defects. The density profiles at 40.0 ns and
131.5 ns for layers C and D, respectively, as shown in
Figure 4, do not differ significantly from those calculated at
the end of simulations, only with minor changes in the bound-
ary regions.

While the planar stacking defect in layer C is continu-
ously running parallel to the prismatic face perpendicular to
the growth direction, layer D contains an isolated, triangular
defective region. The formation of the continuous defect in
layer C is due to the use of the periodic boundary condi-
tion, by which the competitive arrangements of in-registry
and out-of-registry ice molecules become fairly stabilized
through interactions with their periodic images. However, the
formation of equilateral, triangular defective regions is con-
sistent with that observed in previous scanning tunneling mi-
croscopy (STM) investigations of an ice film growth by vapor
deposition31, 32 and a previous MD study of ice growth in
the supercooled water.5 The boundaries of defective regions
in Figure 4 contained a series of coupled five- and eight-
membered ring arrangements of water molecules, as sug-
gested by the previous MD study.5 It is noted that the
formation of the planar stacking defects was observed at the
supercooling of 24 K whereas it was rarely seen at the super-
cooling of 15 K in the previous MD study,5 contrary to the de-
fect formation at the supercooling of 11 K in the present work.
This difference may arise from the use of different water mod-
els: the six-site water model in the previous MD study5 and
the TIP5P-E water model in this study. Since these models
predict different values for several properties, which may af-
fect the growth behavior of the ice crystal, at the same de-
gree of supercooling,27 we defer any conclusion on this mat-
ter. However, the fact that the polycrystalline frozen droplet,
arising from the multi-nucleation on the growing ice layers,
appears at temperatures below 11 K of supercooling4 suggests
the possibility of the formation of stacking faults at temper-
atures close to the simulation temperature considered in this
work.

In the previous MD study, Pirzadeh and Kusalik5 ex-
plained the formation of a motif with two five-membered
rings coupled with one eight-membered ring clearly in terms
of the alteration of hydrogen bonds assisted by point defects
in an ideal ice structure. However, their study focused on the
structural analysis of the final ice configuration and, there-
fore, did not provide dynamic information regarding how such

a motif extends across a layer to form large defective re-
gions, except a brief discussion on the possible role of multi-
nucleation in a single layer. Our simulations explicitly reveal
that such an extension of coupled ring arrangements form nat-
urally as a boundary between two competing regions of in-
registry and out-of-registry ice molecules. Therefore, we con-
cluded that defective regions are formed not because of the
formation of a few point defects and their propagation, but
because of the in-layer stacking competition between hexag-
onal and cubic ice arrangements.

The stacking competition observed during growth on the
basal face of the initial hexagonal ice is not apparent during
growth on the prismatic face, as shown for layers E and F in
Figure 5. Although some of out-of-registry ice molecules are
formed during the course of layer formation, their survival
time is very short and they rapidly turn into in-registry ice
molecules.

C. Growth rates

Due to in-layer stacking competition, ice growth on the
basal face of the initial hexagonal ice is significantly delayed,
whereas that on the prismatic face is relatively fast due to
the absence of in-layer stacking competition. Increases in the
number of ice layers on the basal and prismatic faces dur-
ing simulations are depicted in Figures 6(a) and 6(b). On the
prismatic face, the increases in the number of ice layers are
consistent among all four simulations and are steady in time.
However, those on the basal face differ significantly among
the five simulations. Earlier in this paper, we discussed that

(a)

(b)

FIG. 6. (a) and (b) Increase in the number of layers with time. Data from five
and four simulations are presented for growth on basal and prismatic faces,
respectively.
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in some layers on the basal face, the in-layer stacking com-
petition and the corresponding delay of layer formation was
more significant than in other layers, e.g., layer A compared
to layer B. The irregular pattern of the increased number of
ice layers on the basal face shown in Figure 6(a) is due to
the mixed sequence of these layers with different degrees of
in-layer stacking competition and the corresponding differ-
ences in the rate of layer formation.

The average growth rates on the basal and prismatic faces
are estimated, as explained in Sec. II, to be 4.66 ± 1.26 cm/s
and 11.18 ± 0.64 cm/s, respectively. The growth rate on the
prismatic face is in reasonable agreement with the empirically
estimated rate of 7.6 cm/s for growth parallel to the basal face
at the supercooling of 11 K.9 The growth rates were also esti-
mated experimentally to be about 1.1 cm/s and 3.6 cm/s at the
supercooling of about 9.8 K for growth in the corresponding
directions, respectively (data taken from a figure in a paper by
Macklin and Ryan10). Although the growth rates estimated in
the present work are higher than these experimental estimates,
the anisotropic growth kinetics of ice crystals revealed in our
estimates are qualitatively in good agreement; the growth rate
on the prismatic face is 2.4 times faster than that on the basal
face, compared with a 3.3-fold difference in experimental es-
timates. The discrepancy between growth rates from simula-
tions and experiments may originate largely from the use of a
thermostat removing heat to keep the temperature constant33

as well as the discrepancy of dynamic properties between the
model and real water molecules.27 However, the growth rates
measured in this work are in reasonable agreement with the
results from previous simulation studies using different water
models at the similar degrees of supercooling.12, 14, 33

Comparison of growth rates measured in this work with
those in our previous work8 clearly reveals the system-size
dependence of growth rates, as shown in Table II. The growth
rate on the prismatic face is slightly reduced by about 15% as
the size of the ice/water interface increases nine times from
2.89 × 2.66 nm2 to 8.67 × 7.97 nm2. On the other hand, the
growth rate on the basal face is reduced by about 60% as the
interface size increases nine times from 3.07 × 2.66 nm2 to
9.19 × 7.97 nm2. The large extent of the system-size depen-
dence of the growth rate on the basal face, contrasted with
the small dependence on the prismatic and secondary pris-
matic faces, was proposed as an indirect evidence of different

TABLE II. Growth rates and interfacial sizes in units of cm/s and nm2, re-
spectively. Values in parenthesis are the standard deviation of the rate calcu-
lated from different simulation trajectories.

Basal Prismatic Secondary
face face prismatic face

Growth ratea 4.66 (1.26) 11.18 (0.64) · · ·
Interface size 9.19 × 7.97 8.67 × 7.95 · · ·
Growth rateb 6.20 (1.14) 13.19 (0.97) 14.12 (1.99)
Interface size 6.14 × 5.32 5.78 × 5.32 5.78 × 6.14
Growth ratec 11.03 (1.20) 13.46 (2.19) 13.78 (2.78)
Interface size 3.07 × 2.66 2.89 × 2.66 2.89 × 3.07

aCalculated in this work.
bCalculated in the previous work.8
cCalculated in the previous work.8

growth mechanisms on these ice faces in our previous work,8

which is further confirmed in this work.
The system-size dependence of growth rates results from

the use of the periodic boundary condition. As the system
size increases, the artifacts due to the use of periodic bound-
ary condition will be removed and the growth rates will not
change once the interface size of simulation systems is suffi-
ciently large. The growth rates on the prismatic and secondary
prismatic faces change only slightly with varying interface
size, as shown in Table II. Therefore, it is expected that simu-
lations of the ice/water system with small interface may pro-
vide a reasonable description of ice growth on the prismatic
and secondary prismatic faces, with a benefit of longer sim-
ulation time due to considerably fewer number of molecules
contained in the simulation system. However, the growth rates
on the basal face change very significantly with varying in-
terface size, and this may imply significantly different stack-
ing dynamics of water molecules in the interfacial region dur-
ing ice growth depending on the size of the system interface.
Therefore, caution should be exercised when the ice growth
on the basal face is studied using MD simulations. It is still
possible that the growth rate on the basal face is further re-
duced when the interface size is further increased. Due to the
limit of computational time, extra simulations of larger sys-
tems are not carried out. However, we believe that the size of
the ice/water interface considered in this work is large enough
for a reasonable description of ice growth on the basal face,
since we observe both the significant degree of in-layer stack-
ing competition and the formation of planar stacking defects
on the basal face. In the previous work, neither of these was
observed for the interface size of 3.07 × 2.66 nm2, and the
formation of planar stacking defects was not found for the in-
terface size of 6.14 × 5.32 nm2 although the in-layer stacking
competition was clearly observed.8

D. Kinetics of layer formation

The kinetics of layer formation is investigated by
counting the number of in-registry and out-of-registry ice
molecules in each layer during layer formation, and the in-
creases in the number of in-registry and total ice molecules in
layers A–F are presented in Figure 7. Therein, the numbers of
in-registry and total ice molecules are represented with ma-
genta and red curves, respectively, and their difference repre-
sented by the gray area corresponds to the number of out-of-
registry ice molecules at each time. As marked in Figure 3 and
described in Table I, layers A–D are parallel to the basal face
and layers E and F are perpendicular to the basal face. The
numbers of in-registry and total ice molecules in layers E and
F increase to 864 molecules very rapidly with time, implying
the rapid completion of layer formation on the prismatic face.
The in-layer stacking competition is insignificant in these lay-
ers as can be seen from the small number of out-of-registry
ice molecules represented by the small fraction of gray area.
On the other hand, the rate of layer formation on the basal
face significantly differs among layers A–D. Layers A, C,
and D show the large fraction of the gray area, indicating the
significant degree of in-layer stacking competition, whereas
the in-layer stacking competition is relatively insignificant in
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FIG. 7. Kinetics of layer formation in terms of the increase in the num-
ber of in-registry and total ice molecules in layers A–F. Red curves repre-
sent the number of total ice molecules, that is, (in-registry + out-of-registry)
ice molecules, and magenta curves represent the number of in-registry ice
molecules. Their difference represented by the gray area indicates the number
of out-of-registry ice molecules in a layer. Layers C and D contain the planar
stacking defects as indicated by the non-zero number of out-of-registry ice
molecules at the end of simulations.

layer B. In layer A, magenta and red curves representing the
numbers of in-registry and total ice molecules, respectively,
are merged at around 75 ns, indicating the duration of the
competitive structures of in-registry and out-of-registry ice
molecules amounting to about 75 ns. In layers C and D, the
numbers of in-registry and total ice molecules are not merged
during simulation times of 170 ns, implying the formation of
planar stacking defects.

The distribution of the rates of layer formation is calcu-
lated in terms of the time required to complete the layer for-
mation. The layer formation time is estimated as a difference
between the times when the number of total ice molecules be-
gins to increase and when it ends. The layer formation time
shows a very broad distribution for growth on the basal face,
ranging from 4 ns to 70 ns, whereas a very narrow distribu-
tion, within 10 ns, is observed for growth on the prismatic
face, as shown in Figure 8. The broad distribution of the layer
formation time on the basal face confirms that some layers
have a more significant degree of in-layer stacking competi-
tion during layer formation than others, and explains the ir-
regular and slow increase of the number of ice layers, as pre-
sented in Figure 6(a).

FIG. 8. Distribution of the layer formation time for growth on the basal and
prismatic faces, calculated at time intervals of 5 ns.

Anisotropic growth kinetics has been ascribed to the dif-
ference in the number of water molecules that form a stable
water cluster on each face.11 On the basal face, four water
molecules can form a stable, six hydrogen-bonded water clus-
ter bound to the underlying layer. On the prismatic face, how-
ever, only two water molecules are necessary to form a stable,
three hydrogen-bonded water cluster. These clusters have the
same ratio of molecules to hydrogen bonds and are thus as-
sumed to have a similar stability. Since the cluster formation
of two molecules is much more probable than that of four
molecules, the growth on the prismatic face is expected to be
faster. Although this seems reasonable and has been adopted
for interpreting recent simulation results,12, 13 the effect of the
different number of water molecules to form a stable clus-
ter on different faces has not been verified explicitly and the
question remains as to whether it is sufficient to explain the
threefold difference in the growth rate between the basal and
prismatic faces. In the distribution shown in Figure 8, all lay-
ers on the prismatic face, in which the in-layer stacking com-
petition is insignificant, are formed within 10 ns. Although the
distribution of layer formation time for growth on the basal
face is much broader and its average is significantly larger,
some of the layers on the basal face are also formed within
10 ns. During the formation of these fast-forming layers, such
as layer B, the effect of in-layer stacking competition is ex-
pected to be less important and thus the rate of layer forma-
tion may be limited by the formation of a stable cluster with
four water molecules. Since the layer formation times of these
layers are about the same as those of layers on the prismatic
face, we concluded that the difference in the number of water
molecules, either two or four water molecules, for a cluster
formation is not sufficient to explain the threefold difference
in growth rates. It can only be explained completely by tak-
ing into account the effect of in-layer stacking competition
between in-registry and out-of-registry ice molecules.

To provide a direct correlation between the in-layer stack-
ing competition and the delay in layer formation time, we
present the kinetics of layer formation for several consecu-
tive layers following layers A and C in Figure 9, for which
the in-layer stacking competition is significant, as shown in
Figure 7.

The kinetics of the layer formation of the five over-
lying layers formed on layer A shows a very significant
delay of layer formation as shown in Figure 9. The first
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FIG. 9. Kinetics of layer formation of five consecutive layers over layers A
and C, respectively. Red curves represent the number of total ice molecules
and magenta curves represent the number of in-registry ice molecules. Their
difference represented by the gray area indicates the number of out-of-
registry ice molecules in a layer.

overlying layer on layer A has a similar increase in the num-
bers of in-registry and total ice molecules as those in layer
A. Water molecules are stacked on the partially stable in-
registry and out-of-registry ice arrangements in layer A to
form other partially stable layers of in-registry and out-of-
registry ice arrangements in the immediately overlying layer.
The in-layer stacking competition in this layer vanishes as the
in-layer stacking competition in layer A is lost. In the sec-

ond and the following overlying layers, the formation of the
out-of-registry ice arrangement is less significant, as seen in
the reduced fraction of the gray area. While the formation
of in-registry ice molecules in these layers starts as early as
around 20 ns, the layer formation is completed after 75 ns.
It is concluded that the significant degree of in-layer stacking
competition in layer A affects the layer formation of several
overlying layers and results in the overall delay in ice growth.

The five overlying layers formed on layer C also con-
firm the correlation between the significant degree of in-
layer stacking competition in layer C and the overall delay
in the formation of several overlying layers and ice growth in
Figure 9. In the first and second overlying layers formed on
layer C, the formation of planar stacking defects is also ob-
served, as in layer C. The numbers of in-registry and to-
tal ice molecules in these layers increase very rapidly and
thus the rearrangement of out-of-registry ice molecules in
layer C is suppressed by the ice structures in the overlying
layer. Therefore, it is concluded that the planar stacking de-
fect is formed when overlying layers grow very rapidly before
the rearrangement of out-of-registry molecules occurs. The
third and the following overlying layers fail to form the long-
lasting out-of-registry ice arrangements and do not form the
planar stacking defects by rearrangements of out-of-registry
ice molecules, only resulting in the significant delay in layer
completion.

E. Stacking disorder in ice of the TIP5P-E water model

The presence of a stacking disorder in initial metastable
ice with hexagonal and cubic layers has been suggested in re-
cent X-ray and neutron diffraction experiments.1–3 It was pro-
posed that hexagonal and cubic layers were mixed together
to form a sequence of stacking-disordered layers along the
direction perpendicular to the basal face of the hexagonal ice
and the (111) face of the cubic ice.1–3 The stacking-disordered
phase of ice is supported by recent MD simulations using dif-
ferent water models.6–8, 15 The stacking fault formation has
been ascribed to minute differences in the free energies of
hexagonal and cubic ice structures.7, 15, 34–36 The difference
in free energy between these structures at 185 K was re-
cently estimated as 155 ± 30 J mol−1 from the vapor pressure
measurements.34, 35

When the crystallization on the basal face is completed
in our simulations, 15 double layers are formed, in addition to
the initial eight double layers. We analyze 14 new ice layers
of each simulation, excluding the ice layer close to the quasi-
liquid layer near the ice/vapor interface. Each basal layer
of hexagonal ice is a mirror image of the underlying layer,
whereas each successive (111) layer of cubic ice is shifted
such that the oxygen atoms of the layer are at the center of the
hexagons in the underlying layer, resulting in the local inver-
sion symmetry. Therefore, the stacking pattern of each layer is
assigned by comparing the reference ice configuration of the
layer with that in the underlying layer. The stacking pattern of
the ice in this work is summarized in Table III. The ice crys-
tals in our simulations had the mixed sequences of hexagonal
and cubic layers.
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TABLE III. Stacking patterns of 14 new ice layers grown from simulations
of the TIP5P-E water model in the direction perpendicular to the basal face.
Bold italics refer to layers containing defective regions.

Stacking patterns (cubic:hexagonal)

hchcc cchcc chhc 9:5
ccccc chhcc hhcc 10:4
chchc ccchc cchc 10:4
cchcc hhccc ccch 10:4
chchc ccccc hccc 11:3

Total 2.5:1

When neutron diffraction data were analyzed with the
stacking-disordered ice model, the contents of cubic arrange-
ments were estimated to be 60% and 42% for ice obtained
by relaxation of recovered ices V and IX, respectively.1 For
ice grown from supercooled water, the cubic content was es-
timated to be about 55%–76% by computer simulations.6, 7, 15

It was also found that the ice crystal grown homogeneously
from water droplets has the cubic content varying with the
droplet size, containing higher cubic contents for smaller wa-
ter droplets than about 5 μm.37–39 In this work, we find that
the ratio of hexagonal and cubic layers is 1:2.5, resulting in
71% cubic content. This ratio agrees very well with other sim-
ulation results as well as our previous work, in which the ratio
was determined as 1:2.4. This implies that the overall stack-
ing pattern is not seriously affected by the variation of system
size in MD simulations, even though planar defective regions
are formed.

IV. CONCLUSIONS

We investigated how water molecules were stacked and
rearranged in the ice/water interface using MD simulations
of ice growth on the basal and prismatic faces of the initial
hexagonal ice. Simulations performed by using the TIP5P-E
water model under the supercooling of 11 K were analyzed by
examining simulation snapshots and calculating the time evo-
lution of two-dimensional density profiles of water molecules
and the kinetics of layer formation during ice growth. It was
found that two forms of ice arrangements, hexagonal and cu-
bic, developed competitively within the same ice layer on the
basal face, whereas such in-layer stacking competition was
insignificant on the prismatic face. The presence of signifi-
cant in-layer stacking competition in the layers on the basal
face was highly correlated with the delay in the complete for-
mation of the corresponding layer and overlying layers, and
thus was responsible for the overall delay in ice growth on
the basal face. The degree of in-layer stacking competition
was insignificant on the prismatic face, resulting in faster ice
growth on the prismatic face than on the basal face. The for-
mation of planar stacking defects in the initial metastable ice
was also clearly explained by the in-layer stacking competi-
tion on the basal face which became frozen when overlying
layers grew rapidly before the rearrangement of mismatched
ice molecules.

In our recent paper, we proposed that the anisotropic
growth kinetics originated from differences in the structure

and duration of transient water clusters formed on different
ice faces.8 In the present work, MD simulations of ice growth
were performed for systems with a larger ice/water interface
than those in the previous work. Several improvements from
our previous work were reported. The formation of planar
stacking defects and the manifestation of distinct interfacial
structures on a scale of several nanometers were new findings
in the present work. In addition, the direct correlation between
the in-layer stacking competition and the delay in the forma-
tion of several overlying layers was provided by comparing
the layer formation kinetics in several consecutive layers. The
addition of new data for growth rates in larger simulation sys-
tems allowed the systematic consideration of the system-size
dependence of growth rates.

Finally, understanding the mechanism of ice crystalliza-
tion will also help unravel the underlying principles in growth
of other crystalline materials that share common features with
ice crystals. The mixed stacking of distinct molecular arrange-
ments observed in initial metastable ice1–3, 7, 15 is also com-
monly seen in the crystal growth of many materials, includ-
ing semiconductor nanocrystals, platinum nanoparticles, and
rare gas solids.40–43 For instance, the mixed stacking of zinc
blende and wurtzite structures was reported during the growth
of CdSe nanocrystals.41 Therefore, the in-layer stacking com-
petition between distinct molecular arrangements is expected
to occur during growth of these crystalline materials, which
may result in the formation of stacking defects depending on
the growth condition.
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