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ABSTRACT
In this work, we evaluate the interfacial free energy, γ, between ice III and liquid water along the coexistence line for the TIP4P/Ice model
using the mold integration technique. The calculated γ values exceed 40 mJ/m2 across all the studied pressures. We observe a non-monotonic
pressure dependence with a minimum appearing near 4000 bar, analogously to that observed for hexagonal ice at negative pressures.
Furthermore, the interfacial free energy was determined for two different crystal planes at one pressure, revealing an anisotropy of less
than 1%.
© 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0314384

I. INTRODUCTION

The freezing of water into ice is a ubiquitous phenomenon with
critical importance across disciplines.1 Classical nucleation theory
(CNT)2,3 provides the foundational framework for understanding
this phase transition, wherein the crystal nucleation barrier is criti-
cally controlled by the interfacial free energy, γ, between the forming
crystal and the liquid phase.4,5 Despite its central role, this is an elu-
sive property whose experimental measurement is difficult, making
computational methods indispensable for its determination.

Significant advances have been made in the development and
application of simulation techniques to calculate γ. As recently
reviewed,6 methods such as the mold integration technique7 have
proven highly successful. This method, initially established for sim-
ple systems, has been systematically applied to quantify the ice
Ih–liquid γ for various water models8 and has been extended to
other systems such as hydrates and salts.9–12 Concurrently, esti-
mates of γ for ice Ih have also been derived from CNT analy-
ses of homogeneous nucleation rates,5,13,14 showing a dependence
on the thermodynamic conditions; in particular, it exhibits a

non-monotonic pressure dependence, initially (at negative pres-
sures) decreasing and then passing through a minimum,14 a finding
that is key to explaining the pressure-induced deceleration of ice
nucleation. Further evidence of the existence of a minimum in γ
along the Ih–water coexistence line was obtained from mold inte-
gration calculations for the planar solid–liquid interface.15,16 In the
phase diagram of water, ice III occupies the region located just above
that of ice Ih in the p–T plane. The only study partially address-
ing the interfacial free energy of ice III is that of Espinosa et al.,13

which estimated via CNT the values of γ for the ice III–fluid interface
for spherical critical clusters at thermodynamic conditions out of
the coexistence line. They were able to reproduce the kink observed
experimentally17,18 in the homogeneous nucleation line of water that
occurs when ice III instead of ice Ih is formed in the metastable
region of liquid water. However, values of γ for the ice III–water
planar interface at coexistence were not reported. Notice that CNT
reports values of γ for spherical critical clusters at thermodynamic
conditions (p and T) away from the coexistence line, whereas the
mold integration technique provides the value of γ for the planar
interface at coexistence conditions.
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Motivated by this gap, and building upon the extensive
methodological groundwork laid by our group,5–8,15 we present a
direct computational determination of the ice III–water interfacial
free energy. Using the well-established mold integration method,7,8

we calculate γ for several thermodynamic states along the coexis-
tence line using the 001 crystallographic plane. For one particular
pressure (3000 bar), we also computed γ for the 100 plane (which
is different from 001 for tetragonal symmetry). Both planes pro-
vide a similar value of γ: in fact, the difference between them
(<1%) is smaller than the associated calculation uncertainty (∼3%).
A small value of the anisotropy (below 10%) between planes is
also observed for simple systems such as hard spheres or Lennard-
Jones (LJ).19,20 Although accurately predicting interfacial free energy
requires a very realistic (and likely computationally very demanding)
model of water, TIP4P/Ice can provide a reasonable first estimate
of the interfacial free energy for ice III. For example, for ice Ih,
the interfacial free energy predicted with TIP4P/Ice is ∼30 mJ/m2,
which lies well within the range of experimental values available
in the literature (25–35 mJ/m2).8 Despite the challenges of estimat-
ing reliable nucleation rates in the absence of any prior data on the
interfacial free energy of ice III, this study represents a step for-
ward toward a more comprehensive understanding of ice nucleation
kinetics.

II. METHODS
The interfacial free energy of ice III is obtained for the

TIP4P/Ice potential21 using the Mold Integration (MI) methodol-
ogy,7 succinctly explained in Sec. III B. Ice III has a tetrahedral
symmetry and belongs to the P41212 spatial group. To generate the
ice configuration, we used the experimental positions of the oxygen
atoms from Ref. 22 as an input for a custom program. The proton
disorder is generated following the algorithm from Ref. 23 to cre-
ate an initial configuration of ice III. We then run an anisotropic
NpT simulation to obtain the equilibrium unit cell parameters for
the model (a, b, and c). With these parameters, we created the
mold configuration. It should be mentioned that the proton disor-
der has a small impact on the parameters of the unit cell (differences
are of the order of 0.06%, i.e., of the same order as the statis-
tical uncertainty of the simulations). Note also that the mold is
generated using only the oxygen positions so that, once a water
molecule falls into it, the rotation of hydrogen atoms is uncon-
strained. The mold is embedded into an equilibrated liquid, and
simulations are run in the anisotropic NpzT ensemble for a sys-
tem of 2400 water molecules using the v-rescale thermostat24 and
the Parrinello–Raman25 (anisotropic) barostat with relaxation times
of 1 and 2 ps, respectively. Note that this ensemble (as opposed to
the NpT) implies that, for each pressure, the mold must be created
specifically so that we avoid any stress in the x and y directions
of the solid. An example of the mold in the liquid is presented in
Fig. 1. The number of wells and area of the mold can be found in
Table II. The chosen system sizes are large enough to avoid signif-
icant system-size effects. In previous work, it has been shown that
the MI method provides very similar results for the Lennard-Jones
system for N ≈ 2000 and N ≈ 6000.7 In addition, γ obtained for
ice Ih–water (modeled with the mW potential)8 using system sizes
comparable to those employed in this work are in excellent agree-
ment with those obtained using the capillary wave method.26 This

FIG. 1. Example of a liquid water configuration with the mold for a 001 plane of ice
III. The mold (purple) interacts through a square well potential (only with oxygen
atoms), thus trapping one water molecule in each position (well). In the right panel,
the particles of the mold are not depicted in order to observe the crystalline layers
formed by water molecules within and around the mold.

consistency further suggests the absence of significant finite-size
effects in our current setup.

A time step of 1 fs was used due to the steepness of the hyper-
bolic tangent used to smooth the square well potential so that it can
be differentiable. The parameter that controls the steepness (α) was
set at 0.0017 Å (see Ref. 7 for more details). The cutoff was set at
14 Å for the electrostatic and LJ interactions, with no long-range
corrections applied to the LJ potential. The particle mesh Ewald
method27,28 was employed to deal with long-range electrostatics.
The LINCS29 algorithm kept the geometry of the water molecules
fixed. All the simulations were performed using the GROMACS30

4.6.7 package with a tabular potential in which the square potential
is implemented. In addition, for the 5000 bar isobar, the interfa-
cial free energy was also computed with the molecular dynamics
open-source software LAMMPS31 (including the mold package).32

In these simulations, the cutoff was set at 9 Å for dispersive and
electrostatic interactions, and long-range corrections (LRCs) to the
energy and pressure were included. The remaining simulation para-
meters were unchanged, except for the use of the Nose–Hoover33,34

thermostat and the inclusion of the SHAKE algorithm. The reason
for the different cutoff is merely a technical one. The hyperbolic
tangent function used to emulate a square-well potential needs a
tabular form to be implemented in GROMACS (whereas it can be
used analytically with the mold-integration package in LAMMPS32).
As a technical issue, it should be pointed out that once a tabular
potential is employed in GROMACS (i.e., that of the mold), all other
dispersive potentials used in the simulation must also be tabular.
Consequently, LRC cannot be applied to the LJ potential because, in
practice, no analytical form exists for this specific case. To mitigate
significant errors arising from this truncation, a larger cutoff radius
must be employed. Finally, to determine the degree of crystallinity
of the system, we have used the q̄6 order parameter35 along with a
cluster analysis program to estimate the largest cluster in the system,
nbiggest (i.e., the molecules forming the crystal layer). To minimize the
mislabeling between ice III and the liquid phase, we studied different
cutoff radii (rc). Most isobars use rc = 5 Å, which roughly corre-
sponds to the second minimum of the radial distribution function
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(see Fig. S1 and Table S1 for more details). Note that despite a consis-
tent 2%–3% mislabeling, this is sufficient for our purposes. The MI
method is independent of the order parameter, which is only used to
determine if a trajectory is crystallizing during the determination of
the optimal well radius.

III. RESULTS
A. Melting temperature

For the TIP4P/Ice,21 the phase diagram has recently been
reported.36,37 The application of MI requires precise knowledge of
the melting temperature (Tm) for each pressure along the coexis-
tence line. Simulating away from the equilibrium temperature (for
instance, one or two degrees above) will delay/suppress the forma-
tion of the crystal slab and, thus, hinder the proper discrimination
of the critical radius. For this reason, the melting temperature for
each pressure was evaluated in this work, using direct coexistence
simulations for boxes containing 5600 water molecules, a system
size for which the associated error is expected to lie below half a
degree.38 The semi-isotropic NpT ensemble (in which the in-plane
xy and normal z directions to the interface are controlled inde-
pendently, rather than the rigorously correct NpzT) was used to
avoid the risk of inducing residual stress in the solid phase. The
error in the pressure associated with the surface stress39 is of the
same order as that of the stochasticity of the method, provided
the longitudinal dimension (z) is large relative to the interfacial
region.40,41

Ice III was first identified experimentally by Tammann42 and
later confirmed and refined by Bridgman.43 Figure 2 shows that
TIP4P/Ice over-stabilizes ice III when compared to the experimental
results. The coexistence points for TIP4P/Ice are in good agree-
ment with those reported by Weidmann et al. (in green)36 for
the same force field using the direct coexistence technique in the
NpH ensemble. The ice III–liquid line of TIP4P/Ice runs parallel
to the experimental one, with a constant offset of approximately

FIG. 2. Phase diagram for the TIP4P/Ice model (red circles: filled rc = 14 Å, no
LRC; open: rc = 9 Å + standard LRC) in the relevant region of this study, com-
pared to experimental data from Ref. 43 (blue symbols). Green symbols are NpH
simulations for the same potential (using PME for LRC) from Ref. 36.

TABLE I. Melting points of ice III as a function of pressure for the TIP4P/Ice potential.

Pressure (bar) Tm (K) (9 Å + LRC) Tm (K) (14 Å)

1400 255.0 256.5
3000 263 262
5000 268 268
7000 265 265

+8 K (for the Ih–liquid, the results of TIP4P/Ice are parallel to the
experimental ones with an offset of ∼−3 K). A re-entrant behavior
(for the ice III–fluid coexistence line) is observed close to 5000 bar
and 268 K, consistent with the earlier extrapolations of Eisenberg
and Kauzmann,44 although not directly observed by them due to
the metastability of ice III with respect to ice V in this region.
The question of re-entrant behavior was historically proposed for
Ih–liquid coexistence by Tammann,45 a claim contested by Bridg-
man. Later work by other authors confirmed such re-entrant behav-
ior in metastable regions for ices III, V, and VI,44,46 as well as for ice
Ih at negative pressures.14,46–48

For technical reasons, simulations involving MI require differ-
ent cutoff potentials when run with GROMACS or LAMMPS (see
Sec. II for discussion). This actually implies that the Hamiltonian is
not identical, and therefore, the melting temperature must be cal-
culated depending on the case. Since the majority of the results of
this work have been obtained with GROMACS, the melting temper-
atures for a cutoff of 14 Å had to be calculated. The comparison with
the standard conditions (i.e., 9 Å and long-range corrections, also
from this work) is collected in Table I. The melting temperature is
the roughly the same (within the error) for all cases.

B. Mold integration method
The MI method proposed by Espinosa et al.7 induces the

reversible creation of a crystal slab by the imposition of an attractive
potential located at the equilibrium positions of the crystal plane.
These empty positions are referred to as “mold,” and they inter-
act with the water molecules via a square well potential. Since we
perform molecular dynamics simulations, this potential is softened
using a hyperbolic tangent function in order to avoid discontinu-
ities. The work needed to create the slab is related to the interfacial
free energy, γ, such that

γ = ΔG
2A

, (1)

where A is the area of the interface. The attractive potential used is
simply a softened square-well potential. The interfacial free energy
can be obtained by Hamiltonian integration,

γ(rw) =
1

2A

⎛
⎜
⎝

εmax Nw,max −
εmax

∫
0

⟨N fw(ε)⟩NpzT dε
⎞
⎟
⎠

, (2)

where rw is the well’s radius, A is the area of the interface, εmax
is the maximum interaction value of the well potential, Nw, max is
the number of wells filled for εmax (which is a number very close
to the total number of wells, Nw), and N fw is the number of filled
wells for a certain interaction of the mold (ε). The values of Nw
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TABLE II. Interfacial free energy for ice III (for the 001 plane, Lx = Ly , and for the 100 plane, Ly ≃ Lz) at different isobars
using the MI technique7 and the TIP4P/Ice21 water model. The numbers in parentheses indicate the error (see Sec. III B for
details). Notice that for a tetragonal crystal, the planes 100 and 001 are not equivalent. Nw stands for the number of wells
used in the mold integration technique. The z axis is perpendicular to the plane of the interface (i.e., x, y). Values of the
optimal radius of the wells ro

w are presented.

Pressure (bar) Tm (K) Crystal plane Lx × Ly (Å) Nw ro
w (Å) γ (mJ/m2)

1400 256.5 001 1129.20 150 0.73(0.02) 45.9(1.8)
3000 262.0 001 1129.76 150 0.80(0.02) 42.7(1.8)
3000 100 1168.02 150 0.69(0.02) 42.3(1.6)
5000 268.0 001 1114.53 150 0.77(0.02) 43.7(1.6)
7000 265.0 001 1004.65 150 0.77(0.02) 45.0(1.8)

and A for each pressure are reported in Table II. Note that the free
energy depends on the size of the well. We need to compute the
free energy difference between the liquid with a crystal slab and
the fully grown solid (or with the pure liquid, since at coexistence
both phases have the same chemical potential). If the wells are too
wide, the free energy of the fluid with respect to the free energy
of the liquid + slab exhibits a small free energy barrier that can be
overcome by thermal fluctuations. This is observed by an induc-
tion time in the growth of the slab. On the other hand, too narrow
wells increase the free energy with respect to that of the ideal liquid
+ slab, and all the trajectories would instantly nucleate. The opti-
mal radius for the wells (ro

w) would correspond to the free energy
of the liquid + slab. In a system with molecular (as opposed to
atomistic) interactions, it is hard to discern the induction time since
molecules need to reorient to form the slab. This difficulty increases
with the complexity of the system12,49 and for slow-diffusing
systems.8

As an example, various radius sizes are presented in Fig. 3
for the 3000 bar isobar and the plane 001 exposed to the interface.

FIG. 3. Number of water molecules of the biggest cluster vs time for several trajec-
tories and different well radii (as indicated in the legend) for the 001 plane of wells
exposed at the interface at 3000 bar at the melting point (262 K).

For the smallest radius (rw = 0.681 Å), the trajectories clearly
form the crystal slab in the first half nanosecond. The radius
rw = 0.783 Å also shows steep increases of the biggest cluster (the
slab) without any plateau. However, for 0.817 Å, one of the tra-
jectories does not grow during the first nanosecond and is then
propelled. This is the perfect example of a small barrier created by
a radius r > ro

w . The optimal radius corresponds to a value of rw
between regimes where all trajectories grow without induction and
those where at least one trajectory stalls (i.e., around 0.8 Å in this
example).

To estimate the work necessary to create the crystalline layer,
we must integrate the interaction between water and the mold,
avoiding the appearance of such a slab. Knowing ro

w , the thermo-
dynamic integration will be computed for values sufficiently larger
to avoid any trajectory from escaping the minimum (ice growth)
but not so big as to result in a considerable error in the extrapola-
tion of γ at the optimal radius. The values integrated for each isobar
are presented in Fig. 4 by filled symbols. The progressive increment
of ε for each value of the thermodynamic integration produces a

FIG. 4. Filled symbols: interfacial free energy for different values of the well radii,
pressures, and crystal orientations of ice III as indicated in the legend. Dotted
lines: linear fits to filled symbols. Empty symbols: extrapolation of the linear fits
to the optimal well radius (ro

w). Empty circles correspond to the results obtained
using the MI with LAMMPS32 (see Sec. III C).
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sigmoidal function that can easily be integrated (see Fig. S6). The
error bars for the resulting interfacial free energy were computed
using the error of the slope (which takes into account the statis-
tical error of γ at different rw values and the sensitivity to the
rw fitting range and is shown as vertical bars) and the width of
the window used to determine the optimal radii (estimated as the
interval between the regime where all trajectories grow without any
induction and that in which a small free energy barrier leads to
some induction time for crystallization and is shown as horizontal
bars).

Results for the interfacial free energy are presented in Figs. 4
and 5 and Table II. At 3000 bar, the anisotropy between the two
selected crystallographic planes is very small (less than 1%). To the
best of our knowledge, the anisotropy has not been studied as a
function of pressure. While other, unstudied planes may exhibit
larger differences, for ice Ih (at ambient pressure), the maximum
anisotropic values reported lie below 10%.50,51

The interfacial free energy of ice III exceeds 40 mJ/m2, a value
consistent with previous observations for ices Ih and III at 2000 bar
(both around 39 mJ/m2)13 from seeding calculations.52,53 Note that
a direct comparison must consider the methodological differences:
seeding extrapolates from a spherical critical cluster to coexistence
conditions, whereas MI measures γ directly for a single, specific
plane. This distinction is highlighted by the 6% difference in the
interfacial free energy found for the basal plane of ice Ih

15 (and the
seed)13 at 2000 bar by the same authors.

Finally, Fig. 5 shows the pressure dependence of γ at coexis-
tence for ice Ih (from Ref. 15) and for ice III, as determined in this
work. For both polymorphs, the interfacial free energy decreases
with pressure, passing through a minimum value. The variation of
the interfacial free energy along a coexistence line can be deter-
mined using the Gibbs–Cahn equation, which relates the change in
γ to the value of the excess interfacial internal energy and to the
stress.16,54,55 Both magnitudes depend on the selected plane. How-
ever, for the particular case in which the stress and γ are similar,
the excess interfacial internal energy can provide a rough idea of the

FIG. 5. Interfacial free energy vs pressure with the TIP4P/Ice water model for ice
Ih (taken from Ref. 15) and for ice III, as indicated in the legend. The inset is a
zoom-in of the interfacial free energy of ice III.

magnitude of the change16 and also a justification for the proximity
of the minimum in γ to the location of the re-entrant point of the
melting line.15

C. GROMACS vs LAMMPS
In this work, we compare the results for the interfacial free

energy obtained with GROMACS and LAMMPS for an isobar. We
deliberately choose to do it for a pressure that shows no sensitiv-
ity to the melting point with the two cutoffs used (see Table I and
Sec. II for context). Figure 4 compares the thermodynamic inte-
gration for the 5000 bar isobar obtained with GROMACS 4.6.7
(filled triangles) and LAMMPS 2023 (circles), proving consistency
between both software programs. The question of which software to
use then relies on simplicity and computational efficiency. Admit-
tedly, the recent implementation of the method with LAMMPS
makes it user-friendly.32 From the computational point of view,
however, GROMACS outperforms LAMMPS by a factor of 1.6 when
computing interfacial free energies “from scratch” (that is, without
previously knowing the melting point) despite the longer cutoff; the
disadvantage is that the phase diagrams are usually only known for
9 Å and long-range corrections. For the case of plain direct coex-
istence calculations, GROMACS outperforms (in terms of speed)
LAMMPS by a factor of more than 5.5, making the former highly
advisable. Simulations were performed in both cases using Intel(R)
Xeon(R) Gold 6142 CPUs without GPU acceleration. However, it
should be noted that the calculation of the melting points (which are
often known only for the “standard” Hamiltonian) consumes almost
half of the computation time of the calculation of γ using MI. Never-
theless, if the melting point for a certain potential is already known,
the MI using GROMACS instead of LAMMPS is only 30% more
efficient, its implementation being less straightforward.

IV. CONCLUSIONS
In this work, we investigate the interfacial free energy along the

coexistence line of ice III for the 001 plane starting from the triple
point (1400 bar) up to 7000 bar using the TIP4P/Ice model. We show
that it is higher than that of the hexagonal ice at similar pressures13,15

and observe a minimum of γ in its dependence on pressure, similar
to what has been observed for ice Ih.15 No anisotropy was observed
between planes 001 and 100 within the error. We validate the MI
implementation in LAMMPS for water and compare its perfor-
mance with GROMACS, finding that the latter is 1.3 times faster for
computing interfacial free energies.

SUPPLEMENTARY MATERIAL

The supplementary material encompasses Fig. S1 and Table S1,
which contain the details of the q̄6 threshold used for each isobar.
Figures S2–S5 show the evolution of the size of the largest cluster as a
function of time for several trajectories that were used to determine
the critical radii for all the pressures considered. Figure S6 shows
the thermodynamic integration for the 001 plane. In addition, it also
contains tables and a simple code to implement the mold integra-
tion using GROMACS (versions supporting tabular potentials, that
is, older than 2016).
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