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Using classical density functional theory to determine crystal-fluid surface tensions
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Classical density functional theory is used to determine the fluid-solid surface tensions for low-index faces
of crystals of hard spheres and Lennard-Jones particles. The calculations make use of the recently introduced
explicitly stable fundamental measure theory model for hard spheres, and we show that this gives state-of-the-art
accuracy compared to simulation. For the Lennard-Jones system, results are presented for both solid-liquid
and solid-vapor interfaces, and in both cases the FCC results compare favorably with existing results from the
literature. We find that the BCC crystal has significantly lower solid-liquid surface tension than the FCC structure.
For the solid-vapor interface, our results indicate that the BCC phase is unstable with respect to transition to the
HCP structure, in agreement with various zero-temperature results in the literature.
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I. INTRODUCTION

Surface tension is the fundamental controlling factor in a
wide range of technological applications such as the crystal-
lization [1], mechanical degradation of propellers (bubble cav-
itation [2]), wetting [3], and the design of super-hydrophobic
surfaces [4] and the filling of pores (Cassie-Baxter to Wenzel
transition [5]). The practical importance of these problems
is hard to overstate. For example, in the case of crys-
tallization, so-called “Disappearing Polymorphs”—where a
carefully designed chemical process suddenly begins pro-
ducing a different polymorph—is an increasingly important
industrial problem [6]. This is critical, e.g., in pharmaceuti-
cal production, since the efficacies of pharmaceutical drugs
often depend on the polymorph used (see, e.g., Refs. [7,8]).
Indeed, drugs are patented and licensed for specific crystalline
structures [9] making the control of polymorphism in their
production a priority [10].

The calculation of bulk free energies has a long history,
ranging from simple models such as the Lennard-Jones-
Devonshire cell model [11] to more computationally demand-
ing approaches such as liquid-state theory [12] and the most
sophisticated modern techniques including quantum density
functional theory [13]. Fluid-solid surface tensions are, how-
ever, much more difficult to determine since they involve
density variations down to the molecular scale. Until re-
cently, there has been no viable theoretical approach to the
determination of general fluid-solid surface tensions, except
in artificially idealized models: e.g., treating the solid as a
structureless block or working at zero temperature, where only
the interface with a vacuum has physical meaning (see, e.g.,
Ref. [14]). The state of the art has advanced significantly
in the last 20 years with the maturation of classical density
functional theory (cDFT), an approach to the description of
inhomogeneous equilibrium systems that is based on the same
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exact, theoretical framework of fundamental theorems as is
the more familiar quantum DFT used in electronic-structure
calculations [15—18]. Classical DFT can, in principle, be used
to determine the equilibrium structure of inhomogeneous sys-
tems such as liquid-solid interfaces for any lattice-structure
and crystal face. Unlike more heuristic approaches, such as
phase-field crystal theory [19], cDFT is constructed from an
intermolecular potential and as such give realistic results for,
e.g., elastic properties of solids with various classes of inter-
actions [20]. The introduction of provably stable functionals
[21] has allowed its use to be extended even to highly inhomo-
geneous systems such as solid clusters in a fluid background
[22,23].

Despite this promise, application of modern cDFT to the
study of interfacial solid systems has so far been limited only
to the special case of hard spheres [24]. This is partly because
hard spheres have long played a central role in the formal and
practical development of theory and partly because the most
extensive simulation work has been done for hard spheres.
Concerning the latter, the determination of the surface tension
of the fluid-solid interface has proven very challenging as
evidenced, e.g., by the history of this subject discussed in
Ref. [25] and the fact that even today, values reported in the
literature differ by 10% or more [24,25]. One of our goals
here is to extend the use of cDFT to the more realistic and
important case of small molecules interacting via a spherically
symmetric pair potential: a much richer system possessing
both liquid and vapor phases (as opposed to the single fluid
phase in hard spheres) and which also serves as an effective
model for colloids and macromolecules in solution.

In the next section, the cDFT framework is described: the
particular models used in this study and the methodological
adaptations necessary for its use to determine solid-fluid sur-
face tensions. These are benchmarked for the important and
highly nontrivial case of hard spheres where it is shown that
our calculations reproduce prior work and new results are
presented for the recently introduced explicitly stable fun-
damental measure theory model that forms the basis of our
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further applications. In Sec. III we present our results for the
Lennard-Jones potential, considering in turn the liquid-solid
interfaces and the vapor-solid interfaces for multiple crystal
faces. We discuss a perhaps surprising instability of the BCC
solid in contact with a vapor. The paper ends with a brief set
of conclusions.

II. THEORY

A. Classical density functional theory

Classical DFT is a reformulation of some aspects of equi-
librium statistical mechanics [16,17]. It primarily concerns the
local number density p(r) which the same as the one-body
distribution function and is based on theorems asserting the
existence of a functional A,[p;¢] of the local density, the
chemical potential o and any external field ¢(r) acting on the
system. This functional is a global minimum when evaluated
at the density p,(r;[¢]) corresponding the the equilibrium
density generated by the external field. Furthermore, its value
at this density, A,[p,; @], is the grand-canonical free energy,
2, [¢]. Finally, the functional A can be written as

Al ] = Flol - / pO() — pldr, (1)

where the first term, F[p], is called the Helmholtz functional
and is independent of both the field and the chemical potential.
In principle, knowing F'[p] would allow one, via minimization
of A, to determine the equilibrium local density and grand-
canonical free energy for any given external field.

In general, one does not know F'[p] except in certain spe-
cial cases including the ideal gas and one-dimensional hard
spheres (i.e., hard rods). For hard spheres, a great deal of
work has led to a class of approximate functionals known as
fundamental measure theory [18,26]. Our work uses a recent
version of FMT called “explicitly stable FMT” [21] (esFMT)
that gives a highly accurate description of the thermodynamics
of the bulk hard-sphere solid. (For completeness, details of the
functional are given in Appendix A.) For general spherically
symmetric pair potentials v(r), such as the Lennard-Jones
potential, the potential is split into two parts, v(r) = vo(r) +
Wy (r), where vg(r) is the short-ranged repulsive part of the
potential and w,,(r) is the long-ranged attractive part. The
former is used to compute an effective hard-sphere diameter
d(T;[vo]) which, as indicated, depends on the temperature 7',
and the Helmholtz functional is approximated by

Flp] =Fus(d(T;[vol), T;[p])
1
+s / dr, / drs p(rD)PE)wa(r),  (2)

where Fys is the approximate esFMT hard-sphere functional.
Further technical details of this model can be found in
Appendix A.

All applications of cDFT involve the minimization of
Eq. (1) with respect to the density to get the equilibrium
local density and the total grand-canonical free energy of the
system. Our calculations are performed by discretizing the
local density on a rectangular computational grid consisting of
N, x N, x N; points with lattice spacing A which was chosen
so that there are about 20 points per hard-sphere diameter.
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FIG. 1. Solid-liquid interfaces for both BCC and FCC Lennard-
Jones solids (001) planes as determined from cDFT. The temperature
is kgT = 1.0€ where € is the LJ energy scale and the length are scaled
to o, the LJ length scale [see Eq. (5)], which is the typical size of
an atom or molecule. The figure shows the planar densities, i.e., the
densities averaged over the planes perpendicular to the interface.

Periodic boundary conditions are applied in all directions
and the codes implement the real-space formulation of FMT
described in Lutsko and Lam [22] with the analytic FMT
weights given in Ref. [27], where a discussion of the sensi-
tivity to the lattice spacing can also be found. The attractive
term in the free energy is evaluated simply by summing over
the lattice sites efficiently using fast Fourier transforms. In this
work, the external field ¢(r) is always zero. The free energy
functionals are then functions of the N, x N, x N, values of
the density at the lattice sites and were minimized using the
FIRE2 algorithm [28].

To determine the interfacial free energy between two
phases, we work with a slab geometry with the z axis normal
to the interfaces. The size of the computational cell in the
x and y directions is determined by the dimensions of the
unit cell of the solid while in the z direction, the length is
approximately 50 molecular diameters giving on the order of
25 lattice planes of solid. By way of illustrating the results,
Fig. 1 shows the planar densities, defined as

_ S p()s@E —z)dr
s@) = 8z —z)dr

3

for equilibrated FCC-liquid and BCC-liquid interfaces for a
LJ system. A characteristic difference between the BCC and
FCC structures is that the distribution of density around the
Bravais lattice points has smaller amplitude and is broader for
BCC than for FCC reflecting the less closely packed nature
of the former. This is evidenced in the figure by the smaller,
broader peaks of the planar density for the BCC than for
the FCC away from the interface. The interface between the
solid and liquid includes seven or eight lattice planes for BCC
giving an interfacial width of about five molecular diameters
and about 10 lattice planes for FCC giving a width of around
nine diameters.
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FIG. 2. Nonmonotonic evolution of the interfacial free energy as we change the number of particles. Here the interfacial free energy is that
of a FCC solid exposing the (001) facet to the vapor. The temperature is k7 /e = 0.3, which corresponds to T' /T = 0.375. The image on the
left shows the interfacial free energy and supersaturation cycle as we change the number of particles in the system. (Each dot corresponds to
a calculation with different numbers of particles.) The green square highlights a calculation with half-filled planes, while the red dots indicate
calculations with almost complete planes. The large red dot in the middle (filled circle) is the closest to a complete plane, while the other two
(open circles) are calculations with either a bit too much or too little mass to fill all the planes. The image on the right shows cumulative density
profiles corresponding to these highlighted calculations. The red curves (plain and dotted) correspond to the red dots of the left image (filled
and open, respectively) while the green curve (dashed) corresponds to the green square. Jumps between each plateau indicate the presence of
a solid plane and the height difference between the plateaus indicate how many particles there are on that plane. The last plane at the interface
is located at z &~ 8¢ and is partially filled depending on the number of particles in the calculation. The region beyond that interface (z > 8c) is
filled with the vapor which contains almost no particles, leading to a flat curve for the cumulative mass.

B. Determination of the interfacial free energy

For a (hypothetical) infinite system, one would simply set
the chemical potential to the (known) value for coexistence,
Wcoex> Create some initial condition (e.g., a sharp interface
between the two phases) and then minimize the cDFT func-
tional A, [p, ¢ = 0] to get the total free energy of the system.
However, for a finite system, the coexistence properties are in
general slightly different from that of the bulk systems so that
minimizing at [4¢oex results in one phase completely replacing
another. In principle, one should then vary the chemical poten-
tial to find the (adjusted) coexistence value but this is difficult
since it amounts to trying to find an unstable stationary point.
It is more practical (but equivalent; see Appendix B5 for
details) to minimize the Helmholtz functional F[p] at con-
stant particle number, N[p] = Ny, with N[p] = fv p(r)dr.
For each value of Ny, a stable interfacial system is found
with a spatially constant chemical potential ; which is the
coexistence chemical potential for the finite system.

To calculate the interfacial free energy, or surface tension
[29], a Gibbs dividing surface is introduced to partition the
total volume into the volumes of the two phases, V| and V,,
via the requirements that V; + V, =V and p; V| 4+ 0, Vo = N,
where p) » are the bulk densities corresponding to the applied
chemical potential u and N, is the total number of particles
in the relaxed interfacial system. The surface tension is then
calculated as

y = Q- Vi—wu2Vo  F—fHVi— V)

2A 2A

where A is the area of the interface and the grand potential per
unit volume is w; = Q;/V = f; — up;, etc., and f; is the bulk
Helmholtz free energy density for the phase i. One notes the
key property of the Gibb’s dividing surface is that the results

4)

are the same using the canonical Helmholtz formulation and
the grand-canonical formulation as is indicated in the second
equality.

For a liquid-vapor interface, the surface tensions obtained
are independent of the number of particles Ny used in the
interfacial calculation (as long as it is not too small or too
large). Given an equilibrated interface, if one adds or subtracts
a small amount of mass, the interface will simply move so as
to have more or less of the denser phase, with no structural
change to the interface nor any change to the densities far from
the interface. As recently discussed by Maeritz and Oettel
[30], this is not the case with a fluid-solid interface since the
solid is not uniform: adding mass to the interface results in a
partial solid plane which will have a higher free energy than a
fully constructed plane. So, if mass is added to an equilibrated
solid-fluid interface and then the system is relaxed, the added
mass may end up as a partially filled plane, an increase of bulk
solid or fluid densities or some combination of both.

Consequently, when performing calculations using a finite
system, there is no unique interfacial free energy for the solid
but rather a periodic variation as a function of N that returns
to a minimum value each time a complete crystal plane is
formed; see Fig. 2, where each point is a result of adding
mass and then relaxing while holding the cell dimensions
fixed in all directions (hence, constant lattice parameter in the
directions perpendicular to the interface). This means that, in
the finite system, there is no unique excess surface free energy.
(Alternatively, it means that the state of the system can only be
specified by introducing an additional variable characterizing
the completeness of the last solid plane—a variable that would
have a fixed value in the thermodynamic limit and, hence,
would become irrelevant.) However, in an infinite system, it
is clear that any added mass would be absorbed into the fluid
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TABLE I. Fluid-solid interfacial and coexistence properties for the hard-sphere system. The physical quantities reported in the table are the
fluid and solid densities, the pressure, the chemical potential, and the fluid-solid interfacial free energies for multiple faces of the FCC solid,
except for the last two rows reporting cDFT results for BCC The rows reporting values from this work are marked by an asterisk. The results
of Davidchack et al. are taken from [25] and those of Oettel et al. from [24].

Source pro’ P50’ ppPo’ Bu BYioono? Braino? Bramo?
WBII (Oettel et al.) 0.945 1.039 11.87 16.38 0.69 0.67 0.64
WBII (A ~ 0.01250)* 0.946 1.039 11.94 16.46 - - -
WBII (A ~ 0.0250)* 0.950 1.041 12.16 16.68 0.69 — -
WBII (A ~ 0.050)* 0.966 1.046 13.09 17.65 0.71 - -
esFMT (A =~ 0.050)* 0.942 1.027 11.96 16.50 0.51 0.47 0.46
Sim. (Davidchack et al.) 0.940 1.041 - - 0.58 0.56 0.54
Sim. (Oettel et al.) 0.938 1.039 - - 0.63 0.61 0.60
BCC WBII (Turci et al. [31]) 1.016 1.045 — - 0.34 0.33 0.32
BCC esFMT (A =~ 0.050)* 0.967 1.008 13.45 18.06 0.21 0.20 0.20

leaving the interface in the minimum energy (i.e., complete
lattice plane) state. We therefore use the minimum value on
this curve to define the surface tension for the corresponding
value of chemical potential. Further justification for this pro-
cedure is given in Appendix B 6 b where it is shown that this
gives the best estimate of the value at coexistence and here
it is simply noted that in the thermodynamic limit the fluid
volume becomes infinite and any finite added mass can go into
the fluid phase, neither changing the structure of the interface
nor the supersaturation.

C. The paradigmatic test case: Hard spheres

The hard-sphere system is the only one for which we found
cDFT results in the literature using modern cDFT functionals
and unconstrained minimizations: Oettel et al. [24] used the
White Bear II (WBII) model cDFT functional [32] to calculate
liquid-solid interfacial energies for several crystalline planes.
To validate our codes and procedures, they were used to per-
form the same calculation, with the same functional, for the
(001) face of an FCC crystal, and the results given in Table I
are in good agreement with theirs. This comparison was fur-
ther used to benchmark the sensitivity of the calculations to
computational details such as grid spacing, etc. Finally, and
most relevant to the present work, results are given for the
recently proposed esFMT hard-sphere model as well as recent
simulation results. One observes that the results using both
cDFT functionals are of similar quality compared to simu-
lation, with the difference however that the esFMT results
are generally lower than the simulation values, whereas the
WRBII results are higher. Qualitatively, the ordering 111y <
Y(110) < Yoor of crystal faces according to the interfacial free
energy is consistent in all cases considered. Note, however,
that this differs from the naive expectation that interfacial free
energy is inverse to the planar density: for FCC, the ordering
by planar density is S¢111) > Sc100) > Sc110y- This is because the

J

surface free energy also depends on the nontrivial structure of
the fluid near the interface: the planar density is expected to be
the dominant factor only for interfaces with a vacuum (or low-
density vapor). Quantitatively, the difference of 10% to 20%
between cDFT and simulation results should be contrasted
with the significant variation between simulations results re-
cently reported in the literature, which is at least half this
range. This comparison shows that for interfacial properties,
the esFMT model is competitive with the widely used WBII
functional, which is in accord with previous work concerning
thermodynamics [21]. Finally, recall that there is no question
of FCC-BCC polymorphism in hard spheres because the BCC
phase is unstable to shear [33].

III. INTERFACIAL PROPERTIES
OF THE LENNARD-JONES SOLID

A. Lennard-Jones potential

Our calculations are based on the Lennard-Jones potential
with energy scale € and length scale o,

o 12 o 6
o))} s
r r

which has been used in a large body of literature as a proto-
typical small-molecule potential and as a basis for modeling
both noble gases and metals. However, the LJ potential is
almost never used in this form: for practical reasons, its range
is truncated at some cutoff distance, r,, and it is shifted giving
v(r) = v (r) — vy (r.) for r < r. and zero otherwise. For
molecular dynamics simulations, it is often furthered modified
so that its first derivative, the force, also goes smoothly to zero
at the cutoff with the most notable example of this kind of
modification being that of Broughton and Gilmer [34] which
is

vy (r) + G, r <230
V() =1C(2) +C5(2)° +Cu(2) 7 +Cs, 230 <r <250 ©6)
0, 250 <r
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FIG. 3. Phase diagram of the Lennard-Jones potential showing
coexistence lines for both the FCC and BCC solid as calculated using
our cDFT model. The liquid-vapor critical point is shown as an open
circle, the vapor-liquid-FCC triple point is shown as filled circles,
and the vapor-liquid-BCC triple point as filled squares

with C; =0.016132, C, =3136.6, C3 = —68.069, Cs =
—0.083312, Cs = 0.74689. (The sign of C; is incorrectly re-
ported as positive in the original publication.)

The cDFT model, with its mean-field treatment of the
long-ranged part of the potential, is not designed to be quanti-
tatively accurate and so not attempt was made to reproduce
any particular study. This work uses the simple cutoff and
shifted version of the LJ potential with . = 30 (consistent
with our previous work [23,27]).

Unlike the hard-sphere interaction, LJ systems exhibit the
standard vapor-liquid-solid phase diagram (see Fig. 3) and the
calculated values of the critical and triple points are given
in Table VI in the Appendixes. For LJ, the minimum free
energy solid phase is either FCC or HCP, depending on the
conditions [35], but there is little difference between their free
energies [27]. We chose to work with the FCC phase out of
convenience and because there are more simulation results
for this phase. Unless otherwise stated, these and all reported
results are for a computational grid spacing of 0.05¢.

In the following, our results are compared to simulations,
where possible, and to reduce the effect of differences in
details of how the potential is cut off [36] the temperature
was scaled to the triple point temperature (for FCC or BCC
as appropriate and denoted T and Tj.., or generically
T ) determined from the underlying method (e.g., cDFT or
simulation). The point of the comparisons is thus not to show
quantitative correspondence but just to note that, when such
comparisons are possible, the cDFT results are physically
plausible.

In the following, reference is also made to “exact” zero-
temperature calculations. What is meant by this is simply that
molecules are treated as point particles and the total energy
evaluated as U = % > £ v(r;;) for the relevant configuration:
i.e., a crystal slab adjacent to a vacuum in order to calculate
the surface tension. In bulk calculations, the dimensions of the
periodic box are relaxed to give a minimum of the energy U.
The solid-vacuum interfacial free energies are computed using
a box with the bulk solid dimensions and periodic boundary

1 : : :
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0.8 |m—mcDFT(110) FCC |
o—e cDFT (001)

+ Sim11D]
X Sim(110)| |
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FIG. 4. Interfacial free energies for the liquid-solid coexistence
in simple fluids. The temperatures are scaled using the corresponding
triple point temperature: T or Tg... The simulation data comes
from Laird et al. [37]. Error bars are a bit smaller than the symbols,
not taking the finite spacing A into account (see Appendix E for
details).

conditions in the x and y coordinates. The periodicity in the z
direction is removed to emulate the interface with a vacuum.
The molecular positions and dimensions of this solid slab
are in most cases fully relaxed (see Appendix C for a full
explanation).

B. Solid-liquid interfaces

The surface free energies from our calculations for solid-
liquid interfaces are shown in Fig. 4. For the FCC phase,
the ordering of the surface tensions is y(111) < Y10y < Y001)s
the same as found for hard spheres above. Note however
that the difference between the surface tensions goes to zero
near the triple point and grows as the temperature increases,
although it is never very large in the range of temperatures
considered here. The figure also includes simulation data from
Laird et al. [37] and shows that the values obtained are physi-
cally reasonable.

For the BCC phase, one sees that at all temperatures the
interfacial free energy is roughly half that of the FCC phase,
suggesting that the BCC structure is energetically more favor-
able than FCC for small clusters, which is a point discussed in
greater detail in the next section. The BCC values show very
little difference between the different crystal planes, although
one can say that y(110) < Y11y < Yoo1) Which, as for FCC,
is different from the planar densities which now order the
planes as s(110) > Sc100) > Sa11)- To our knowledge, there are
no studies reporting liquid-BCC interfacial free energies from
simulation.

C. Solid-vapor interfaces

Interfacial free energies for FCC solid-vapor interfaces
are shown in Fig. 5 together with simulation results. In the
previous section, we described the finite-size effects resulting
in nonmonotonic behavior of the free energy as incomplete
crystal layers are constructed. This is discussed in detail in
Appendix B 6 b, but here it is noted that this effect is stronger
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FIG. 5. Interfacial free energies for the vapor-FCC solid coex-
istence in simple fluids, exposing the (001) plane. The temperatures
are scaled using the corresponding triple point temperature 7. The
simulation data come from [34] and [38]. The filled and open circles
are the cDFT minimal and maximal surface tensions, as discussed
in the text, except at zero temperature where the exact results are
shown. Error bars are a bit smaller than the symbols, not taking the
finite spacing A into account (see Appendix E for details).

for the the solid-vapor interface than for the liquid-vapor
interface. In the figure, the magnitude of the effect is il-
lustrated by showing both the minimum and the maximum
values of surface free energy resulting from it. The minimum
values—which are the physically relevant ones corresponding
to complete crystal planes—are again in reasonable agree-
ment with the available simulation values showing they are
physically reasonable, although the temperature dependence
of the cDFT results are somewhat stronger near the triple point
than observed in simulation. The simulation data comes from
two references that use different techniques. The group of
Broughton et al. [34] pioneered the calculation of interfacial
free energies in the 1980s using indirect methods; they obtain
y by computing the surface entropy by thermodynamic in-
tegration from zero-temperature approximations. In contrast,
the recent results from Tipeev et al. [38] are computed with the
more direct crystal cleavage method. These two results—the
only ones for the vapor-solid interface that we are aware of
in the literature—differ significantly at higher temperatures
illustrating the difficulty of obtaining this information. Finally,
also shown in the figure are exact zero-temperature values.
As seen in Fig. 5, our results are not as consistent with these
the zero-temperature values, but this is likely due to the finite
size of the computational grid, as supported by the fact that
when the grid spacing is decreased from A = 0.050 to A ~
0.0250, the difference between the zero-temperature limit of
cDFT calculations decreases by a factor 2 (see Table VII in
the Appendixes).

Surface free energies for several planes of low Miller index
are given in Fig. 6. Calculations were also performed for
the BCC phase but there are a number of complications in
this case. While the (001) face presented no problems, when
we attempted to equilibrate the (110) and (111) BCC-vapor
interfaces we found that the entire BCC lattice was distorted;
see Fig. 7. Recall that these calculations are performed in a

3 . :
O ee FCC (111)
25, o+ FCC (110)
S == FCC (001)
@
o 2 -
<

6o BCC (111)
15 |e<©BCC(110)
&8 BCC (001)

1 . | L L . | h 5

0 0.2 0.4 0.6 0.8 1
*

TIT* ¢

FIG. 6. All interfacial free energies (FCC and BCC) for the
vapor-solid coexistence in simple fluids. The temperatures are scaled
using the corresponding triple point temperature: T or T5c. The
finite temperature values are from cDFT and the zero-temperature
values are the exact calculations. Note that the zero-temperature
calculations for BCC are offset on the temperature axis, for clarity.
Error bars are a bit smaller than the symbols, not taking the finite
spacing A into account (see Appendix E for details).

cell with periodic boundaries in the directions parallel to the
interface so that the system is symmetry-constrained and this
presumably explains why no such distortion was observed
when using the (001) BCC crystal face. It might be thought
that this apparent instability is a consequence of the fact that
the cDFT functional is based on a hard-sphere functional and
that hard spheres are well known to be unstable in a BCC
configuration. To explore this further, we performed exact
zero-temperature calculations for a BCC (110) crystal face
in contact with a vacuum to which a small amount of noise
was added to the molecular positions. We again found that the
BCC structure was not stable but rather deformed via a sliding
of the (110) plane (more details are given in Appendix C). In
Fig. 8 we show that the BCC structure in contact with a vapor
(or vacuum at zero temperature) is in fact fully unstable (as
opposed to metastable) to this distortion: the energy decreases
monotonically as small displacements of the (110) plane are
made. (Note that by symmetry, one expects that the BCC
structure is a stationary point—and so a local maximum—of
the free energy.) Furthermore, we find that if we relax a fully
periodic BCC crystal (after adding a small amount of noise
to the system) while allowing the shape of the periodic cell
to change, the system always deforms to an HCP structure,
regardless of the amplitude of the noise.

These observations change as a function of the computa-
tional grid spacing. For coarser lattices (e.g., A = 0.20), the
possible displacements of the (110) plane are larger and the
minimum in the free energy is not observed, as evidenced in
Fig. 8. Indeed, the equilibrium shift of the (110) plane is on
the order of 0.10 which is thus smaller than the computational
grid spacing in this case and so inaccessible. Nevertheless,
when we try to relax a (110) interface on the coarser lattice,
a distortion of the bulk is observed, an example is shown
in Fig. 7, albeit somewhat different from that seen on the
finer lattice. We believe this is caused by the large distances
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FIG. 7. BCC interface distortions in solid-vapor calculations resulting from cDFT calculations at kg7 /e = 0.3. The interfaces are
perpendicular to the (110) direction and the (001) (i.e., z direction) is perpendicular to the image. The top figure shows the positions of
atoms (density peaks) after relaxation where different shades indicate different z positions. The structure is distorted throughout the crystal,
and the interfaces are not flat in contrast to the middle image in which only the densities in the four layers at the interface were allowed to
relax (thus more faithfully simulating a semi-infinite bulk crystal). The lower image shows results of unconstrained relaxation with a coarser
grid (A = 0.20). The interior structure is distorted but the faces remain flat. These images were generated using Visit [39].

between computational grid sites, which prevents a proper
relaxation along the direction normal to the interface. A better
arrangement of the atomic positions is thus found by making
an angle with the z axis, which allows for intermediate dis-
tances between atoms to be accessible.

The instability of the BCC structure also disappears when
we increase the temperature. In Fig. 8 we show that when the
temperature increases, the free energy of the minima corre-
sponding to the shifted plane also increases and eventually
disappears when the temperature reaches the vapor-liquid-

HS
0.10 T T T n.' 7 7
* - .
| [eecDFTAG=005] T BCC‘O'ng,)-' » ,/ )
L 4
005 |[®°cDFT Alg=02 D A
. B
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/
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FIG. 8. Variation of the Helmholtz free energy per particle (i.e.,
the internal energy per particle in the case of the zero-temperature
limit) as we shift the atom positions on one of the (110) planes. The
red curve shows the exact zero-temperature results while the dotted
and dashed lines show partially relaxed cDFT calculations for two
different grid spacings. The minimization in the cDFT calculations is
constrained to Gaussian peaks for the solid density, in order to keep
the atoms in place. For LJ, the thermodynamic conditions are that
of the BCC-vapor coexistence while for hard spheres it is BCC-fluid
coexistence. The black curve labeled “HS” are results of hard-sphere
calculations.

BCC triple point. This is in agreement with the observation of
a stable BCC structure in the liquid-solid coexistence region,
at higher temperatures.

Finally, Fig. 8 also shows results for hard spheres. In this
case, there is only a single (high-density) fluid phase and
there is no instability. This is consistent with the fact that
no instability is seen in the LJ fluid interface since at high
temperatures, the LJ system approaches the hard-sphere limit.

The conclusion is that the L] BCC crystal-vapor interface
is indeed unstable below the triple point, at least for the (110)
plane. Our observations are in agreement with previous work,
see, e.g., Ref. [40] and the remarks in Swope and Andersen
[41]. We were nevertheless able to determine BCC surface
tensions for all three planes by using a modified procedure
whereby the BCC slab was taken from a previously relaxed
perfect crystal and the interior of the slab was frozen (i.e.,
not allowed to relax), with only the layers near the interface
relaxing. Further details of the procedure, and a comparison
to unconstrained calculations in the case of FCC, are given
in Appendix D. Finally, having identified this instability, we
tested it for the case of a BCC-liquid interface and found that
even when starting with a displacement in the unstable direc-
tion, the system relaxed to a perfect BCC-liquid interface thus
suggesting (but not proving) that the BCC-liquid interface is
metastable, as opposed to the BCC-vapor case.

IV. CONCLUSIONS

The work presented here demonstrates that classical den-
sity functional theory can be used to determine the surface
free energies for both hard spheres and the Lennard-Jones
potential. For hard spheres, our results show that the explicitly
stable FMT gives surface free energies that compare as well to
simulation as the older White Bear models. For the LJ solid,
we determined the surface tensions for the three lowest-index
faces for both the FCC and BCC phases in contact with the
liquid phase (the melt) and the vapor phase. It was noted
that, in accord with zero-temperature results, the BCC-vapor
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interface is unstable for certain crystal faces but there was
no indication that this was the case for the interface with
the liquid. Although our cDFT model is not expected to be
quantitatively accurate, we nevertheless found that when the
temperature is scaled to the triple point, the FCC surface
tensions compare reasonably well to the available simulation
results. Interestingly, the differences between the surface ten-
sions of the crystal faces seems to become very small (perhaps
to vanish) at the triple point—for both the vapor and the
liquid—and to increase as one moves away from it.

Our methods should be applicable to a wide range of
systems involving other interaction potentials. Furthermore,
the results can be used to parametrize simple models for the
free energy of interfacial systems such as the capillary model
that is a key ingredient of classical nucleation theory [1]. In
particular, we have recently discussed the use of our results
to understand the competition between FCC and BCC phases
during the crystallization in LJ systems [42].
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APPENDIX A: THE CDFT FUNCTIONAL

The cDFT functional used in this work is the “standard”
model consisting of a hard-sphere contribution and a mean-
field treatment of the attractive part of the potential,

Flp] = Fus(d(T;[vol), T [p])

1
= / dr, f dry pe)p(t)wae(ri). (Al

The potential is divided in two using the standard WCA pre-
scription [45—47] v(r) = vo(r) + w(r) with the short-ranged
part,

vo(r) = [v(r) — v(ro)1O(ro — 1), (A2)

where rq is the minimum of the potential v(7) and ®(x) is the
step function which has value one for x > 0 and zero for x <
0. The attractive part of the potential is w(r) = v(r) — vo(r).
From this, we calculate the effective hard-sphere diameter
using the Barker-Henderson prescription [48],

ro
d= / (1 — e Poygy., (A3)
0

The hard-sphere part is divided into an ideal-gas contribu-
tion and an excess contribution,

Fus(d, T [p)) = Fuaea(T; [pD) + Fex(d, T [p]),  (A4)
where the (exactly known) ideal gas functional is
Figea(T'; [p]) = kT /[,O(I‘)ln p(r) — p(r)ldr.  (A5)

For the excess part we use the fundamental measure form

Fex(d, Ts[p]) = / ®@[7i(r, d;[pD]dr, (A6)
where ®(7i) is a rational function of the fundamental mea-
sures, ii(r, d; [p]), which are linear convolutions of the local
density:

nae.dilp) = [wotr = vidp)ar. (A7)
The weights used in FMT (for a single species) are
w,(r,d) = ©[(d/2) — |r|], which generates the average of
the density over a the volume of a hard-sphere, and the
scale, vector, and tensor weights wy(r, d) = 8[(d/2) — |r]],
wy(r,d) =13[(d/2) — |r|] and wr(r,d) = Fté[(d/2) — |r|]
respectively, which average the density over a sphere of di-
ameter d. Different versions of FMT (e.g., “White Bear,”
“esFMT,” etc.) are distinguished by their particular forms for
the function ®. We use the “explicitly stable FMT” or esFMT
introduced in Ref. [21] for which

(i) Lot =)+ = L
n)=———=n;In(l —n — —
rd?”’ Y owd 1—n,  24n
n3 — 3nm? + 3n, - ny - n, — Tr(n3
x =2 v r ( T). (A8)

(1 —ny)?

APPENDIX B: DETERMINATION OF THE INTERFACIAL
FREE ENERGY

1. Computational grid

The calculations are performed on a N, x N, x N, compu-
tational grid with spacings A, Ay, and A,. The dimensions
of the computational grid are chosen to match multiples of
the solid lattice constants by adjusting the grid spacings. The
number of points Ny, N,, N; are fixed and are multiples of the
points N, N/, N/ defining a single solid cell. It is important to
keep the same number of points for the grid—up to an integer
multiple—in order to be consistent with the thermodynamics
of the discrete system (physical properties such as the bulk
free energies at coexistence will depend on the discretization).
We find that working with the same number of points across
calculations is easier than imposing a fixed spacing, because
we can determine the equilibrium lattice constants with con-
tinuous increments in the grid spacing, rather than by discrete
jumps as we would have by changing the number of points.
Finally, the lattice constants used in the interface calculations
are determined from homogeneous (bulk) calculations and
correspond to those of the relaxed solid at coexistence with
the fluid phase.

To compute the interfacial free energies for multiple planes
of the BCC and FCC lattices, we have to orient the solid in the
(rectangular) computational grid so as to expose the desired
Miller plane on one of the slab. The common representation
of the BCC and FCC lattices already features the (001) plane
on the side of the cubic cell; the task is, however, nontrivial
for all other cases. The bases we used are given in Table II
for all lattices and planes considered. The relative dimensions
of the rectangular cells as well as the exact number of points
N, N}’,, N/ that constitute each unit cell are given in Table III.
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TABLE II. Bases of the rectangular cells used to describe the BCC and FCC solid lattices, depending on the Miller plane that must be

exposed on the side (looking from the z direction).

BCC (001) BCC (110) BCC (111) FCC (001) FCC (110) FCC (111)
0 0 0 0 0 0o 16 1/2 0 0 0 0 0 0 0 0 0 0
12 12 12 12 12 0 0 o 1/3 12 12 0 1/2 1/2 12 12 12 0

12 0 12 1/6 12 1)2
0 12 12 0 0  5/6
12 12 13
13 0 2/3
12 12 5/6
13 0 1/6
5/6 12 2/3
2/3 0 0
5/6 12 1/6
23 0 1)2

12 0 12 12 16 1/3
0o 12 12 0 2/3 1/3
0 1/3 2/3
12 5/6 2/3

The numbers Ny, N, NZ/ are chosen in a way that the grid
spacings are as close as possible to a target value, usually
A=A, =A,=A,=0.050, considering the usual dimen-
sions of the unit cell. Out of convenience, we keep the
same values across all calculations (the lattice constants
do not change drastically between different thermodynamic
conditions). We also made some calculations with the
larger spacings A = 0.2¢0 using the same number of points
N/, N}f, N/ that we used for the fine grid A ~ 0.050, and we
simply used four times more unit cells in the computational
grid. This way the number of points is still large enough to
remain close to the target spacing, in this case A = 0.20.

2. Thermodynamic parameters

The thermodynamic parameters as calculated for a compu-
tational grid with spacing A /o = 0.05 are given in Table IV.

3. Initial condition

The solid phase is initialized using Gaussian peaks located
at the lattice positions, and occupies about half of the compu-
tational grid. The peaks are normalized to 1 — ¢, where ¢ > 0
is a vacancy concentration usually set to 0.01. Addition of the
liquid requires some care due to the fact that all FMT free
energy functionals diverge when the local packing fraction,
the fundamental measure n,(r), is greater to or equal to one.
In the solid, particularly the FCC phase, at low temperatures,
the local packing fraction is very close to this threshold near

the lattice sites, so that simply adding the uniform fluid can
easily lead to divergent profiles. We have used two different
methods, depending on the particular interface. In the first
method we start with a sharp interface between the fluid and
solid phases, leaving a gap of one hard-sphere diameter in
length to separate the Gaussian peaks from the homogeneous
fluid density ps(r):

ps(r) if |z] < L./4
pr)=10 ifL,/4 <|z| <L,/4+ 0, (B1)
pr(r) ifL/4+0 <zl < L./2

where p,(r) is the sum of the Gaussian peaks approximating
the solid density. To compensate for the presence of the gap,
we initialized the fluid density with the coexistence value
multiplied by the ratio V¢ /VJZ of volumes of the fluid region
with and without the gap.

The second method is a smooth interpolation between the
Gaussian peaks and the homogeneous fluid density,

p(r) = ps(r)f(z321, w) + pr () f (2322, W), (B2)
using two double sigmoid functions,

f(Z 20, w) = 1|:tanh <ZO + Z) + tanh (ZO — Z>i| (B3)
2 w w

The inflection points of the double sigmoids, z; and 2, = z; +
o, are located one hard-sphere diameter apart, once again to
avoid nonphysical packing fractions. The parameters are set

TABLE III. Dimensions of the rectangular cells in terms of the interatomic distance d. Columns 2—4 give the lattice constants for the solid
lattice. Columns 5-7 give the number of points used for the computational grid in most calculations. The last two columns give the number of
planes, per unit cell, normal to the z direction as well as the interplanar distances dpjanes-

Lattice (plane) Al /d b /d Clarr/d N, N}f N, No. planes dplanes/d
BCC (001) 2//3 2/\/3 2/3/3 26 26 26 2 1/4/3
BCC (110) 2/\/3 V33 V83 26 37 37 2 V273
BCC (111) 232 V8/3 2 64 37 45 6 1/3

FCC (001) V2 V2 V2 32 32 32 2 132
FCC (110) V2 1 1 32 23 23 2 1/2

FCC (111) 1 V3 V6 23 40 56 3 V273
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TABLE IV. Lennard-Jones critical point and triple points in the
c¢DFT model.

kT/E lovaporU3 pliquidoi3 pSOlidJ3
Lig-Vap critical point ~ 1.295 0.245 0.245 -
FCC triple point 0.798 9.83 x 1073 0.675 0.916
BCC triple point 0.742  6.12 x 1073 0.704 0.874

toz; = L;/4 and w = o /2 for vapor-solid interfaces and w =
20 for the liquid-solid case, where the interface is wider.

The liquid-solid data shown in the main text have been gen-
erated using the first initialization method. In the vapor-solid
case, the first method has been used for the FCC (001), FCC
(111), and BCC (001) curves, but not for the three others. FCC
(110) has been initialized with the smooth interface and due to
the BCC instability, BCC (110) and (111) have been generated
with a different protocol, described in Sec. D. In that case,
the initial condition used the same formula (B2) to create a
smooth interface but the solid density is not a sum of Gaussian
peak but rather the fully relaxed profile at coexistence. In the
end, we find that both methods lead to the same results and
the exact shape of the initial profile is not very important. The
use of two different initialization methods was simply a result
of experimentation to see if one method might lead to faster
convergence than another but in the end no such trend was
found.

4. Minimization of the density functional

The functional is minimized using a modified version
of the FIRE2 algorithm, a kind of gradient descent with
inertia described in [27]. In the low-temperature interface
calculations, the free energy landscape is very hard to navi-
gate through because, as mentioned above, the local packing
fractions are very close to one in the fully relaxed solid.
This means the minimization algorithms can end up wasting
significant time stepping into the unphysical region and back-
tracking. To avoid this, we added an additional term to the
FMT functional that creates an artificial cost for stepping close
to n = 1. The new functional,

A
Flpl=F —— dr, B4
Ard ['0]+/(1—77(r))2 r (B4)

is used to iterate minimizations starting with a large ampli-
tude for the repulsive term and then progressively decrease it
until no significant change in the physical properties can be
detected. We usually chose to reduce A by a factor of 10 each
step, starting from Ao = 1077 and going down to Src> =
10~!7. The typical relative difference between the last two
iterations is around 107> for the interfacial free energy. The
effect of this mechanism is to allow the densities in regions
away from the lattice peaks to relax before making the fine
adjustments needed at the peaks.

5. Minimizing at constant chemical potential and minimizing
at constant particle number is equivalent

The two calculations discussed in the main text were
minimizing the functional A,[p] = F[p] — uN[p] at fixed

chemical potential, ¢, and minimizing the Helmholtz func-
tional F[p] at constant particle number, Ny. The latter can be
implemented by introducing a Lagrange parameter to define

Ly, [p] = Flp] = A(N[p] — No) (BS)
and minimizing to get
_ OLwlpl _ SFIpl _
dp(r)  dp(r)
7T
= - Nlp] — No. (B6)

Multiplying the former by the density, integrating and making
use of the latter gives

1 / §F[p]
A=— [ p(r)——dr B7)
No dp(r)
so that the calculation reduces to
SFlp]l SF [p]
f (r)—— (B8)
Sp(r) Ny Sp(r )
In contrast, minimization at constant chemical potential gives
§F[p]
=W, (B9)
3p(r)

so that it is clear that minimizing at constant particle number
Ny to get the density oy, (r) gives the same result as minimiz-
ing at constant chemical potential

SFlp]
N/ () () -

and the two procedures are therefore equivalent.
Another way to look at this is to introduce the parameteri-
zation

(B10)

g(r)
[ g(x)dr”’
in which case the usual grand-canonical minimization of
Q[p] with respect to density now becomes minimization of

Q[on[g]] with respect to both N and g(r). Holding N constant
and minimizing only with respect to g gives

_ 8Qlpnlgll _ / (852[/)]) Spn(r'; [g]) ar
p=pnlgl

pn(r;[g]) =N (B11)

’

bg(r) $p(r') dg(r)
(B12)
and using
8Spl _ SFIp] _
Sp(x’)  Sp(r) ’
Spn(r'slgh o, o N
W =[8(r' — 1) l]fg(r”)dr” (B13)
gives
8F[p]) _ l/ ) <8F[p]) 4
<8'0(r) p=pnlgl N pu(r:lsh Sp(r) p=pylgl "
(B14)

which is the same as Eq. (B8) except that now we solve for
g. In the following, we will denote the chemical potential
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resulting from this minimization with respect to g at constant
N as

OF [p]> dr
Sp(r) p=pnlgl .

1
UN = = (B15)

N on(r; [g])<

6. Protocol for determining the surface tension and resulting
finite-size effects

a. The protocol

Minimizing the free energy for an interfacial system at
constant chemical potential can only be done at phase coexis-
tence. This means that one must know the chemical potential
for coexistence exactly: any error will lead to the interface
moving until one phase fills the entire computational cell.
Furthermore, for a finite system, the chemical potential that
gives phase coexistence will not be the same as that for bulk
coexistence because the effects of the interface extend into the
“bulk” region so that, in principle, one has to move infinitely
far from the interface in order for the density to reach its bulk
value.

On the other hand, minimizing at constant particle number
always gives phase coexistence with different values of the
total number of particles being accommodated by changing
the size of the two “bulk” regions, with no change to the
interface. When one of the phases is a solid, however, there are
additional complications. In the extreme case of a solid-vapor
interface, the interface cannot be moved continuously since
it involves discrete lattice planes for the solid. So, starting
with a complete planar interface and adding some mass, the
mass must partly go into creating a new partial crystal plane
and partly into raising the density of the vapor. The former
will inevitably increase the interfacial energy and the latter
increases the chemical potential. One therefore expects that,
starting with a complete crystal plane, as mass is added the
surface tension will increase, reach some maximum and then
decrease again until reaching a minimum when a new crystal
plane is formed with a corresponding variation of the chemical
potential. This is illustrated in Fig. 2, taken from our calcula-
tions.

Our protocol for determining the surface tension is there-
fore as follows. First, an interfacial system is equilibrated at
constant particle number, N, giving in the end the relaxed
density, pn(r), and the chemical potential uy as defined
above. We then determine the bulk properties of the two
phases at this chemical potential by minimizing the grand-
canonical free energy giving the average bulk density of
each phase, p,, i, as well as its grand-potential free energy
density w,, ; and the corresponding Helmholtz free energy
densities fy; = wy,,;i — UNDpuy.i- The Gibb’s partition is de-
termined using Vy | + Vyo =V and Vy1pn.1 + Vvo2pno2 =N

. N—pnaV
giving Vi | = =22~ etc., and the excess surface free energy

PN1—DN2’
calculated as

_ Qulpn] = @py 1 Vv — 0py 2V

N 2A

_ Flon] = fvaVna — fvoVi

N 24 ’

where A is the area of the planar interface. As argued above,
the finite-size effects mean that the chemical potential is not

(B16)

that at bulk coexistence which, in turn, implies that in general
Wpy,1 7+ Wpy,2-

b. N dependence for a finite system

We examine the N dependence of the surface tension by
calculating the derivative

i _ / <asz[p]) dov®) o dow,
PN

dN Sp(r') dN dN
dow N.2 dV] dV2
- dl;v 2 = O T = G2 (B17)
Using Eq. (B8), one has that
dQ[pn] :/ 3F[p] dpzv(r’)dr,_ dunyN
dN sp(x’) ), dN dN
doy(') duy
MN/ AN r AN MUN
d
= _NIEN (B18)
dN

and similarly for the homogeneous contributions, assuming
that the homogeneous calculations are performed in a volume
of size Vj,

dQ)MN’,’ _ 1 dQMNJ
dN — Vy dN
L dIF L] = ity [ Py i(X)dY]
2 dN
_ i <8F[,0]> dp;uv,i(r/) dr/
Vo Sp(r’) P dN
_ Ldluy [ Puy,i(r)dr]
Vo dN
_ o dp
= ~Dunin (B19)
giving the exact result
L T S TS (B20)

dN Pun,1 = Puy,2

Let the value of the chemical potential and free energy density
at bulk coexistence be u}, and w7,, respectively. For a liquid-
vapor interface, one expects the differences between w,,, ;
and uy; and the bulk coexistence quantities to be small and
decreasing with system size so dyy/dN should be similarly
small and decreasing with system size. On the other hand,
for a solid-vapor interface, as explained above, one expects
the surface tension to go through a periodic variation as mass
is added and new crystal planes are formed. This implies
that during each cycle, dyy/dN should go to zero twice: at
the minimum and the maximum of the surface tension so
that in both cases, one must have w,, 1 = @, 2. Since this
is also expected to hold at bulk coexistence and since one
expects the thermodynamic limit to correspond to the case
of perfectly formed crystal planes, the minimum value of the
surface tension, as a function of N, would seem to be the best
estimate.

064110-11



CEDRIC SCHOONEN AND JAMES FE. LUTSKO

PHYSICAL REVIEW E 106, 064110 (2022)

¢. Reducing the computational effort

It is possible to reduce the need for determining the bulk
free energies for every value of N as is needed in Eq. (B16).
To derive the expression, let the index a stand for either phase
1 or phase 2 and b be the other. Then expanding about the bulk
coexistence values gives

fva = fg* + f(;*(pm\/,a - ,0;) = fa* + ,u*(;o;w.a - P;k) (B21)
and
N
~ ,a
Via A Vi, — m(pma )
V]\}k,b *
_ —,0* e (Pun.b = Ppy) (B22)
a
so that

INaVNa RV + W (0uya — 3V g
VN.a
- f;m(mm,a = P2)
Vb
+ i Puy.b — P})-
a /0:; _ ,0; N b

(B23)

Adding the contributions for the two phases and simplifying
gives
SNV + 2V
NIV LBV o) = p3) = (= )]
5 Vi1 Puy1 — PT) + Vo' (Puy.2 — 03)
Pi = p;
However, the combination up — f = p, the pressure, and at

coexistence pj = p5 so the term involving the chemical po-
tential vanishes showing that, up to second order, one has that

. (B24)

~ F[puw] — iV — iVo
YN ~ A )

which is the expression used in our calculations.

(B25)

7. Bulk free energies

The bulk phases are homogeneous because they possess
translational symmetry: continuous translational symmetry in
the fluid phases (i.e., the density is a constant independent
of position) or discrete translational symmetry in the solid
(determined by the Bravais lattice). In the case of the fluid,
the determination of the density therefore reduces to solving
an algebraic equation. For the solid on must perform a full,
three-dimensional cDFT minimization. For this, the density
was initialized with Gaussian peaks centered on the lattice
positions, which are normalized to 1 — ¢, where ¢ > 0 is the
vacancy concentration in the solid. We chose to minimize the
density functional at constant particle number because it was
found to be more convenient to have direct control over the
vacancy concentration. So, the minimizations were performed
for several concentrations of vacancies starting from 1 x 1072
and dividing by 2 until reaching 1 x 10~°. The solid proper-
ties over this range of densities, including effective chemical
potentials and the free energies, are returned as an output of

TABLE V. Interfacial free energies from zero-temperature cal-
culations. The quantity shown is yo?/e for different levels of
relaxation: nothing relaxed, relaxing the distances between solid
planes parallel to the interface, and relaxing all the atom positions.

Interface type  Notrelaxed  Relaxing planes  Relaxing atoms

FCC (001) 2.604 2.585 2.578
FCC (110) 2.752 2.737 2.739
FCC (111) 2.485 2.480 2474
BCC (001) 2.508 2.438 2431
BCC (110) 2.379 2.373 -
BCC (111) 2.692 2.680 -

the calculation. We then use interpolations of these properties
to minimize the free energy with respect to lattice constant
and vacancy concentration at constant chemical potential.

Because our implementation does not allow precise calcu-
lations below ¢ ~ 107, we extrapolate the solid free energies
at higher chemical potentials assuming that the Helmholtz free
energy per unit volume and density does not vary for such
small changes in the vacancy concentration. This extrapola-
tion step is necessary to compute the solid bulk properties
at low temperatures since the vacancy concentrations are ex-
tremely small.

APPENDIX C: ZERO-TEMPERATURE CALCULATIONS

1. Surface free energies

Exact calculations can be carried out for a vacuum-solid
interface at a temperature of absolute zero. This is a limit case
for the vapor-solid calculations since the vapor density goes
to zero with the temperature. The interfacial free energy is
computed by summing the inter-particle energies of all pair of
atoms, U = % Zi ” v(r;;), for a solid lattice in a rectangular
box with periodic boundary conditions only in the x and y
directions. The periodicity is purposefully broken in the z
direction in order to mimic the presence of an interface with a
vacuum.

The computational grid is made out of 1 x 1 x N unit cells
of the solid, using the same bases and dimensions given in
Tables II and III. When computing the total energy of the
solid slab, we make enough copies of the lattice in the x
and y directions in order to compute all the interactions up
to the potential cutoff distance. The number of cells in the
z direction, N, is large enough so that the two interfaces do
not interact with each other. In practice, the length of the
computational cells in the z direction are so that there are at
least 25 solid planes in the slab.

The dimensions of the computational grid are that of the
relaxed solid cell at coexistence with the vacuum. The cor-
responding lattice constants are found by minimizing the
internal free energy of a homogeneous solid (i.e., with peri-
odic boundary conditions in all directions). The lengths in the
x and y directions are fixed during the relaxation but the length
in the z direction is allowed to change so that the interplanar
distances can relax.

In Table V we give three sets of data for the surface free
energies. The first set are interfacial free energies computed
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FIG. 9. Instability of the BCC interface in a zero-temperature calculation: Relaxed atoms (in blue) starting from the regular BCC lattice
positions (in red). The displacements of the atoms in the slab are the same as those shown in Fig. 10 (same projection on the first image).
These displacements are almost parallel to (110) planes, but due to random perturbations imposed on the initial lattice the system is divided
in domains where the shift of the atomic positions occurred in different directions. The side lengths of the box in the directions parallel to
the interface are kept fixed during the minimization of the internal energy and have periodic boundary conditions. The direction normal to the
interface does not have periodic boundary conditions to emulate the presence of an interface with a vacuum, located on the left and right faces
of the box. The length in the normal direction is allowed to change, but this image shows a superposition of the initial and final configurations
where the atom positions have been rescaled to fit in the same bounding box. The initial density of the solid in the slab is the coexistence
value of 1.0536 0 3. The lattice dimensions have been determined using the two-atom BCC cell (not subject to the plane shift), minimizing
the internal energy per particle. The visualization is performed using the program Ovito [49].

from the unrelaxed solid slab in contact with a vacuum. The
surface free energy is computed in a manner similar to what
we use for cDFT calculations,
Ustab — €nomNslab

v = A , (CD
where Uy, is the total energy of the solid slab (no periodic
boundaries in the z direction), epon, is the internal energy per
particle of the homogeneous solid, Ny, is the number of
atoms in the slab and A is the contact area between the vacuum
and one side of the solid slab. Note that at zero temperature,
internal energies and free energies are the same quantities.
In the column labeled “relaxing planes,” the interfacial free
energy is given when we allow the interplanar distances to
change, for planes parallel to the interface, keeping the atoms
fixed on these planes. In the last column, “relaxing atoms,’
all the atomic positions are allowed to change as indepen-
dent variables. The results in these last two calculations are
almost the same because the atoms keep the same configu-
ration after the complete minimization. The only exception
are the BCC (110) and (111) interfaces, which are subject
to the (110) plane sliding instability of the BCC structure
(see Fig. 9).

2. Instability of the BCC lattice

As mentioned in the main text, the BCC structure is un-
stable with respect to a displacement of some (110) planes.
Relaxing every atom positions in our BCC (110) and (111)
interface calculations result in a different structure than the
regular BCC lattice, both at the interface and deep into the
bulk (see Figs. 7 and 9).

We further investigate this phenomenon with zero-
temperature calculations, starting from a unit cell that exposes
the BCC (110) plane (see Tables II and III). We first equi-
librate the cell by minimizing the internal free energy with
respect to the interatomic distance. Then we slide one of
the (110) planes by moving the z = cjpy/2 atoms in the y
direction. Figure 8 shows the energy as a function of the
displacement of the (110) plane. At zero temperature, the
internal energy decreases monotonically with the displace-
ment until an equilibrium value is reached. That equilibrium
shift is Ly = 0.0963 ¢y, Which is 0.1572 d in terms of the
interatomic distance. The corresponding variation for the in-

ternal energy per particle is —0.0586 €. Calculations in which
we relax the positions of all the atoms in the cell give the
same values at the level of precision considered (keeping the
dimensions of the cell fixed). Figure 10 shows the resulting
configuration when all the atomic positions are relaxed. In the
first of the four images, the main distortion is that the middle
row of atoms moves horizontally which is the sliding of the
(110) plane while some smaller relaxation occurs in the two
rows adjacent to the sliding row.

In addition to relaxing the atom positions, one can also
relax the lattice dimensions by allowing the lattice vectors
to relax. This is not a situation we encounter in our cDFT
calculations, as the dimensions are fixed, but it helps under-
stand which structure the BCC lattice is relaxing towards.
What we observe by doing such calculations is that the com-
plete relaxation of the BCC lattice end up with the HCP
configuration. To show this, we once again minimized the
internal energy of the homogeneous BCC solid, starting once
again with the BCC (110) cell and periodic boundary con-
ditions. In addition to the 3N coordinates of the atoms in
the cell, six parameters are necessary to define the lattice
vectors. These parameters are the three lattice constants,
i.e., the vector lengths, and the three angles between them
(e, B, v). Relaxing all 3N + 6 parameters results in an HCP
configuration.

APPENDIX D: STABILIZATION BY FREEZING
THE SOLID BULK
To avoid the distortions in BCC-vapor calculations, we
tested a few techniques to artificially stabilize the density
profile. The most practical method we found is to “freeze”

TABLE VI. Triple point temperatures 7* for various lattices and
discretization spacing. The last row shows a quadratic extrapolation
of the results from the three finest grid spacings.

Afo Tiec Ticc
0.2 0.517 0.549
0.1 0.695 0.726
0.05 0.742 0.798
0.025 0.754 0.818
Extrap. 0.759 0.827
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FIG. 10. Instability of the BCC lattice in a zero-temperature calculation: Relaxed atoms (in blue) starting from the lattice positions in
the BCC (110) cell (in red). The lattice dimensions are kept fixed during the minimization of the internal energy. The images on the left are
projections on each axis, exposing the (001), (110), and (110) planes, respectively. The atoms displacement are almost parallel to the (110)
plane. In this example the density of the solid is 1.0536 o =3, as in Fig. 9. The visualization is performed using the program Ovito [49].

the bulk solid by preventing the density profile from being
relaxed in a large portion of the solid slab. We do this by
setting the free energy derivatives to zero in this region so that
the densities are never updated in the minimization algorithm.
(Note that in this case, the bulk region is initialized with
fully relaxed densities coming from a homogeneous-solid
calculation.)

The FCC (001) solid-vapor interface, which is stable under
all circumstances, was used as a test case to quantify the
amount by which we overestimate interfacial free energies
calculated using this method. Allowing the density to relax in
aregion of about 5o deep in the solid slab, which is about the
width of the interface, we found that the interfacial free energy
is 3 x 1073 &/0? higher than the value from unconstrained
calculations.

APPENDIX E: ESTIMATION OF UNCERTAINTIES

Uncertainties on the surface free energies are introduced in
many steps of the calculations, due to limits on computational
resources. In this Appendix we list the major sources of errors
and estimate their contribution to the overall uncertainty.

The first major source or error is the finite size of the
computational cell. This is already the cause of the non-
monotonic variation of the free energy, which is detailed in
Appendix B 6 b. Another effect to consider is that if the solid
slab is too small the two interfaces can interact with each other
and this will corrupt the value for the surface free energy. We

TABLE VII. Influence of the discretization spacing on the prop-
erties of the FCC (001) interface computed at k7 /e = 0.1. The
interfacial free energies in different reduced units are shown next to
each other for comparison. Triple point values are marked with an
asterisk.

checked liquid-solid calculations by comparing two sets of
results: the first generated with cells about 500 in length and
the second with larger cells of about 80c. The values in both
sets are very similar, the difference lying between 10~ and
1072 &/02. Only the FCC (111) and BCC (110) calculations
show a greater dependence on the system size with differences
in free energies as large as 0.02 ¢ /2. For vapor-solid calcula-
tions, we simply compared the values of the reported surface
free energy minima and that after the removal of one lattice
plane. Since the interfaces are sharper at low temperatures,
we consider that this is a good estimation for the magnitude
of the interaction between the two interfaces. The differences
are once again smaller than 1073 ¢ /o 2.

Another source of error is the finite size of the discretiza-
tion spacing. Tables VI and VII show the effect of the
discretization on triple point temperatures and on the FCC
(001) surface free energy at a low temperature, respectively.
The last table shows a difference of about 0.08 & /0> between
surface free energies calculated using the finest spacings we
could afford. Table I also shows a few surface free energies
for different spacings, in the case of a hard-sphere interface,
showing a smaller variation of about 0.02¢/02. Although
the influence of the discretization spacing can be quite large,
it is not so important to us since we compare systems de-
fined on computational grids with very similar values for
the discretization spacing. Therefore, we do not consider that

TABLE VIII. Influence of small variations in the lattice spacing
A as we change the number of points N' = N, = N, = N, /Nces
in the computational cell. The solid in these calculations is FCC,
and the interface exposes the (001) plane. The dimensions of the
computational grid are that of 1 X 1 X N5 solid units cells. These
numbers can be used to estimate the inaccuracies in comparisons of
data from slightly different spacings.

A/O ygz/g y*a’z/g T/T* Type kT/S N’ Ncells A/U alau/o yaz/g
0.2 2.15 1.17 0.182 Vapor-solid 0.1 32 30 0.0490 1.5674 2.384
0.1 2.33 0.92 0.138 Vapor-solid 0.1 33 30 0.0476  1.5694 2.367
0.05 2.38 0.90 0.125 Liquid-solid 0.8 32 40 0.0511 1.63395 0.4316
0.025 2.46 0.91 0.122 Liquid-solid 0.8 33 40 0.0495 1.63424 0.4342
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TABLE IX. Uncertainties in surface free energy calculations. We give here all the contributions from what we identified as major sources
of errors, for all our calculations grouped into categories of similar uncertainties. In the last column we give the final error bar that we associate

with the calculations.

Calculation Uncertainties on y (units &/0%)
Lattice (plane) Type Temperatures Length L, Spacing A Parity N, Total
FCC (111) Liquid-solid 0.8 <kT/e <2.0 0.02 3x 1073 3 x 1073 0.02
BCC (110) Liquid-solid 0.8 <kT/e <2.0 0.02 3x1073 3x1073 0.02
BCC (111) Vapor-solid 0.1 <kT/e <03 0.03 3x107? 0.02 0.04
Others Liquid-solid 0.8 <kT/e <20 1 x 1073 3x 1073 3x 1073 4 %1073
Others Vapor-solid 0.1 <kT/e 0.7 1x 1073 3x 1073 0.02 0.02

contribution for the calculation of error bars. Instead, the
difference between the discrete system and the exact limit of
zero spacing can be appreciated in the main text figures by
comparing the cDFT results to those of zero-temperature cal-
culations.

Despite being satisfied with finite-spacing data, we still
care however about the fact that the computational grid spac-
ing is not exactly the same in all calculations. As explained in
Appendix B 1, we choose the dimensions of the cell based on
the equilibrium lattice constants of the solid at coexistence
with the fluid. Because of this—and because the number
of lattice points in the computational cell is an integer—we
cannot choose a fixed grid spacing to use in all calculations.
This should however be a minor concern since the deviations
from the target spacing are about 1/30 of that spacing, and
the errors due to the finite spacing are already quite small
(about 0.1 &£ /0%). We thus expect small errors about 0.1/30 ~
3 x 1073 ¢/0% in magnitude.

The last major source of uncertainty is related to the parity
of the number of points in the computational grid. Taking for
example the cubic FCC cell, peaks located on the center of
the cube faces will be centered on a site of the computational
grid if the number of points is odd but not if it is even. For the
narrow peaks of low-temperature calculations, this may have
a noticeable effect on the calculation results. We estimate how
much this affects the surface free energies we compute by
performing two calculations with different number of lattice
points for typical interfaces, which serves as benchmarks.
Table VIII displays results of such calculations for both liquid-
solid and vapor-solid interfaces. The effect is important (about
0.02 £/0%) in low-temperature vapor-solid calculations, since
the solid peaks are very narrow and do not span over many

points in the computational grid. For that same reason it is less
of a concern in liquid-solid calculations where the difference
between results of two calculations with N and N + 1 lattice
points is about 3 x 1073 /02, In this case we may argue that
difference simply comes from the fact that the grid spacing is
slightly different and not because of the parity in the number
of lattice points.

A final concern one may have is that errors in the determi-
nation of bulk coexistence properties can propagate to the final
result for the surface free energy. Indeed, we use a finite set of
calculations and then interpolate the data several times first to
compute bulk free energies along an isotherm and then again
to find the coexistence point for that temperature. The result
of these approximations is that the bulk properties we use to
determine the surface free energy are not exactly the coex-
istence values. However, we have shown in Appendix B6c¢
that the surface free energy is only affected at second or-
der by deviations from coexistence, i.e., proportionally to
(I — [heoex)?, and these small inaccuracies can therefore be
neglected.

All the contributions listed above along with the final un-
certainties we associate with our calculations are displayed
in Table IX. We report larger errors for some low-temperature
BCC (111) calculations (kT /e < 0.3) for which we attempted
to stabilize the interface using the frozen bulk method. The
method was not always successful with these profiles and
we dispose of a limit amount of data to properly interpolate
the minimum of the surface free energy y (N). We therefore
reported the lowest values we got for the few properly stabi-
lized interfaces, along with large error bars corresponding to
the magnitude of variations between the valid calculations of
lowest surface free energies.
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