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Abstract
When modeling surfaces of multinary compounds, conventional cleavage planes
often cut through strongly bonded polyhedra, resulting in unphysical surface
energies. Here, we introduce SALAMI (Symmetric Atomic Layers for Arbitrary
Multinary Interfaces), a Python package that generates symmetric, charge-
neutral, dipole-free, and low-energy slab models for multinary compounds.
SALAMI performs combinatorial searches to selectively remove surface atoms
and generate corrugated terminations that preserve optimal coordination envi-
ronments. We applied this workflow to all symmetrically inequivalent crys-
tallographic orientations with Miller indices up to 2 for two prototypical
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structures: the solid-state electrolyte Li3PS4 and the transparent conducting
oxide ZnSb2O6. Density functional theory calculations reveal that Li3PS4 must
preserve all PS4 units to achieve the minimum surface energy. For ZnSb2O6,
low-energy surfaces are achieved by partial undercoordination of surface Sb
atoms to SbO5 or SbO4 from the bulk SbO6, depending on the surface orienta-
tions. Compared to surface models generated with unconstrained coordination,
applying constraints to achieve optimal local coordination environments sig-
nificantly lowers surface energies, shrinking the volume of the predicted Wulff
shape by approximately 20%. Our results demonstrate that meticulous control of
local coordination environments is necessary for accurately predicting the surface
energetics of multinary compounds.

Keywords: surface, multinary compounds, crystallography, surface dipole

1 Introduction
Accurate atomistic modeling of solid surfaces is a prerequisite for understanding inter-
facial phenomena in catalysis [1, 2], thin-film engineering [3, 4], and semiconductor
band engineering [5–7]. The abrupt termination of a crystal at a surface causes strong
deviations from the bulk properties, leading to unique properties, such as: electronic
structure [8], reactivity [9], thermodynamic instabilities, and others, which manifest
differently from their bulk analogues [10–12]. Studying these interfacial phenomena
at the atomic scale requires appropriate models for surfaces.

Computationally, the surface is usually modeled by a periodic slab model, com-
posed of several layers of bulk structure, and a sufficient thickness of vacuum to
prevent interactions between periodic images [13]. The surface energy, γ, arising from
broken bonds when cleaving the surface, can be calculated from the excess energy of
the slab model compared to the bulk, as defined in Equation 1 [12, 14],

γ =
1

2S
·

[
Eslab −NslabEbulk −

species∑
i

∆niµi

]
, (1)

where Nslab is the number of formula units in the slab model, Ebulk is the total energy
of the bulk structure per formula unit, Eslab is the total energy of the slab model.
S is the area of the surface. The factor of 2 corresponds to the two exposed surfaces
in the slab model. This requires that the top and bottom surfaces are identical [15].
Otherwise, the resulting γ becomes the average surface energy of two different sur-
faces, which is ambiguous. For nonstoichiometric slabs, µi is the chemical potential
of the species i, which is derived from the phase diagram. ∆ni is the amount of off-
stoichiometry for species i. All slab models considered in this work are stoichiometric,
so that the chemical-potential term vanishes.

While the conventional method of planar cleavage is generally sufficient to gener-
ate surface terminations for elemental or binary crystals, the inhomogeneity of bond
strengths in multinary crystalline compounds complicates this approach significantly.
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To demonstrate the challenges associated with constructing representative surface
models for multinary systems, we investigate two prototype materials: the solid elec-
trolyte β-Li3PS4 and the transparent conducting oxide ZnSb2O6. Specifically, Li3PS4
features isolated, strongly bonded polyanionic (PS3−4 ) units. The P− S bonds are
stronger than the Li− S bonds [16–18], inferred from the higher diatomic bond disso-
ciation energy of P− S relative to Li− S [19]. The inductive effect of the PS4 group
further weakens the Li− S interactions [16], evidenced by high ionic conductivity of
Li [20]. High-energy bonds (such as the P− S bond) can be cut by a cleavage plane
(e.g. red lines in Figure 1), leading to a slab model with high surface energy. Mini-
mizing the surface energy requires preserving optimal coordination environments that
leave the PS4 polyanions intact, thus generating a corrugated termination as indicated
by the green line in Figure 1. Different from isolated polyanions in Li3PS4, ZnSb2O6

displays a continuous 3D network of corner- and edge-sharing SbO6 octahedra. There-
fore, it is geometrically impossible to define a flat cleavage path that preserves all
SbO6 units while maintaining stoichiometry. Constructing low-energy surface mod-
els for ZnSb2O6 requires partial undercoordination, which is detailed in the Results
sections.

Li

S

PS4

Fig. 1: The Li3PS4 crystal in the [011] direction is shown in the middle. The c-
direction is set to [011] direction. A conventional cleavage plane (red line) breaks the
polyanion group, leading to high surface energy. The resulting surface morphology
is shown in the structure on the right. On the [011] direction, every cleavage plane
(regardless of vertical displacement) breaks at least one PS4 tetrahedron. Therefore,
applying an optimal coordination environment, resulting in the corrugated surface on
the left, is required to generate a low-energy (011) surface.

In this work, we studied “representative” slab models of Li3PS4 and ZnSb2O6 that
satisfy three criteria:

1. Symmetric, i.e., the two exposed surfaces are identical. This also ensures the slab
is a Tasker type 2 [21] slab with no surface dipoles perpendicular to the surface cut.
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2. Stoichiometric, which establishes a baseline for surface energy calculations and
avoids the ambiguity of chemical potentials. The stoichiometry of a slab also
guarantees charge-neutrality.

3. Satisfy specific constraints on the coordination numbers of surface atoms. Enforcing
these constraints achieves an optimal local coordination environment, which avoids
high-energy surfaces (for example, keeping all PS4 polyanions intact in Li3PS4).

To our knowledge, there are few automatic workflows available for identify-
ing slab models that satisfy the criteria discussed above for multinary compounds.
While standard high-throughput libraries for surface generation, such as the Surfaxe
package [13] and the pymatgen module [15, 22], offer robust tools for slab generation—
including options to symmetrize slabs by removing surface atoms or to fix broken
polyanions by shifting atoms across the vacuum gap—these operations often either
break the stoichiometry or the symmetry between the top and bottom terminations.
Recent developments, including the polycleaver package [23], have addressed the
heterogeneity of bond energy by preserving polyanionic frameworks during cleavage.
However, to our knowledge, there is no existing workflow that explicitly controls the
surface coordination environment through systematic atom trimming to achieve fully
symmetric and stoichiometric surfaces for multinary compounds. As a result, current
studies on surfaces of multinary compounds are either limited to very few special ter-
minations where a cleavage plane coincidentally generates two identical surfaces and
avoids breaking high-energy bonds, or rely on manual labor to reconstruct the sur-
face, which is a tedious task [12, 24]. This limits the correct identification of the Wulff
shape and leads to overestimation of surface energy.

To overcome this limitation, we present an automated workflow to preserve optimal
coordination environments, generating symmetric, nonpolar, and low-surface-energy
slab models for multinary compounds, implemented in the Python package SALAMI
(Symmetric Atomic Layers for Arbitrary Multinary Interfaces)1. We demonstrate the
complete workflow of SALAMI by identifying low-energy surfaces fulfilling the impor-
tant criteria exposed above of Li3PS4 and ZnSb2O6. Through these two examples, we
highlight different principles for surface stabilization: strongly bonded units like PS4
must be preserved in Li3PS4, whereas interconnected units like SbO6 often require
partial undercoordination at the surface to satisfy local charge neutrality in ZnSb2O6.

2 Results

2.1 Generating symmetric and stoichiometric slab models
Generating a symmetric slab model along an arbitrary (hkl) plane is not always
possible if the crystal is not centrosymmetric. Cleaving a bulk crystal along an (hkl)
plane exposes a top surface with an outward normal vector parallel to the reciprocal
lattice vector g = (h, k, l)T , and a bottom surface with the normal g′ = −g =
(−h,−k,−l)T . For the resulting slab to be symmetric, the bulk space group must
contain at least one point-group operation—represented by a 3×3 matrix D [25]—that
maps the top surface directly onto the bottom surface, i.e., this symmetry operation

1The code is open source at https://github.com/caneparesearch/salami
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inverts the surface normal. Here, Figure 2 shows 4 examples to illustrate conditions
for generating symmetric slabs via point-group operations.

1̄

g

DT
1̄g = − g

(a) Inversion Center (1̄)
∀g :DT

1̄g = − g

g

−g

DT
3, 1g

DT
3, 2g

(b) 3-fold Rotation Axis (3 Z)
∀D∈D3 :DTg − g

g

DT
2g = − g

(c) 2-fold Rotation Axis (2 Z)
∀g Z :DT

2g = − g

g

−g

DT
2g

(d) 2-fold Rotation Axis (2 Z)
∀g ·Z 0 :DT

2g − g

Fig. 2: Geometric conditions for generating symmetric slabs via point-group oper-
ations. The top surface normal g (green), target bottom surface normal −g (red),
and symmetry-mapped normal DTg (blue) are projected in real space. Purple vectors
denote successful mapping where DTg = −g is satisfied. (a) An inversion center (1̄)
maps any g to −g. (b) A 3-fold rotation axis on z-direction (3 ∥ Z) fails to map any
g to −g, as DTg ̸= −g for any g. (c) A 2-fold rotation axis on z-direction (2 ∥ Z):
when g is perpendicular to the rotation axis (g ⊥ Z), DT

2 g = −g is satisfied. (d) The
2-fold operation fails to map g to −g if g is not perpendicular to the rotation axis.

In reciprocal space, g transforms under the real-space operation D according to
g′ = D−Tg [26]. Equating the two expressions for g′ yields D−Tg = −g. Multiplying
both sides by the transpose matrix DT removes the inverse operation and leads to an
eigenvalue equation:

DTg = −g. (2)
Equation 2 indicates that a symmetric slab can be constructed along the (hkl)

direction only if g is an eigenvector of DT with an eigenvalue of λ = −1, i.e., the
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crystal possesses a symmetry operation that reverses the surface normal vector. The
eigenspace falls into four scenarios:

1. Center of inversion (1̄): When D represents an inversion operation (D = −I),
the eigenspace for λ = −1 spans all real-space directions, as an inversion flips all
directions. Symmetric slabs can be generated along all (hkl) directions.

2. Two-fold rotation (2): When D defines a two-fold rotation, the eigenspace for
λ = −1 is a 2D plane perpendicular to the rotation axis defined by D (a 180◦

rotation reverses directions within the plane perpendicular to the rotation axis).
Therefore, a symmetric slab can be generated if the surface normal g lies within
this plane.

3. Mirror plane (m): When D represents a mirror plane, the eigenspace for λ = −1
is a 1D line parallel to the normal of that mirror plane (a reflection reverses only
the direction orthogonal to the mirror plane). Therefore, a symmetric slab can be
generated if the surface normal g is perpendicular to a mirror plane of the crystal.

4. Four-fold improper rotation (4̄): When D defines a four-fold improper rotation,
the eigenspace for λ = −1 is a 1D line parallel to the rotation axis, and a symmetric
slab can be generated if the surface normal g is parallel to the 4̄ axis. A symmetric
slab can also be generated if the surface normal g is perpendicular to the 4̄ rotation
axis, due to the inherent 2-fold rotation (4̄2 = 2, scenario 2).

From the above analysis, symmetric slabs can be generated for any (hkl)
direction in centrosymmetric crystals, which contain an inversion center. In non-
centrosymmetric crystals, symmetric slabs are forbidden unless the target (hkl) plane
is parallel to a 2-fold rotation axis, parallel to a mirror plane, or perpendicular to a 4̄
axis. For example, in cubic systems with space group P432 (No. 207), symmetric slabs
cannot be generated for arbitrary Miller indices, such as (321). In crystals belonging
to space groups P1 (No. 1) or P3 (No. 143), no symmetry operations yield an eigen-
value of λ = −1 for any g, making it difficult to generate symmetric slabs on any
orientation unless the slab is significantly reconstructed. Here, both β-Li3PS4 (Pnma,
No. 62 [27]) and ZnSb2O6 (P42/mnm, No. 136 [28]) are centrosymmetric crystals
that satisfy Equation 2. For these Li3PS4 and ZnSb2O6, we explore all symmetrically
inequivalent orientations of surface cuts.

As illustrated in Figure 1, minimizing the surface energy of multinary compounds
frequently requires constrained coordination to bypass strong bonds and preserve an
optimal local coordination environment at the surface. To automate the construction
of these optimally coordinated surfaces, SALAMI trims atoms rigorously from an ini-
tial slab formed by a simple cleavage plane. This trimming process is controlled by
user-defined constraints on coordination numbers, which can be derived from empir-
ical chemical knowledge or quantitative bonding analysis. These constraints ensure
that strong bonds are preserved, while weakly bonded atoms are removed to restore
stoichiometry or charge neutrality.

We demonstrate this constraint-driven workflow using ZnSb2O6 (Figure 3). Here,
the minimum allowed coordination number (min CN) is set to 5 for Sb as an initial
heuristic. Additional constraints are applied to Zn and O atoms to prevent the forma-
tion of dangling bonds in the vacuum region, as detailed in Table A1. The physical
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rationale for establishing the actual optimal coordination limits for both ZnSb2O6

and Li3PS4 is further discussed in the next section.

1. Cutting by a flat 
plane (Pymatgen)

Symmetric
Neutral
Coordination

2. Remove atoms 
until the slab is
symmetric

3. Remove
undercoordinated 
atoms

4. Enumerate 
combinations of 
removal

(ZnSb2O6)6

Zn2Sb4O6(ZnSb2O6)4

(ZnSb2O6)4
Zn2O6(ZnSb2O6)4

Symmetric
Neutral
Coordination

Symmetric
Neutral
Coordination

Symmetric
Neutral
Coordination

2

Fig. 3: Workflow of SALAMI on an exemplary ZnSb2O6 structure: Grey spheres are
Zn atoms; green spheres are Sb atoms; yellow spheres are O atoms; lime octahedra are
SbO6 units; orange polyhedra are surface SbO5 units. The black inset boxes display
the criteria evaluation (green dot is satisfied, red dot is unsatisfied). 1: Initial Cleav-
age: The bulk structure is cleaved via a cleavage plane (red dashed line), yielding a
stoichiometric but asymmetric slab, (ZnSb2O6)6. 2: Symmetrization: Atoms (marked
in red in step 1) are removed from the bottom until the slab is symmetric, result-
ing in a non-stoichiometric intermediate Zn2Sb4O6(ZnSb2O6)4. A 2-fold rotation axis
is shown for better illustration. 3: Coordination Trimming: Atoms violating mini-
mum coordination constraints (marked in red in step 2) are symmetrically removed.
4: Stoichiometric Recovery: Within a defined surface depth (grey shaded region),
combinatorial removal of specific atoms (red spheres) is performed to restore exact
stoichiometry and charge neutrality, leaving only optimally coordinated surface atoms
(orange spheres), thereby yielding a valid slab with minimized surface energy.
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Optimal coordination environments are achieved by removing surface atoms in
SALAMI. The removal process consists of four sequential stages. First, an initial stoi-
chiometric slab is generated via a cleavage plane. This initial slab is not necessarily
symmetric. Subsequently, SALAMI removes atoms from the bottom surface until the
symmetry of the slab is achieved. This step usually breaks the stoichiometry and the
charge-neutrality of the slab. If the symmetry cannot be achieved on the given ori-
entation, the slab is discarded. In the third step, the algorithm targets and removes
undercoordinated surface atoms that violate the predefined coordination constraints
(e.g., an Sb atom coordinated by fewer than 5 O atoms). Because the overall slab
is already symmetric, this trimming is applied symmetrically to both the top and
bottom surfaces to preserve the symmetry of the slab model.

Finally, SALAMI performs a combinatorial search to restore stoichiometry and
charge neutrality. The algorithm identifies “surface atoms” within a user-defined depth
and enumerates all possible combinations of symmetrically removing n atoms (start-
ing from n = 1) from the m available surface atoms on both sides. If no valid slab is
found, n is incrementally increased. For instance, in Step 4 of Figure 3, achieving the
stoichiometry requires the symmetric removal of 1 Zn and 3 O atoms from each side.
Given the available surface atoms (1 Zn and 6 O) within the search region, SALAMI
evaluates C1

1 × C3
6 = 20 possible removal combinations. Each resulting configuration

is evaluated against the predefined criteria (further discussed in Appendix B). Config-
urations that violate the coordination constraints (e.g., removing the orange, instead
of red O atoms in Figure 3, which breaks the coordination constraint of Sb) are dis-
carded. Finally, representative slab models are filtered by their energies, detailed in
Appendix B.

2.2 Iterative determination of optimal coordination
environments

While SALAMI automates the atom trimming of complex surfaces, surface energies of
the resulting slab models heavily depend on the coordination constraints. The optimal
constraints for a new multinary compound are rarely known a priori. Identifying opti-
mal coordination environments for a new multinary compound requires a systematic
approach. The process consists of three steps. First, crystal orbital Hamiltonian pop-
ulation (COHP) [29–32] analysis identifies the strongest bonds that form the primary
coordination polyhedra. Second, Pauling’s electrostatic valence principle determines
the upper limit for preserving these polyhedra at the surface. Finally, we iteratively
evaluate coordination constraints below this upper limit to identify the optimal lower
bound that yields the lowest surface energies.

To identify the primary coordination environments for Li3PS4 and ZnSb2O6, we
first investigated their bonding heterogeneities using the COHP analysis (Figure 4).
A more negative integrated COHP value (−ICOHP) of a bond indicates stronger
bonding and a larger energy penalty upon bond cleavage. In Li3PS4 (Figure 4a,c), the
−ICOHP values of P− S bonds (6.9 to 7.8 eV) are larger than those of Li− S bonds
(0.3 to 1.2 eV). In ZnSb2O6 (Figure 4b,d), the −ICOHP of Sb−O (6.1 to 6.4 eV)
exceeds that of Zn−O (1.1 to 1.2 eV) due to the antibonding interaction of Zn−O
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near the valence band maximum. Consequently, PS4 and SbO6 are identified as the
primary coordination units for Li3PS4 and ZnSb2O6, respectively.

−1 0 1
-COHP

−10

−8

−6

−4

−2

0

2

4

E
−
E
f (

eV
)

BondingAnti-Bonding

Li - S
P - S

−0.5 0.0 0.5
-COHP

−10

−8

−6

−4

−2

0

2

4

BondingAnti-Bonding

Zn - O
Sb - O

a b

c d

1.2

1.16.46.1

6.9~7.8

0.3

1.2

Fig. 4: Bulk structures of Li3PS4 and ZnSb2O6 are shown in a and b, respectively.
The corresponding COHP analyses are shown in c and d. a: The bulk structure of
Li3PS4. Grey tetrahedra are PS4 units; silver spheres are Li atoms; orange spheres
are S atoms. ICOHP values (in eV) are annotated on representative bonds, show-
ing larger values for P− S bonds (6.9–7.8) compared to Li− S bonds (0.3–1.2). The
primary coordination is identified as PS4. b: The bulk structure of ZnSb2O6. Green
octahedra are SbO6 units; grey spheres are Zn atoms; yellow spheres are O atoms.
Annotated ICOHP values (in eV) demonstrate higher bond strength for Sb−O (6.1–
6.4) than for Zn−O (1.1–1.2). The primary coordination is identified as SbO6. c: The
−COHP between P− S is significantly higher than that of Li− S in the valence band
region (E − Ef < 0), indicating that P− S bonds are stronger than Li− S bonds.
d: The −COHP between Sb−O is higher than that of Zn−O in the valence band
region. Additionally, the anti-bonding character (negative −COHP) of Zn−O near
the valence band maximum (VBM) further decreases its bond strength.
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Although it appears to be energetically favorable to preserve primary coordina-
tion units, the maximum coordination number achievable at the surface is limited
by local charge neutrality. We quantify this electrostatic imbalance using Pauling’s
electrostatic valence principle to establish the upper bound for surface coordination.
Consider a multinary compound with a general formula of AxByCz, where A and B
are cations with formal charges a and b, and C is an anion with formal charge −c
(a, b, c > 0). The possibility of maintaining the primary coordination environment
BCβ (β is the coordination number of B) at the surface is governed by local charge
neutrality. Assuming a stoichiometric termination where each BCβ polyhedron con-
tributes Nterm undercoordinated anion (C) to the surface (generally, Nterm = 1), we
first define the electrostatic valence deficiency ∆ for undercoordinated anion C:

∆ = |c| − b

β
. (3)

This deficiency must be entirely compensated by the available A cations. To evaluate
this, we propose the surface coordination stability index (η), which serves as a simple
heuristic representing the ratio of the electrostatic compensating charge provided by
the available surface cations to the electrostatic valence deficiency created by the
uncoordinated surface anions. This index allows for a rapid evaluation on whether the
stoichiometric amount of A is sufficient:

η =
xa

yNterm∆
. (4)

Here, η > 1 serves as a heuristic condition for generating stoichiometric surfaces.
For Li3PS4, η = 4

Nterm
, even in the extreme scenario where three coplanar S atoms

in a PS4 unit point outward (Nterm = 3), it is possible to generate surfaces with
all PS4 coordination intact. Conversely, for ZnSb2O6, η = 0.86 < 1, indicating that
full SbO6 coordination cannot be maintained at the surface. Detailed derivation is
in Appendix C. Briefly, in an ideal stoichiometric ZnSb2O6 surface with intact SbO6

octahedra, the “outer” oxygen atoms extending into the vacuum exhibit a valence
deficiency that must be compensated by the available surface Zn2+ cations. However,
the available Zn cations are electrostatically insufficient to balance the cumulative
deficiency of these terminal oxygens. Consequently, the coordination number of Sb
has to be reduced to 5 (SbO5) or even 4 (SbO4), depending on the orientation of the
surface.

Determining the optimal lower limit of the coordination number requires evaluat-
ing the energetic trade-off between preserving surface Sb−O bonds and minimizing
subsurface structural deformations. Intuitively, enforcing a higher min CN, such as
SbO5 in ZnSb2O6 in Figure 3, appears to break fewer Sb−O bonds at the surface.
However, satisfying these strict coordination constraints while restoring stoichiometry
forces the algorithm to expand the search region deeper into the slab. For example,
on the (101) surface of ZnSb2O6, O atoms deep inside the bulk must be removed to
maintain a minimum coordination of 5 (SbO5), as shown in Figure 5a.

This deep extraction results in an initial surface exposing three consecutive lay-
ers of broken polyhedra above the bulk framework (Figure 5a). Subsequent DFT
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a b c

Fig. 5: Over-coordination at ZnSb2O6 (101) surface before (a) and after (b) relax-
ation, and undercoordination at ZnSb2O6 (212) surface (c). a: Before relaxation,
forcing a strict SbO5 minimum coordination drives the algorithm to extract oxygen
atoms that are deep inside the bulk, resulting in three layers of broken SbO5 polyhedra
(the polyhedra marked in orange above the red dashed line). b: After DFT relaxation,
SbO6 coordination is spontaneously restored in the subsurface bulk region via sur-
face rumpling. O atoms migrate inward to heal the bulk, leaving undercoordination
to the outermost surface layer (SbO4 marked in red above the red dashed line). c: A
relaxed stoichiometric (212) surface model with unconstrained coordination (SbO3).
Structural relaxation causes reduction of a Sb atom (red sphere) and formation of an
O−O dimer (purple dumbbell).

relaxation (Figure 5b) reveals a spontaneous reconstruction driven by surface rum-
pling: subsurface O atoms migrate inward to restore the bulk SbO6 octahedra, leaving
the outermost surface layer as SbO4. This reconstruction indicates that the energy
penalty for creating bulk vacancies exceeds that of surface undercoordination. There-
fore, rather than increasing the search depth to preserve SbO5, a more reasonable
strategy is to relax the coordination constraints (e.g., permitting SbO4).

Although certain undercoordination can stabilize the surface, allowing arbitrary
undercoordination leads to unphysical reconstructions. For instance, using a cleavage
plane and removing minimal surface atoms to achieve symmetry without applying
coordination constraints, we generated a stoichiometric (212) surface model with SbO3

units (Figure 5c). After DFT relaxation, Bader charge analysis indicates a localized
reduction of the tri-coordinated Sb sites from Sb5+ to Sb3+ (Appendix D). As the
stoichiometry and the charge neutrality are maintained, this reduction is offset by
an oxidation in the neighboring oxygen atoms, leading to the formation of an O−O
dimer with a bond length of 1.6 Å. Therefore, the optimal coordination constraints
for ZnSb2O6 are set to a min CN of either 4 (SbO4) or 5 (SbO5) for Sb, depending
on the surface orientation.

For Li3PS4, any broken PS4 unit increases the surface energy. Unlike the adaptable
SbO6 framework in ZnSb2O6, the PS4 polyanion is rigid compared to Li− S bonds
in Li3PS4. Chemically, the PS4 tetrahedron is a polyanion with strong covalent P− S
bonds. Cleaving these bonds destroys the sp3 hybridization of phosphorus, creating
high-energy dangling bonds. Additionally, preserving PS4 coordinations at the surface
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does not induce unphysical redox reactions. The mobility of Li and a higher cation
density (three Li per PS4 compared to one Zn per two SbO6) enable Li3PS4 to stabilize
intact polyanions and mitigate local electrostatic imbalances. Therefore, the optimal
coordination constraint for Li3PS4 is to strictly preserve all PS4 coordinations.

2.3 Optimal coordination and surface energies
To evaluate the energetic penalties associated with the undercoordination of strongly
bonded polyhedra across various surface orientations, we quantify the effects of con-
strained coordination. Using SALAMI, we compare slab models with unconstrained
coordination—where cleavage arbitrarily truncates PS4 tetrahedra in Li3PS4 or
neglects Sb coordination in ZnSb2O6—against slabs with constrained coordination
that avoid breaking high-energy bonds. It is worth noting that a raw planar cleav-
age along certain orientations (such as (100), (011), (102), and (111) in Li3PS4)
inevitably breaks PS4 units. However, the unconstrained coordination baseline in
SALAMI yields fully intact polyhedra on these orientations due to the symmetriza-
tion process (Step 2 in Figure 3), which coincidentally drops undercoordinated atoms
(detailed in Appendix E). The specific constraints of coordination numbers for both
scenarios are detailed in Table A2. All generated slabs are symmetric, stoichiometric,
and dipole-free.

Figure 6a presents the calculated surface energies (γ) across various Miller indices
for ZnSb2O6 and Li3PS4. Multiple terminations are evaluated for each orientation,
with the lowest energy configuration highlighted by opaque markers. Except for one
outlier—the (212) surface of ZnSb2O6—the lowest surface energy is always achieved by
surfaces satisfying the optimal coordination constraints. Unconstrained coordination
yields low energies only when it coincidentally preserves optimal surface coordination.

In ZnSb2O6, without preserving the coordination environments of Sb, the (110)
surface exhibits the lowest energy of 1.14 J ·m−2, constituting 27.0% of the surface
area of the Wulff shape (Figure 6b, left). The {212} facets occupy most of the surface
area (34.9%), despite having a higher surface energy of 1.46 J ·m−2. With constrained
coordination, low-energy surfaces of the Wulff shape exhibit either SbO5 or SbO4

terminations. The lowest-energy surface remains the (110) surface because the SbO5

termination can be generated by unconstrained coordination. The outlier {212} facets
(featuring SbO3 termination) decompose into {101} facets, which occupy 37.9% of
the total surface area (Figure 6b, right) with an energy of 1.30 J ·m−2.

For Li3PS4, preserving PS4 units is necessary to achieve the minimum surface
energy. The global minimum surface energy across all generated slabs is 0.23 J ·m−2

on the (102) orientation, featuring fully intact PS4 tetrahedra. For slab models with
initially broken PS4 units, the lowest calculated energy is 0.37 J ·m−2 on the (201)
surface. In models generated via unconstrained coordination containing broken PS4
units, structural relaxation only partially restores PS3 units into PS4. Therefore,
spontaneous surface reconstruction is insufficient to achieve low-energy configurations.

In the Wulff shape derived from unconstrained coordination, the {102} facets
dominate, occupying 37.4% of the total surface area (Figure 6c, left). Upon apply-
ing constrained coordination, the {102} facets remain the lowest-energy facets, but
their combined area contribution decreases to 23.0%. This area reduction results from
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a

b

c

Fig. 6: Comparison of surface energies and resulting Wulff shapes using unconstrained
coordination versus constrained coordination. a: Surface energies (γ) of slabs gener-
ated with unconstrained coordination (red) and constrained coordination (green) for
ZnSb2O6 (left) and Li3PS4 (right). Faded red markers with dotted outlines indicate
pseudo-planar configurations generated by the unconstrained coordination baseline
(Appendix E). Marker shapes indicate the lowest primary coordination present at
the surface. b, c: Wulff shapes of ZnSb2O6 (b) and Li3PS4 (c) constructed from
unconstrained coordination (colored polyhedra on the left, transparent outlines on
the right) versus those from constrained coordination (solid colored polyhedra on the
right). The equilibrium shapes predicted via constrained coordination are completely
enclosed within the volumes generated by unconstrained coordination due to lower
surface energies. 13



the emergence of new low-energy orientations, producing a more multifaceted and
isotropic Wulff shape.

Including the aforementioned pseudo-planar surfaces ((100), (011), (102), and
(111) orientations where the unconstrained coordination approach coincidentally pre-
serves surface PS4 units), the Wulff shape volume decreases by 19% for ZnSb2O6

and 21% for Li3PS4 when applying constrained coordination (Figure 6b and c). If
these pseudo-planar surfaces are strictly excluded from the unconstrained baseline,
the volume reduction of the Wulff shape for Li3PS4 becomes 46% (Appendix E).

3 Discussion
In this work, we developed SALAMI to generate representative slab models for multi-
nary compounds, which requires careful handling of stoichiometry, coordination
environment, and slab symmetry. To satisfy criteria of valid slabs, SALAMI evaluates all
combinations of removing n atoms from a pool of m available surface atoms, scaling as
Cn

m = m!
n!(m−n)! . As the search space grows combinatorially with the number of avail-

able surface atoms (m) and required removals (n), SALAMI restricts the search region
using a hyperparameter. This parameter is defined as the ratio between the search
depth and the longest atomic pair distance (e.g., Zn− Zn bond of 4.7 Å in ZnSb2O6).
By default, this ratio is set to 1. If a valid slab is not found within this default surface
region, increasing the search depth expands the configurational space. However, there
are limitations on scaling. The size of the available atom pool m is proportional to
the area of the irreducible simulation cell of the slab model. For studying low Miller
index surfaces of materials with small primitive cells, m is small enough to make the
combinatorial space computationally trivial. However, for surfaces with high Miller
indices or bulk structures with large primitive cells, the exponential growth of the
search space becomes the computational bottleneck. SALAMI mitigates this through
parallelization and rapid filtering, and we are working on further optimizations and
enhanced algorithms to overcome the limitations of this approach.

When applying SALAMI to new materials, determining the optimal surface coordi-
nation environment a priori is challenging, even with the guidance of bond strength
analysis. For instance, although the Sb−O bonds in ZnSb2O6 are stronger than
Zn−O bonds, preserving intact SbO6 octahedra at the surface is electrostatically pro-
hibited. Therefore, the practical application strategy for SALAMI involves an iterative
exploration of the configurational space. By generating slab models across a series of
reasonable coordination criteria and evaluating their respective surface energies, the
physical coordination limits for a given material can be systematically determined.

To reduce the initial configurational space, heuristic rules derived from structural
prototypes can be extrapolated to similar multinary systems. In solid-state elec-
trolytes, ionic conduction relies on weaker bonding of mobile ions compared to the rigid
structural framework. Therefore, enforcing the geometric integrity of strongly covalent
polyanions (e.g., PS3−4 , PO3−

4 , or GeS4−4 ) while relaxing the coordination criteria of
the conducting alkali ions provides a computationally efficient and generalizable algo-
rithm for generating low-energy surfaces in other fast-ion conductors. Furthermore,
aliovalent substitution with elements that form stronger covalent bonds changes the
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surface energies of different crystallographic orientations, which is a potential strategy
to preferentially expose desired surfaces.

Explicit surface models of multinary trirutile oxides have so far been difficult to
construct, and relative surface stabilities have therefore been assessed indirectly—for
example, by transferring the sequence of surface energies of a simpler binary coun-
terpart, such as rutile SnO2, when studying a trirutile ZnSb2O6 structure [28]. Our
workflow removes this modeling limitation: by generating symmetric, stoichiometric,
and optimally coordinated slabs for every symmetrically inequivalent orientation up
to a Miller index of 2, the full surface-energy hierarchy of ZnSb2O6 becomes directly
accessible. Our result confirms that the (110) surface is indeed the lowest-energy
surface, consistent with previous studies [28, 33].

After the baseline behavior of the stoichiometric surfaces is established, SALAMI can
be extended to more complex defect chemistry. While this study focuses on stoichio-
metric models, SALAMI natively supports the generation of off-stoichiometric surfaces
by disabling the criterion of stoichiometry, which is a part of ongoing work.

In summary, by applying optimal coordination constraints, SALAMI makes accessi-
ble stable surface orientations that no planar cleavage can produce. Replacing manual
generation with an automated, surface-energy-guided methodology provides a reliable
and transferable framework for high-throughput screening of surface properties across
multinary materials.

4 Methods

Structural models and Density functional theory calculations
The initial bulk structure for β-Li3PS4 was based on the Pnma structural model
(ICSD-180319) [27]. Our previous study [10] indicates that the lowest energy ordering
is obtained by Li atoms fully occupying the Li2 sites. This ordering was selected to
generate slab models. The ordered bulk structure for ZnSb2O6 was obtained from the
Materials Project database (mp-3188) [34].

Density functional theory (DFT) calculations were performed using the Vienna
ab initio Simulation Package (VASP) [35–37]. Core electrons were described by the
projector-augmented wave method by Blöchl [37, 38], and a cutoff of 520 eV is applied
for the plane wave expansion [36].

For the structural optimisation and the energy calculations of bulk and slab
models, exchange-correlation interactions were described at the generalised gradient
approximation (GGA) level [39]. The Perdew-Burke-Ernzerhof for solids (PBEsol)
functional [40, 41] was selected for ZnSb2O6 and Li3PS4. To achieve higher accuracy
in evaluating the electronic structure for crystal orbital Hamilton population analy-
sis via LOBSTER, the hybrid PBE0 [42] functional was used for the bulk structures.
Bader charge was calculated using the Bader Charge Analysis code [43–46] on the
charge density derived from the HSE06 [47–50] functional, considering the large cell
size of the slab model.

During structural optimisation, the atomic positions were fully relaxed in all struc-
tures. For the bulk structure, the lattice relaxation is allowed on all degrees of freedom
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(length and angle) without preserving the symmetry. Dense Γ-centred k-point grids
ensured convergence of DFT calculations within 5 meV/atom.

Slab model generation and Wulff shape construction
Slab models are generated using SALAMI package as described in subsection 2.1.
Specifically, we evaluated all symmetrically inequivalent surface orientations with a
maximum Miller index of 2, including 12 unique crystallographic orientations for
ZnSb2O6 and 19 unique orientations for Li3PS4. For each given orientation, an exhaus-
tive sampling of the cleavage plane position along the surface normal was performed
to generate and evaluate multiple potential stoichiometric terminations. The slab
thickness is set to be at least 25 Å to ensure that the central region of the slab is bulk-
like. However, during the atomic trimming process, the slab thickness can be slightly
reduced. A vacuum thickness of at least 15 Å is applied to avoid interactions between
periodic images. The ratio between the search depth and the longest atomic pair dis-
tance of the material is set to 1. For slab models, we fix all the lattice parameters
to their respective bulk values. The k-point grids of slab models are generated such
that the density of k-points is comparable to that of bulk models, to ensure that the
energies are comparable [22].

The equilibrium crystal shape (Wulff shape) was constructed and visualized using
the WulffShape module implemented in pymatgen. The Wulff shapes derived from
unconstrained versus constrained surface models were uniformly normalized using the
same scale factor relating the surface energy to the distance from the center of mass
for each material.
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Appendix A Coordination constraints
The initial coordination constraints applied during the intermediate stages of the
SALAMI workflow for ZnSb2O6 (Figure 3) are summarized in Table A1.

Table A1: Initial coordination constraints of ZnSb2O6 for the demonstration of the
SALAMI workflow.

Bond Type Min CN Max CN

Zn−O 1 6
Sb−O 5 6
O− (Sb/Zn) 1 3

The optimal coordination criteria for ZnSb2O6 and Li3PS4 are shown in Table A2.
The max coordination number (CN) is the bulk CN. The coordination criteria from
the min CN ensure that there is no dangling bond, i.e., isolated atom in vacuum.

Appendix B Software Implementation and Energy
Filtering

Designed with cross-platform compatibility across Windows, macOS, and Linux
environments, SALAMI is an open-source Python package built compatible with the
pymatgen library [15, 22, 51–53]. The API documentation of SALAMI is available at
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Table A2: Coordination numbers for scenarios of optimal constraints and uncon-
strained coordination.

Bond Type Constrained Coordination Unconstrained Coordination

Min CN Max CN Min CN Max CN

Zn−O 1 6 1 6
Sb−O 4 or 5 6 1 6
O− (Sb/Zn) 1 3 1 3

Li− S 1 4 1 4
P− S 4 4 1 4
S− (P/Li) 1 5 1 5

https://salami.readthedocs.io/en/latest/. The package is designed to automate the
generation, evaluation, and energetic pre-screening of multinary surface models.

The core surface generation is executed by the SlabTrimmer class within the
SALAMI.generator module. Starting from an initially asymmetric slab generated via a
cleavage plane, the algorithm systematically trims atoms to produce a valid structural
model. The criteria for a valid slab are defined in the SALAMI.evaluator module. By
default, the routine requires the slab to be symmetric (to yield unambiguous surface
energies, γ), nonpolar (to eliminate surface dipoles), and optimally coordinated (to
preserve high-energy bonds). Stoichiometry and charge neutrality are also enforced
by default, though users can relax these constraints to model off-stoichiometric
reconstructions under varying chemical potentials.

Applying these constraints—particularly the restoration of stoichiometry through
combinatorial atom removal—generates a large pool of candidate configurations.
Because the configurational space scales factorially with the number of active sur-
face atoms, evaluating all candidates directly via DFT is computationally impractical.
To mitigate this, the SALAMI.filter module is implemented to pre-screen configu-
rations using computationally inexpensive energy evaluations. As a general-purpose
tool, SALAMI supports electrostatic evaluations via Ewald summation [54], empirical
potentials through a LAMMPS-Python integration [55], and provides flexibility for user-
defined machine-learning interatomic potentials. The simple Ewald summation was
used in this study.

Based on these approximate energies, the configurational space is narrowed down
using user-defined selection strategies. The standard approach is to rank the slab
models by their energies and keep the lowest-energy configurations for subsequent
DFT relaxation. Alternatively, configurations can be sampled stochastically using a
Boltzmann distribution, which is useful for studying finite-temperature effects. Finally,
to accelerate the exhaustive combinatorial search, the evaluation process—specifically,
verifying whether a given trimming combination produces a valid slab that satisfies
all predefined criteria—is parallelized and distributed across multiple CPU cores.
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Appendix C Pauling’s Rules at the Surface
To understand the intrinsic structural limitations at the surface of ZnSb2O6, we
apply Pauling’s electrostatic valence principle. The electrostatic bond strength (sij)
is defined by the ratio of the cation’s formal oxidation state (Vi) to its coordination
number (Ni):

sij =
Vi

Ni
. (C1)

In the bulk phases of ZnSb2O6, we consider Sb5+ and Zn2+ in octahedral sites
(N = 6):

• Bond valence for Sb−O: sSb = 5
6 ≈ 0.83 v.u.

• Bond valence for Zn−O: sZn = 2
6 ≈ 0.33 v.u.

Each O atom is coordinated by two Sb and one Zn atom, satisfying the valence
sum (VO = −2): ∑

sij = 2× 5

6
+

1

3
= 2 v.u. (C2)

Suppose an ideal, stoichiometric surface is created where the SbO6 octahedra
remain intact. At least one O atom per Sb unit must point toward the vacuum (the
“outer” oxygen), losing its connectivity to the rest of the lattice. In every formula unit
of ZnSb2O6, there are two surface SbO6 units, and therefore, two such undercoor-
dinated O atoms. The valence deficiency (∆) for a single such O atom, assuming it
remains bonded only to its Sb center, is:

∆ = | − VO| − sSb = 2− 0.83 = 1.17 v.u. (C3)

For the two surface SbO6 units, the cumulative deficiency is 2× 1.17 = 2.33 v.u.
To restore electrostatic neutrality and satisfy the local charge balance for these

undercoordinated O atoms, the single Zn2+ cation available at the surface (per formula
unit) must compensate for this deficiency. However, a single Zn2+ cation provides a
maximum of only 2 v.u. to distribute. Since 2.33 v.u. > 2 v.u., it is impossible for the
stoichiometrically available Zn to satisfy the valence requirements of the “outer” O
atoms while keeping the Sb hexacoordinated. Therefore, the system must reduce the
coordination number of Sb at the surface.

Appendix D Bader Charge Analysis of ZnSb2O6

(212) surface
The calculated Bader charges and inferred oxidation states for atoms in the bulk
structure and at the (212) surface of ZnSb2O6 are shown in Table D1.

Appendix E Pseudo-planar Li3PS4 surfaces
As noted in subsection 2.3, while it is impossible to generate intact PS4 units via a
raw planar cleavage along the (100), (011), (102), and (111) orientations (e.g., (011)
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Table D1: Calculated Bader charges and inferred oxidation states for bulk and (212)
surface atoms in ZnSb2O6.

Structure Atom Bader Charge (|e|) Inferred State

Bulk Zn +1.3 ∼ +1.4 ∼ Zn2+

Sb +2.7 ∼ +2.9 ∼ Sb5+

O −1.2 ∼ −1.1 ∼ O2−

(212) surface Sb (Tri-coordinated) +1.8 ∼ Sb3+

O (Oxygen dimer) −0.5 ∼ O−

as shown in Figure 1), the unconstrained coordination baseline appears to successfully
generate intact PS4 units on these orientations. This occurs because both the con-
strained and unconstrained slab models undergo the identical symmetrization pipeline
in SALAMI (Step 2 of Figure 3). For example, generating the (011) surface initially
yields an asymmetric and stoichiometric slab via pymatgen, which inevitably contains
a broken PS3 unit, as shown in Figure E1a.

When SALAMI symmetrizes this slab using the upper surface as the reference, it
trims atoms from the bottom surface. This step coincidentally removes the broken PS3
unit (Figure E1b). The subsequent stoichiometry recovery removes additional atoms
symmetrically from both sides, resulting in a final slab where all remaining P atoms
are fully coordinated as PS4 (Figure E1c).

a b c

Fig. E1: Generation of the pseudo-planar (011) surface. a: The initial asymmetric
slab generated via a cleavage plane, containing a broken PS3 unit. b: The intermediate
slab after symmetrization, where the broken unit on the bottom surface is removed.
c: The final symmetric, stoichiometric slab after surface atom trimming.
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If these (100), (011), (102), and (111) surfaces with intact PS4 units are excluded,
the resulting Wulff shape is shown in Figure E2. The volume of the correct Wulff

Simple Cleavage Plane Corrugated Surface

(001): 0.26
(101): 0.27

(110): 0.31

(012): 0.34
(010): 0.35

(112): 0.38

(102): 0.23
(212): 0.25
(111): 0.26
(001): 0.26
(100): 0.26
(011): 0.26
(110): 0.26
(012): 0.26
(112): 0.27
(121): 0.28

Surface Energies (J·m−2)
 of Li3PS4

Fig. E2: Wulff shape of Li3PS4 generated by excluding the (100), (011), (102), and
(111) surfaces, where a planar cleavage inevitably breaks PS4 units.

shape (Figure 6c, right), where PS4 units are strictly preserved across all surfaces
using constrained coordination, is 46% smaller than the volume of this Wulff shape
in Figure E2.
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