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A B S T R A C T   

Zintl Phases are a class of intermetallic compounds that combine ionic and covalent bonding to form charge- 
balanced structures, leading to semiconducting properties. The Ca5M2Sb6 family of Zintl compounds, (M =Al, 
Ga, In), have demonstrated promising thermoelectric efficiency, meaning they can be used to convert a tem-
perature gradient into useful electrical energy. Ca5M2Sb6 compounds crystallize in a highly anisotropic structure 
comprised of chains of corner-linked MSb4 tetrahedra, in which each neighboring chain is joined via Sb-Sb 
covalent bonds, forming an infinite polyanionic “ladder”. In the present study, we used first principles calcu-
lations to study various surface terminations of the Ca5Ga2Sb6 structure as a mechanism to understand its crystal 
growth morphology. Our results indicate that the calcium stoichiometry of the crystal surface plays an important 
role in surface reconstruction, specifically leading to the formation or breaking of covalent bonds. Our results 
suggest that surface energy as a function of stoichiometry and crystallographic orientation is only one piece of 
the puzzle in understanding the growth habits of Ca5Ga2Sb6 crystals.   

1. Introduction 

Pioneered by Zintl [1], Zintl Phases are a class of materials with 
special interest to solid state chemists and materials scientists, due to 
their unique bonding and chemistry [2]. Zintl phases are polar inter-
metallic compounds comprised of highly electropositive cations (typi-
cally alkali, alkaline or rare-earth metals) and anions to the right of the 
so-called Zintl border [3]. In the Zintl-Klemm formalism [4], it is 
assumed there is a complete transfer of valence electrons from cations to 
their anionic counterparts. To satisfy the octet rule, the anions follow the 
8-N rule for formation of covalent bonds to correct for charge imbalance. 
The resulting complex structures of Zintls often result in low thermal 
conductivity and tunable electronic properties—qualities that 
contribute to their excellent performance as thermoelectric materials 
[5–8]. 

One class of Zintl phases, A5M2Sb6 compounds (A = Ca, Yb, Sr and M 
= Al, Ga, and In), [9–13] have been shown to be a promising family of 
thermoelectric materials and are of interest due to predicted anisotropic 
transport properties [14,15]. The structure of Ca5Ga2Sb6, 

(orthorhombic, Pbam), shown in Fig. 1, is comprised of chains of 
corner-linked GaSb4 tetrahedra. Each neighboring chain is joined via 
Sb-Sb covalent bonds to form infinite polyanionic “ladders” aligned in 
the [001] direction. 

The study of anisotropic properties of A5M2Sb6 compounds first re-
quires the growth of single crystal samples. Single crystals of Zintl 
compounds are typically grown using the molten metal flux method 
[16], which allows for (mostly) unconstrained growth of crystal facets. 
The resulting crystals are often highly anisotropic in morphology (i.e., 
plates, needles etc.) which poses an enormous challenge for experi-
mental characterization of transport properties. In addition, the ther-
modynamic and kinetic factors (e.g., surface energy, bulk diffusion, 
surface diffusion) controlling the growth habit of Zintl single crystals are 
not yet well understood. A notable method to investigate underpinnings 
of crystal morphology utilizes the Wulff relationship [17]. In short, a 
crystal’s shape and exposed surfaces are determined in part by the 
minimized total surface free energy associated with the crystal-medium 
interface. Those energies, in turn, can also depend on the degree of 
surface termination and reconstruction (formation of new bonds, 
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distortion of atomic positions, etc.). Although the importance of Zintls is 
evident [18], there are very few studies of their surface energies [19], 
likely due to their complex bonding scheme and large unit cells. In 
Zintls, any deviation at the surfaces from the bulk stoichiometry is ex-
pected to lead to the formation or breaking of covalent bonds, as needed, 
to preserve overall valence balance. 

Our goal in the current study is to draw a connection between surface 
energy and crystal morphology of the Ca5Ga2Sb6 Zintl compound. In this 
study, we utilize density functional theory (DFT) to investigate the 
surface energies and surface reconstruction of the (001), (010) and (100) 
surfaces of Ca5Ga2Sb6. Along with various surface planes, we investigate 
multiple hypothetical surface terminations with varying composition 
and chemical bonding. These results are compared with the observed 
morphology of Ca5Ga2Sb6 crystals grown from Ga- and Sb- rich molten 
flux. Ultimately, understanding the mechanisms that govern surface 
energy of this material may allow for better control of the growth and 
morphology of Zintl single crystals. 

2. Methods 

2.1. Synthesis and structural characterization of Ca5Ga2Sb6 crystals 

Synthesis. High purity elemental Ca (Sigma-Aldrich: dendritic pieces, 
99.9%), Ga (Sigma-Aldrich: solid, 99.99%), and Sb (Alfa Aesar: shot, 6 
mm & down, 99.999%) were used in the synthesis of polycrystalline 
Ca5Ga2Sb6, which were first ball-milled in five-gram batches using a 
SPEX MixerMill 8000D for 60 min. Elements were contained inside a 
stainless-steel jar with two stainless steel balls (dia. = 12.7 mm). Powder 
samples were then spark plasma sintered in a Dr. Sinter 211LX system 
under vacuum using 10 mm graphite dies (POCO EDM-3) with graphite 
foil spacers. Samples were heated to 823 K in five minutes and main-
tained at that temperature for 10 min to achieve phase-pure poly-
crystalline Ca5Ga2Sb6. The precursor was then mixed with elemental Ga 
and Sb in an overall molar ratio (73 Ga + 42 Sb + 1 Ca5Ga2Sb6) in 
alumina Canfield crucible sets [20] and sealed within fused silica am-
pules under vacuum (< 1 × 10−4 torr). These growths were then heated 
in a box furnace to 1173 K in 12 h, held at temperature for two hours, 
and slow cooled to 1000 K at a rate of 3 K/h. Ampules were extracted at 
1000 K, and centrifuged at 2500 RPM for two minutes [21]. The 
centrifugation temperature of 1000 K was chosen to be within the 
Ca5Ga2Sb6+ liquid region of the phase diagram. Masses of needle-like 
Ca5Ga2Sb6 crystals with a metallic luster were extracted upon cooling. 

Characterization. Scanning electron microscopy (SEM) was conduct-
ed on a Tescan Mira 3XMH with samples placed on conducting carbon 
tape to dissipate residual charge accumulation. Energy-dispersive X-ray 
spectroscopy (EDX) was performed using an EDAX Apollo X module 
within the same system with images collected and processed with the 
TEAM software suite (see Fig. S1). Single crystal X-ray diffraction (SC- 

XRD) was used to determine the orientation of the crystals (see Fig. S2). 
SC-XRD was performed using a Bruker-AXS Apex II CCD instrument at 
173 K, under a cold nitrogen stream with reflection data acquired using 
a graphite-monochromated Mo Kα radiation source (λ = 0.71073Å). 
Data was integrated with SAINT [22]. Single crystals were cut down to 
an appropriate size with a scalpel. Structures were solved using direct 
methods and refined on F2 using SHELX [23] subroutines within the 
Olex2-1.2 crystallographic suite [24]. Reflections were merged using 
SHELXL with a preliminary rotation image collected to perform the 
initial quality check and determination of unit cell dimensions. 

2.2. Computation methodology 

To understand morphology of the Ca5Ga2Sb6 crystals, computations 
were performed to produce surface (slab and vacuum interface) energies 
of three principal orientations, [001], [010] and [100] of the Zintl an-
timonide. Slabs were created via the modeling and simulation software 
program, Materials Studio [25] and structures were analyzed using 3D 
structural visualization program, VESTA [26]. To investigate inter-
atomic bonding of the slabs, the electron localizability function (ELF) 
was analyzed [27]. This method provides a more detailed understanding 
of ionic vs. covalent interactions. The criteria of ELF = 1 corresponds to 
high electron localization (i.e., a covalent bond or anionic species in 
ionic bonding) and ELF = 0.5 corresponds to electron-gas-like pair 
probability (i.e., a metallic bond). 

First-principles calculations were performed by the Vienna Ab initio 
Simulation Package (VASP) [28] based on plane-wave DFT. 
Core-valence electron interactions were treated using projector 
augmented wave (PAW) [29] and the semi-local generalized gradient 
approximation (GGA) of Perdew, Burke, and Emzerhof (PBE) [30] was 
implemented. The convergence criteria were set to an energy of 10−6 eV 
and force of -0.02 eV/Å for the electronic and ionic steps in relaxation, 
respectively; surface (100)B used a force of -0.03 eV/Å for convergence. 
Electronic occupancies were determined using Gaussian smearing and 
energy width of 0.2 eV in relaxation. The cutoff energy of 400 eV is 
enough for the convergence of total energy for both bulk and slab 
structures. The Monkhorst and Pack [31] scheme of 3 × 3 × 5 and 3 × 3 
× 1 k-point grids was used for the bulk and slab structures, respectively. 

The procedure for obtaining the surface energies are described below 
in (Eqs. (1)–(7)). In general, for a converged stoichiometric slab, the 
surface energy can be defined as: 

γ = 1
2A (Eslab −NEbulk) (1)  

where A is the area of the surface unit cell, Eslab is the total energy of the 
slab, N is the number of formula units in the surface slab, and Ebulk is the 
energy of one formula unit of corresponding bulk structure. In the pre-
sent study, the stoichiometry of the slab varies depending on the 

Fig. 1. The Ca5Ga2Sb6 structure (a) viewed down the c-axis. 
(b) A fragment of one of the polyanionic Ga2Sb6 “ladders” 
which extend infinitely in the c-direction. The needle-shaped 
Ca5Ga2Sb6 crystals grown from flux were oriented along the 
c-axis. Ca atoms are shown in red, Ga yellow, and Sb blue. 
NOTE: The numbering of Sb atoms is used to identify bond 
lengths in Table 1. (For interpretation of the references to color 
in this figure legend, the reader is referred to the web version 
of this article.).   
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termination type, thus the Gibbs free energy derived surface equation 
must include a chemical potential correction. The surface energies of the 
non-stoichiometric slabs were determined according to: 

γ = 1
2A (Eslab −NEbulk −ΣiNiμi) (2)  

where excess or deficient atoms are accounted for by a chemical po-
tential term for the Ni atoms of species i with chemical potential, μi. In 
our study, we integrate chemical potential corrections in our calcula-
tions to accurately predict surface energies of all slab models. This 
thermodynamic correction is a result of two combined approaches; (1) 
fitted elemental-phase reference energies (FERE) based on DFT calcu-
lations to cancel the errors between the elemental phase and the com-
pound phases, and (2) the change in chemical potential (Δµi) from 
elemental to the crystalline Zintl phase represented as: 

μi = μiFERE + Δμi (3) 

Stevandović et al. [32] computed standard earth abundant (transi-
tion metals) elemental chemical potentials using the FERE approach (the 
total energies of pure elemental substances in their conventional refer-
ence phase). This approach was calculated to ensure accurate pre-
dictions of various compounds thermodynamic stability, with respect to 
competing decomposition phases, which can be used for predicting the 
existence and needed growth conditions for new and unknown com-
pounds. The µiFERE for Ca, Ga, and Sb, respectively are -1.64, -2.37, and 
-4.29 (eV/atom) [32]. 

Fig. 2 depicts the computed Ca-Sb-Ga ternary phase diagram as a 
function of elemental chemical potentials following the procedures 
outlined in [33]. The phase diagram calculations included multiple bi-
nary (e.g., Ca4Sb3 & GaSb) and three elemental phases (Ca, Ga, and Sb). 
At any given point in this map, i.e., a combination of (ΔµCa, ΔµGa, ΔµSb), 
the thermodynamically stable phases are indicated. The values of 
chemical potentials can be correlated to synthesis conditions, i.e., the 
more negative ΔµCa value, the more the growth environment is 
Ca-deficient. The black lines are phase boundaries, which are indicative 
of synthetic conditions at which each complex (phase) can co-exist. The 
Zintl, Ca5Ga2Sb6, is only thermodynamically stable in a very narrow 
region in the phase diagram, as shown in Fig. 2. Synthesis methodology 
is in agreeance with the computed diagram. Experimentally, Ca5Ga2Sb6 
single crystals were precipitated from a Ga- and Sb- rich melt with dilute 

Ca, which corresponds to growth conditions near the equilibrium 
boundary line between the Ca5Ga2Sb6 and GaSb phase. Due to the 
critical interdependence of Ca Ga and Sb chemical potentials, the re-
lationships among Δµi are defined as: 

ΔHGaSb = ΔμGa + ΔμSb (4)  

ΔHZintl = 5(ΔμCa) + 2(ΔμGa) + 6(ΔμSb) (5) 

The DFT computed enthalpy of formation is ΔHGaSb = 0.792 eV for 
GaSb and ΔHZintl = −11.88 eV for Ca5Ga2Sb6. Substituting them into 
Eqs. (4) and (5) leads to: 

ΔμGa = 4.158 + 1.25ΔμCa (6)  

ΔμSb = −3.366 − 1.25ΔμCa (7) 

Combining both measures, our final surface energy equation can be 
defined as 

γ = 1
2A (Eslab − NEbulk − NCa(ΔμCa − 1.64) − NGa(1.25 ΔμCa + 1.788)

+ NSb(1.25ΔμCa + 7.656) (8) 

Due to Ca as the limited reactant, surface energy is plotted as a 
function of ΔμCa. 

3. Results & discussion 

3.1. Morphology and orientation of Ca5Ga2Sb6 crystals 

As shown in Fig. 3a, the morphology of the Ca5Ga2Sb6 crystals grown 
from molten-metal flux can be described as elongated parallelepipeds. In 
many some cases, multiple crystals appear to be stacked or intergrown. 
Single-crystal XRD was used to identify the orientation of the Ca5Ga2Sb6 
crystals (see Fig. 3b), revealing that the longest dimension of the crystals 
is the [001] direction (which is parallel to the polyanionic “ladders” in 
the crystal structure) while the (010) family was found to be the most 
exposed surface. In general, without taking kinetic factors into account, 
the largest surfaces observed experimentally on the single crystals are 
expected to be those with the lowest surface energies. Therefore, slab 
models for the computational study were prepared for (001), (010), and 
(100) surfaces, and we did not consider any higher-index surfaces here. 

3.2. Bulk structure and charge counting 

The experimental and computed relaxed lattice parameters of 
Ca5Ga2Sb6, along with selected interatomic distances, are represented in 
Table 1. The experimental structure was obtained from single crystal X- 
ray diffraction data and is reported in detail in the supplemental infor-
mation (see Tables S1 and S2). The present results are consistent with 
the original structural investigation by Cordier et al. [34]. Electron 
counting can be used to rationalize the structure of Ca5Ga2Sb6 within the 
Zintl-Klemm formalism: If we assume a formal charge of Ca2+ and Ga3+, 
then a closed shell configuration can only be achieved if two Sb atoms 
per formula unit form a covalent bond (blue bonds in Fig. 1). This 
configuration changes the (two) antimony oxidation state from Sb3- to 
Sb2−, while the remaining four antimony are Sb3−. This leads to an 
overall valence-precise (balanced) formula of 
(Ca2+)5(Ga3+)2(Sb2−)2(Sb3−)4. Comparing the relaxed computed struc-
ture to the experimental structure, we find that the maximum change in 
bond length is ≤ 0.05 Å. The relaxed crystal structure of Ca5Ga2Sb6 is 
shown in Fig. 1. Note that the covalently bonded (Sb3)2− form longer 
bonds with Ga due to its smaller electrostatic interaction compared with 
the Ga-(Sb1)3− and Ga-(Sb2)3- bonds. 

3.3. Slab Thickness and vacuum gap convergence 

A standard practice to calculate surface properties utilizes surface 

Fig. 2. Ca5Ga2Sb6 equilibrium phase diagram. The µCa and µGa limits are on a 
2-D axial plane, while µSb is represented by the color scale. Ca5Ga2Sb6 is stable 
in the region indicated by the white arrow. The equilibrium phase boundary 
line between Ca5Ga2Sb6/GaSb established the chemical potential range used in 
the current study. 
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slabs [35]. Slab (supercell) models, in vacuum, were used to mimic the 
various surface terminations of Ca5Ga2Sb6.Vacuum convergence tests 
performed using slab [001]A with 10 Å and 12 Å gap yielded a negligible 
energy difference of only 0.04 eV/atom between the two vacuum sizes. 
Thereafter, all surface slabs were calculated with a 10 Å vacuum gap to 
avoid interactions with periodic images. To determine the minimum 
slab thickness, we applied the Boettger-method [36] to a series of (001)A 
surfaces. Fig. S3 in the Supplementary depicts absolute convergence 
(0.68 J/m2) for a slab with a thickness of 10 Å, equivalent to 4 times the 
shortest (c) direction of the primitive unit cell. 

3.4. (001) Surfaces 

Before beginning our analysis of surface terminations, we must stress 
that all the slab models used in this study are charge neutral. It is 
challenging to assign exact formal charge to the under-coordinated 
surface ions. Instead, in the following discussions, we will use the 
same assumptions for the surface Ca and Ga that were used to rationalize 
the bulk structure in the discussion above. Namely, that the Ca and Ga 
are fully ionized, giving them a formal charge of 2+ and 3+, respec-
tively. Using this assumption, we can then rationalize the covalent bond 
breaking and formation between neighboring Sb atoms, within the Zintl- 
Klemm formalism. In the context of the following discussion, the term 
“electron deficient” thereby means that there are not enough electrons 
to allow every Sb to have a filled-octet (e.g., closed-shelled configura-
tion), so that new covalent bonds are needed to satisfy the 8-N rule. 

Selection of (001) Surface Terminations. We begin our analysis with 
the (001) surfaces, which are perpendicular to the polyanionic chains in 
the Ca5Ga2Sb6 structure. Fig. 4 depicts the unrelaxed surface termina-
tions selected for the (001) plane, and the total stoichiometry of each 
slab is given in Table 2. The surfaces were chosen so as to leave the 
GaSb4 tetrahedra and the homoatomic Sb-Sb bonds intact. Calcium 
atoms were then progressively removed in surfaces A-E to allow us to 
investigate the impact of stoichiometry on surface energy. Emphasis was 
placed on the calcium surface content, since calcium is the primary 
electron donor in this system. We project that as the calcium content is 

decreased, new covalent interactions will compensate for the missing 
valence electrons, thus resulting in surface reconstruction. 

(001) Surface Reconstruction. The relaxed (001) surfaces are pre-
sented in two figures, together with ELF isosurfaces: the relaxed slabs are 
viewed along the c-axis in Fig. 5 and down the c-axis in Fig. 6. As ex-
pected, surface reconstruction is a strong function of calcium content. 
Take for example slab (001)A, which is Ca-rich relative to the bulk 
stoichiometry of Ca5Ga2Sb6 crystal; Table 2 shows that it has 5 excess 
Ca2+ and 2 excess Sb per surface. If we assign the unbonded Sb a formal 
charge of Sb3−, we still have an excess of 4 electrons per surface beyond 
what it is needed for a closed-shell bonding configuration. To balance 
the charge, four dumbbell-forming near-surface (Sb3)2− atoms can 
break their covalent bonds to become (Sb3)3−. This is borne out by the 
DFT relaxed surface structure; the Sb-Sb bonds nearest the surface are 
broken, as evidenced by the increased Sb3-Sb3 distance from 2.89 Å to 
3.30 Å in the bulk vs. the relaxed structure, respectively. The ELF iso-
surfaces for surface (001)A in Fig. 6 exhibit decreased electron 

Fig. 3. Ca5Ga2Sb6 characterization. (a) SEM images of needle-like Ca5Ga2Sb6 crystals growing preferentially along the [001] direction. (b) single crystal diffraction 
used to show the most exposed surfaces, the (010) family. 

Table 1 
Comparison of experimental and computed Ca5Ga2Sb6 lattice parameters and 
bond lengths.  

Lattice Parameter (Å) Unrelaxed (Experiment) Relaxed (Computation) 

a 12.06 12.13 
b 13.98 14.07 
c 4.44 4.50 
Bond Lengths (Å)   
(2) Ga-Sb2 2.70 2.74 
(1)Ga-Sb1 2.68 2.72 
(1)Ga-Sb3 2.82 2.85 
(1)Sb3-Sb3 2.84 2.89  

Fig. 4. Unrelaxed (001) surface terminations viewed down the c-axis. The 
surfaces presented here differ only in the amount of Ca removed from the 
surface: (001)A-no Ca removed, (001)B-three Ca removed, (001)C-four Ca 
removed, (001)D-seven Ca removed, and (001)E-all 10 surface Ca 
atoms removed. 

Table 2 
Stoichiometry of various (001) surface terminations, listed in order of decreasing 
Ca content.  

Slab 
name 

Slab 
stoichiometry 

Slab stoichiometry emphasizing deviation from bulk 
Ca5Ga2Sb6 

(001)A Ca50Ga16Sb52 Ca10⋅8(Ca5Ga2Sb6) Sb4 
(001)B Ca44Ga16Sb52 Ca4⋅8(Ca5Ga2Sb6) Sb4 
(001)C Ca42Ga16Sb52 Ca2⋅8(Ca5Ga2Sb6) Sb4 
(001)D Ca36Ga16Sb52 Ca1⋅7(Ca5Ga2Sb6) Ga2Sb10 
(001)E Ca30Ga16Sb52 6(Ca5Ga2Sb6) Ga4Sb16  
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localization between the Sb3-Sb3 dumbbells, relative to the bulk, further 
confirming the broken covalent bonds. 

The stoichiometry of slabs (001)B and (001)C are closer to that of the 
bulk, so we do not observe clear breaking or forming of new Sb-Sb 
bonds. Slab (001)B has 2 excess Ca2+ and 2 excess unbonded Sb per 
surface. Since each unbonded Sb needs 3 electrons for a filled octet, this 
equates to a deficiency of 2 e−/surface. Slab (001)C has 1 excess Ca2+

and 2 excess Sb3−, which equates to a deficiency of 4 e−/surface. Upon 
relaxation, the Sb in both surfaces shift towards the remaining surface 
Ca atoms to allow for stronger electrostatic interactions. 

Finally, in the most Ca-deficient surfaces, (001)D and (001)E, we 
observe the formation of Sb4 “square rings” comprised of Sb1-Sb2 bonds 
with lengths ranging from 2.93 to 3.07 Å. The Sb atoms in the square 
rings are each involved in two covalent bonds and can therefore be 
assigned a charge of 1− . Without the formation of new covalent bonds, 

each surface of slab (001)D would have had a deficit of 12 e−/surface, 
relative to number needed for each Sb to have a complete valence shell. 
The formation of one Sb4 square ring per surface reduces this deficit to 
only 4 electrons. Likewise, each of the surfaces of slab (001)E would 
have a deficit of 18 electrons in the absence of reconstruction, but the 
formation of two Sb4 square rings on each surface reduces the electron 
deficit to 2 e−/surface. In support, new electron localization between the 
Sb atoms in the square rings confirms the formation of new covalent 
bonds in surfaces (001)D and (001)E. 

3.5. (010) Surfaces 

Selection of (010) Surface Terminations. Fig. 7 depicts unrelaxed (top) 
and relaxed (bottom) surface terminations for the (010) plane; stoichi-
ometries are shown in Table 3. Here again, surface terminations were 

Fig. 5. Relaxed (001) slabs showing varying degrees of surface reconstruction. The progression of covalent bond formation, from slab A to E, suggests the 
homoatomic Sb-Sb bonds are a direct function of decreasing calcium stoichiometry. 

Fig. 6. ELF 3-D isosurfaces for (001) plane surface terminations A-E using a cutoff of ELF=0.6. Slab (001)A depicts breaking of surface Sb-Sb bonds, slabs (001)B and 
(001)C show only slight changes in atomic coordinates and shift of the Sb lone pairs, while slabs D and E form covalently bonded Sb4 square rings to make up for the 
electron deficiency at the surfaces. 
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selected such that the GaSb4 tetrahedra remain intact. This orientation 
affords the opportunity to intentionally ‘cut’ the homoatomic Sb-Sb 
bond (as is the case for surfaces (010)A and (010)B). 

(010) Surface Reconstruction. As shown in the bottom panels of Fig. 7, 
reconstruction of the (010) surfaces are highly dependent on the slab 
stoichiometry. The excess Ca in slab (010)A, relative to the bulk, leads to 
an excess of 3 e−/surface. This excess is partly balanced by the inten-
tional cutting of the Sb3-Sb3 bond at the surface, which increases the 
formal charge of the Sb3 atom at the surface from 2− to 3−. We also 
observe in the relaxed structure a shift in the position of one of the Ca 
atoms by 0.48 Å along the b-direction, toward the nearest GaSb4 

Fig. 7. Unrelaxed (top) and relaxed (bottom) terminations for selected (010) surfaces. The ELF isosurfaces are shown at a cutoff of 0.6. The unrelaxed cuts presented 
here differ in the amount of Ca removed from the surface as well as whether the Sb3-Sb3 dumbbell is intact: (010)A)-no Ca removed + cut Sb3-Sb3 bond, (010)B- 
surface Ca removed + cut Sb3-Sb3 bond, (010)C-no Ca removed + intact Sb3-Sb3 bond, (010)D-surface Ca removed + intact Sb3-Sb3 bond. 

Table 3 
Stoichiometry of (010) surface terminations. The Sb-Sb dumbbell at the surface 
of slabs A and B are cut, while surfaces C and D leave the Sb-Sb dumbbell intact.  

Slab 
name 

Slab 
stoichiometry 

Slab stoichiometry emphasizing deviation from bulk 
Ca5Ga2Sb6 

(010)A Ca48Ga18Sb54 Ca3⋅9(Ca5Ga2Sb6) 
(010)B Ca42Ga18Sb54 Ca2⋅8(Ca5Ga2Sb6) Ga2Sb4 
(010)C Ca37Ga14Sb42 Ca2⋅7(Ca5Ga2Sb6) 
(010)D Ca33Ga14Sb42 Ca3⋅6(Ca5Ga2Sb6) Ga2Sb6  

Fig. 8. Unrelaxed (top) and relaxed (bottom) terminations for selected (100) surfaces. The ELF isosurfaces are shown at a cutoff of 0.6. The initial unrelaxed models 
here differ in the amount of Ca removed from the surface, as well as keeping the intact GaSb4 tetrahedra-Sb-Sb covalent bond scheme intact: A) no Ca removed + cut 
dumbbell, B) Ca atoms removed + dumbbell, C) no Ca removed + dumbbell intact, D) Ca atoms removed + dumbbell intact. 
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tetrahedra (denoted by the number 1 in Fig. 7). Slab (010)B is similar to 
(010)A, but with all of the surface Ca atoms removed. Accounting for the 
intentionally broken Sb3-Sb3 bond at the surface, each surface would 
therefore have an electron deficiency of 1 e−/surface. The formation of a 
new Sb3-Sb3 bond (2.93 Å) in the relaxed structure makes up for this 
imbalance. In surfaces (010)C and (010)D, the Sb3-Sb3 bonds were not 
intentionally cut. Slab (010)C is Ca-rich relative to bulk Ca5Ga2Sb6, with 
an excess of 2 e−/surface. As a result, the near surface covalent Sb-Sb 
bond undergoes breakage, as evidenced by the increase of Sb-Sb dis-
tance from 2.89 Å to 3.63 Å in the input & relaxed structures, respec-
tively. Lastly, in slab (010)D, the Ca atoms are removed, leading to an 
electron deficiency of 2 e−/surface. Instead of forming new covalent 
bonds, the surface GaSb4 tetrahedra completely distorts its spatial 
arrangement to adopt a trigonal planar shape. 

3.6. (100) Surfaces 

Selection of (100) Surface Terminations. Fig. 8 depicts unrelaxed (top) 
and relaxed (bottom) surface terminations for the (100) plane; stoichi-
ometries are shown in Table 4. Here again, surface terminations are of 
varying calcium content. Upon close observation, patterns between 
(010) and (100) surfaces became apparent. In similar fashion to the 
(010) series discussed above, (100)A and (100)B are similar, both 
involving the intentional cutting of one Sb3-Sb3 dumbbell. They are 
differentiated only by the amount of Ca remaining on the surface. The 
second set of cuts, (100)C and (100)D, depicts surfaces in which the Sb3- 
Sb3 dumbbell is left intact, but the topmost GaSb4 tetrahedra missing, 
leaving a dangling (Sb3)2− at the surface. 

(100) Surface Reconstruction. Following similar patterns as the other 
two principal orientations, reconstruction can be seen in (100) surfaces. 
Slab (100)A is Ca-rich, leading to an excess of 3 e−/surface. Similar to 
the (010)A surfaces, there is no bond-breaking observed in the relaxed 
surface, formed because the Sb3-Sb3 surface dumbbell was (purpose-
fully) cut in creating the termination. Slab (100)B, in contrast, has a 
deficit of 4 e−/surface. This leads to the distortion of the topmost tet-
rahedron such that a new covalent Sb3-Sb3 bond forms with a length of 
2.95 A. Accounting for the new bond gives us a deficit of only 2 e−/ 
surface. The near-surface tetrahedra also become distorted, forming 
planar triangular configurations. 

In slabs (100)C and (100)D, the Sb3-Sb3 dumbbells at the surface are 
intact, but the top-most tetrahedra are missing, leaving a dangling 
(Sb3)2−. Thus, for slab (100)C, each surface has 1 excess electron, which 
leads to the breaking of the Sb3-Sb3 dumbbell. For slab (100)D, each 
surface has an electron deficiency of 3 e−/surface. Surprisingly, in this 
case, no new covalent bonds appear to form near the relaxed surfaces to 
account for the deficiency. Indeed, the surfaces of slab (100)D show 
negligible reconstruction upon relaxation. This suggests that 3 e−/sur-
face may be the lowest charge density the surface can tolerate without 
Sb-Sb covalent bond forming/breaking. 

3.7. Surface energy as a function of ΔμCa 

In Fig. 9, we investigated the relationship between surface formation 
energy and elemental calcium chemical potential, ΔμCa, for all three 

surface orientations. Chemical potential is a thermodynamic quantity 
associated with the incremental increase in energy of a system per unit 
particulate. When two systems are at the same temperature with a single 
chemical species and the same chemical potential value, there is no net 
flux of particles from one phase to another. But if the chemical potential 
differs across the phase boundary, there will be a net flux that is asso-
ciated with the total energy. Here, this means that increasing ΔμCa 
corresponds to a higher concentration of available Ca. The slope of each 
line is a function of the stoichiometry of the slab. According to Eq. (8), 
the slope is related to the deviation of the bulk stoichiometry as –NCa−
1.25 NGa+ 1.25 NSb. The NCa, NGa, NSb are listed in Tables 2–4 for each 
surface termination. In general, Ca-rich slabs have negative slope, 
becoming more stable with increasing Ca chemical potential, while Ca- 
poor slabs have positive slope, indicating that the surfaces are more 
stable in Ca-deficient environments. 

The experimental conditions used for crystal growth can be consid-
ered to be at the Ca-poor limit, since the crystals grew in a Ga-Sb rich 
molten metal flux. At the Ca-poor limit of ΔμCa = −2.04 eV (deter-
mined by the phase diagram in Fig. 2) the most stable surfaces for each 
orientation are (001)B, (010)D, and (100)D. The common characteristic 
uniting these three lowest-energy surfaces is the absence of significant 
surface reconstruction. In all three cases, the relaxed surfaces contained 
the same bonds as the bulk structure and exhibited minimal distortion of 
atomic positions. A comparison of the surface energies of all three ori-
entations is shown in Fig. 9d. Here, we find that the (001)A and (001)B 
surfaces have the lowest energy among the investigated surfaces. This 
result contradicts the observed growth morphology. The single crystals 
shown in Fig. 3 were found to be highly anisotropic due to more rapid 
growth in [001] direction than in the [100] or [010] directions, which 
would indicate that the (001) surface has the lowest surface energy. The 
disparity between the computed surface energies and the observed 
crystal habit suggests that kinetic factors (e.g., surface diffusion or 
diffusion in the liquid flux), in this case, play a more significant role in 
crystal growth rates than thermodynamic surface energies. 

4. Conclusion 

Surface reconstruction of the (001), (010), and (100) surfaces of the 
Zintl antimonide, Ca5Ga2Sb6 were investigated by analyzing changes in 
bond lengths and electron localizability in the relaxed DFT structures. 
Our results show that the degree of surface reconstruction is largely a 
function of cation:anion ratio, which controls the number of valence 
electrons available to form covalent bonds in accordance with the Zintl 
Klemm formalism. Slabs with a high ratio of cations led to the breaking 
of the Sb-Sb dumbbells, while slabs with a low cation:anion had new 
covalent bonds form at the surface. We also found that the slabs with the 
lowest energy overall were those with the least amount of surface 
reconstruction. Surprisingly, the (001) surfaces were lowest in energy, 
contradicting expectations based on the observed preferred 
morphology. Experimental observations showed that the most favorable 
growth direction was [001] and hence (001) surfaces were expected to 
have the highest surface energy. We also found only small variation in 
surface energies amongst all three principal orientations, which again 
contradicts the observed anisotropic growth. These contradictions lead 
us to conclude that there are other parameters, most likely kinetic, that 
affect the growth of Ca5Ga2Sb6 crystals in molten flux. 
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Table 4 
Stoichiometry of (100) surface terminations. The Sb3-Sb3 dumbbells at the 
surface of slabs A and B have been cut, while slabs C and D leave the Sb3-Sb3 
dumbbells intact with a dangling Sb3 atom.  

Slab 
name 

Slab 
stoichiometry 

Slab stoichiometry emphasizing deviation from bulk 
Ca5Ga2Sb6 

(100)A Ca43Ga16Sb48 Ca3⋅8(Ca5Ga2Sb6) 
(100)B Ca37Ga16Sb48 Ca2⋅7(Ca5Ga2Sb6) Ga2Sb6 
(100)C Ca33Ga12Sb38 Ca3⋅6(Ca5Ga2Sb6) Sb2 
(100)D Ca29Ga12Sb38 Ca4⋅5(Ca5Ga2Sb6) Ga2Sb8  
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