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ABSTRACT 

In this work, we revisited the theoretical morphology of baryte for determining the character (Flat, 

Stepped and Kinked) and the different profiles (or terminations) of the crystal faces, and presented 

an accurate ab initio study of the structures and surface energies at 0 K of the low-index (001), (011), 

(210), (101), (100), (010), (201), (012) and (211) baryte faces, by using the hybrid 

Hartree−Fock/density functional B3LYP Hamiltonian. According to the surface energy values, the 

stability order of the baryte faces was found to be (210) ≅ (001) < (211) < (101) < (010) < (011) < 

(201) ≅ (100) < (012). Then, the equilibrium shape of baryte was drawn and compared with the 

previous ones obtained at an empirical level. This is a preliminary work, which is necessary to 

successively evaluate the influence of water and/or impurities adsorption on the most important baryte 

surfaces, both at equilibrium and during growth. Indeed, to evaluate these adsorption effects on the 

crystal morphology, it is fundamental an in-depth analysis of the structure and energetics of the crystal 

faces acting as substrates. 
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1. INTRODUCTION 

Baryte, BaSO4, is an orthorhombic sulfate, named after the Greek βαρ�́�𝜐ς (heavy), due to its unusual 

heaviness for a non-metallic mineral.1 Baryte is a common gangue mineral in low-temperature 

hydrothermal veins and is typical in deposits derived from weathered baryte-bearing limestones; it is 

also an accessory mineral in igneous rocks and a primary component of submarine volcanogenic 

sulfide deposits. Baryte is commonly in association with fluorite, calcite, dolomite, rhodochrosite, 

gypsum, sphalerite, galena and stibnite. 

Usually found as thin to thick tabular {001} crystals, bounded by {210} alone or in 

combination with {101}, {011} or other forms. It also can display flattened {001}, and elongated to 

prismatic [010] or [100], and more rarely prismatic [001], or equant. Often baryte appears as massive 

aggregates or clusters of tabular crystals with edges projecting into crest-like forms, or as rosettes-

like aggregates.  

Baryte is isostructural with celestine (SrSO4) and anglesite (PbSO4), its crystal structure being 

first determined by James and Wood.2 Sahl,3 Colville and Staudhammer4 and Hill5 refined the 

structural model in space group Pnma. The unit-cell parameters5 for baryte are: a0 = 8.8842(12), b0 = 

5.4559(8), c0 = 7. 1569(9) Å, V = 346.904Å3, Z = 4. 

The structure of the baryte-celestine series was successively refined by Miyake et al.6, Jacobsen et 

al.7 and Antao8 to determine the structural trends that are expected across the series and the structure 

refinements were carried out in space group Pbnm. In this work we choose to use the crystallographic 

parameters by Hill 5. 

Commonly, baryte is used in the industries for the production of barium-hydroxide for sugar 

refining and as a white pigment for paper, textiles and paint.9 It is also suitable for other purposes due 

to its high specific gravity, opaqueness to X-rays, inertness, and whiteness10. Recently, controlled 

morphology and crystal growth of massive production of BaSO4 micro- and nanoparticles have been 

closely studied for multiple applications in medical area, in oil industry,11 electronics, TV screen, 

glass, car filters, paint industry and ceramics.12 Moreover, baryte is also used as space filler in 

automotive brake friction materials.13 The amount, the morphology and size of the baryte crystals 

affect the tribological properties of these materials. Therefore, the ability to control the size and 

morphology of the baryte crystals is of fundamental importance to produce highly efficient materials 

for the industry. 

The rich literature on baryte can be roughly divided in two large domains: experimental and 

theoretical. The experimental works can be, in turn, sub-divided in: 

I. precipitation and growth, including an averaged mass morphology14-23 
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II. detailed nucleation and growth processes, including surface morphology (during both growth 

and dissolution)24-32  

III. influence by organic and inorganic additives,33-37 or surfactants38 on the growth features of 

baryte. 

The theoretical works are mainly devoted to predict the equilibrium and growth morphology 

of baryte, both at 0 K and room temperature, either with or without surface relaxation.39-48 Special 

attention should be deserved as well to a kind of papers in which an accurate surface micro-

topography has been integrated by theoretical aspects concerning both the overall growth morphology 

and the kinetics of the steps building up the surface patterns (spirals and/or 2D-nuclei).49-55 

In this work we aim at revising the theoretical morphology of baryte, (i) by applying the 

Hartman and Perdok39 analysis to determine the character (Flat, Stepped and Kinked) and the different 

profiles (or terminations) of the crystal faces, and (ii) by performing quantum-mechanical calculations 

to obtain their optimized structure and surface energy at 0 K and in the vacuum. We employed a 

hybrid Hartree-Fock (HF)-density functional theory (DFT) approach that, notably, has never before 

been applied to the study of baryte surfaces; in particular, the B3LYP functional was used. The 

following crystal faces were taken into account: (001), (011), (210), (101), (100), (010), (201), (012) 

and (211). 

This preliminary work is necessary to successively evaluate the influence of water and/or 

impurities adsorption on the most important baryte surfaces, both at equilibrium and during growth. 

Indeed, to evaluate these adsorption effects on the crystal morphology, it is fundamental an in-depth 

analysis of the structure and energetics of the crystal faces acting as substrates. The optimized surfaces 

structures to be determined in this work will be used as well, in a forthcoming paper, to calculate the 

adsorption energies released when water molecules or specific impurities are placed in contact with 

the crystal faces. 

This article is structured as follows: section 2 provides an outline of the computational 

methodology. In sections 3: (i) the Hartman and Perdok39 analysis on the main crystal faces of barite 

is performed, and (ii) their optimized structures and surface energies obtained at ab initio level are 

described and compared with the results of previous computational studies. 
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2. COMPUTATIONAL DETAILS 

The calculations were performed with the ab initio CRYSTAL14 code56-59 and at the DFT (Density 

Functional Theory) level with the B3LYP Hamiltonian.60-62 

In CRYSTAL14, the multi-electronic wave-function is constructed as an anti-symmetrized product 

(Slater determinant) of mono-electronic crystalline orbitals (COs) which are linear combinations of 

local functions (i.e.: atomic orbitals, AOs) centred on each atom of the crystal. In turn, AOs are linear 

combinations of Gaussian-type functions (GTF, the product of a Gaussian times a real solid spherical 

harmonic to give s-, p- and d-type AOs). In this study, oxygen was described by (8s)-(411sp)-(1d) 

contraction63: the exponents (in bohr−2 units) of the most diffuse sp-shells are 0.59 and 0.25; the 

exponent of the single Gaussian d-shell is 0.5. For barium atoms, we used the pseudopotential by Hay 

and Wadt 64 in combination with the tightest sp-contraction from Piskunov et al.,65 and three sp-shells 

with exponent 0.95, 0.45, 0.17, and two d-shells with exponents 0.4 and 0.15.66 In order to test the 

effect of the basis set of sulphur on the geometry and energy of the crystal surfaces, we performed 

the calculations by using: 

I. BS1: a pseudopotential67 to describe the first ten electrons and (31sp)-(1d) contraction to 

describe the remaining six electrons; the exponent of the diffuse sp-shell is 0.13 and that of 

the d-shell is 0.21. 

II. BS2: an all Gaussian-type basis sets recently developed68; it consists of a TZVP contraction 

that has been systematically derived for solid state systems starting from def2-TZVP69-70 basis 

sets devised for molecular cases. 

It is important to highlight that others basis set for Ba and O were tested before to choose those above 

reported. Unfortunately, not one was able to reproduce in a satisfactory way the bulk structure of 

barite: the <S-O> distances in the SO4 tetrahedra obtained at quantum-mechanical level are on 

average ∼7% higher than those experimentally measured. Therefore, we choose a combination of 

basis set that better reproduces the bulk structure and, at the same time, allows to perform the 

calculations in a reasonable time, compatibly with the resources of calculus actually in our hand.  

Further computational details (e.g., thresholds controlling the accuracy of the calculations) are given 

as Supporting Information. 

The CRYSTAL14 output files, listing the optimized fractional coordinates and optimized 2D cell 

parameters of the (001), (011), (210), (101), (100), (010), (201), (012) and (211) slabs, are freely 

available at http://mabruno.weebly.com/download. All of these slabs are charge neutral and retain 

either the centre of inversion or the mirror plane parallel to the (hkl) face, to ensure that the dipole 

moment perpendicular to the slab is equal to zero. The calculations were performed by considering 

2D slabs56-57 with a thickness sufficient to obtain an accurate description of the surfaces. The slab 

http://mabruno.weebly.com/download
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thickness is considered appropriate when the bulk-like properties are reproduced at the centre of the 

slab. Further details are given as Supporting Information. 

The specific surface energy γ (J/m2) at T = 0 K was calculated by means of the relation:56-57 

 

γ = lim
𝑛𝑛→∞

Es(n) = lim
𝑛𝑛→∞

𝐸𝐸(𝑛𝑛)𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠− 𝑛𝑛𝐸𝐸𝑠𝑠𝑏𝑏𝑠𝑠𝑏𝑏
2𝐴𝐴

  (1) 

 

where E(n) and Ebulk are the energy of a n-layer slab and of the bulk, respectively; A is the area of the 

primitive unit cell of the surface; the factor 2 in the denominator accounts for both upper and lower 

surfaces of the slab. Es(n) is thus the energy (per unit area) required for the formation of the surface 

from the bulk. When n → ∞, Es(n) will converge to the surface energy per unit area (γ). The number 

of dhkl layers to be considered in each slab, n, was set to values such that the relative difference 

between Es(n) and Es(n − 1) was <1%, to ensure a satisfactory convergence on surface energy. 

Our surface energy values are not corrected for basis set superposition error (BSSE),57 for the 

following two reasons: (i) we are only interested to determine the equilibrium morphology of baryte, 

which does not depend by absolute values of the surface energies, but exclusively by their ratios; (ii) 

as demonstrated for others minerals, 71-72 BSSE correction reduces all the surface energy values of a 

similar percentage, thus leaving the equilibrium morphology unvaried. 

 

 

3. RESULT AND DISCUSSION 

 

3.1. Historical Aspects on Theoretical Morphology of Baryte 

The first paper concerning the theoretical morphology of baryte (based on the space group Pnma) is 

due to Hartman and Perdok39 (HP analysis). The flat (F) forms were determined to be: {001}, {210}, 

{101}, {211}, {010} and {100}. However, {011} should be considered as a kinked (K) form.  

Some twenty years later, several authors73-77 tested computer programs on baryte and confirmed the 

preceding Periodic Bond Chain (PBC) analysis, except for the {011} form which was considered as 

a F form. 

Later on, the theoretical morphology had been revised, with the help of a computer program for the 

automatic searching of the PBCs, by Hartman and Strom40. Uniquely defined F forms were found to 

be: {001}, {210}, {211}, {010} and {201}. Two different surface profiles were found for {101} and 

{100}, while many profiles can be assumed by {011}. Specific surface energies (γhkl) and attachment 

energies (𝐸𝐸ℎ𝑘𝑘𝑘𝑘𝑎𝑎𝑎𝑎𝑎𝑎) were calculated for an electrostatic point charge model as a function of the charge 

distribution in the anion. On this ground it was concluded that {101} behaves as an F form, {100}as 
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a stepped (S) form and {011} as a kinked one. Finally, the theoretical growth form shows: {210}, 

{101} and {001} as main forms.  

The historical evolution of the characters (F, S, K) of the baryte crystal forms can be seen, according 

to the different authors,39,40,73-77 in Table 1. 

 

 

 

 

 

 

 

Table 1. Character of the main crystallographic forms of baryte. The historical evolution is 

shown, according to different authors. Five forms out of eight always maintain a flat (F) 

character: {010}, {001}, {101}, {210} and {211}. 

Form {hkl} {100} {010} {001} {011} {101} {201} {210} {211} Ref. 

Character (1955) F F F K F − F F 39 

Character (1974-1982) F F F F F − F F 71-75 

Character (1989) S F F K F F F F 40 

 

3.2. Our revision of the theoretical morphology of baryte 

In this paper we aim at reassess, as a first step, the HP analysis made by Hartman and Strom.40   

We preferred searching the surface profiles by the traditional manual method, only because it would 

be better to be sure about the most probable surface profiles when dealing with the interaction 

crystal/solvent or crystal/impurity, as we will do in a forthcoming paper. In this section we only 

describe the main surface profiles (also named terminations along the paper) for each crystal face. 

Other surface profiles were also considered when calculating the surface energy, but their probability 

to be observed is negligible and then they are not discussed. 

Figure 1 shows the structure of baryte projected along the [001] direction. The [001] PBC is 

here outlined (red line). Three important forms: {100}, {010} and {210} can be found in the [001] 

zone.  
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Figure 1. Structure of baryte projected along the [001] direction.  

 

3.2.1. The form {100} 

According to whether the [001] PBCs are linked (two by two), two different slices of thickness d200 

can be found. Here, one should remember that the thickness d200 is imposed by the extinction rules of 

the crystal space group (h00: h = 2n).  

One way is to consider a centre-symmetric slice; in this case the wavy aspect of the slice is marked 

by the Ba2+ ions populating the outmost layers of the slice: profile {100}T1. 

The alternative way is to consider a slice having the screw diad axes (21) ≡ [001] lying on a 100 plane 

in the middle of the slice; the wavy aspect of the slice is maintained, while its outmost layers are 

populated by the SO4
2- ions: profile {100}T2. 

In Figure 1 one can see that the two profiles {100}T1 and {100}T2 are graded by a layer of thickness 

d400. According to Hartman and Heijnen78 and Heijnen,79 both profiles can be present on a growing 

{100} form, even with a different occurrence probability. Then, {100} should behave as a S form,78 

because a layer d400 only contains [001] chains that are not laterally bonded and even repel each other. 

This way of thinking was further confirmed by Hartman and Strom.40 Moreover, they conclude that, 

because the two profiles practically have the same surface energy, then the consequent S character 

should hinder the presence of the {100} pinacoid on the growth form of barite, except at high 

supersaturation when the surface dehydration becomes the rate-determining step.40 Actually, Godinho 

et al.80 recently measured the growth kinetics on baryte single crystals at room temperature, where 
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the {100} form is well developed in the growth morphology, along with the flat {001} and {210} 

forms. 

 

3.2.2. The form {010} 

A slice of thickness d020 can be found in the zone [001], according to Figure 1. This thickness is 

compatible with the extinction rules of the S.G. Pmna: (0k0: k = 2n). The slice is m-symmetric, the 

centres of mass of both Ba2+ and SO4
2- ions lying on the symmetry plane 010. Moreover, it contains 

screw diad axes parallel to [100], and does not need to be reconstructed because two contiguous d020 

slices do not share common ions, being separated by both inversion centres and screw diad axes 

parallel to [001]. Contiguous [001] PBCs are periodically bound along the [100] direction, which 

represents another PBC within this slice.  

Screw diad axes parallel to [010] direction cross the d020 slices: it follows that two consecutive slices 

growing on fresh {010} surfaces will be mutually rotated by 180° around [010]. According to 

Hartman and Strom40, the character of this form will be F. The Ba2+ ions lie in the middle of the slice 

while the oxygens of the SO4
2- ions populate its outmost layers (profile {010}T1).  

We found another slice with the same thickness d020, but with a different profile. In Figure 1 one can 

see that this slice is centre-symmetric, all the Ba2+ and SO4
2- ions being shared between the adjacent 

slices. As a consequence, the surface profile of the new slice needs to be reconstructed and then their 

ionic population should be reduced by 50%, always respecting the symmetry requested by the 

inversion centres lying in the middle of the slice (profile {010}T2).   

 

3.2.3. The form {210} 

The last important slice in the [001] zone has thickness d210, that is compatible with the extinction 

rule (hk0: h = 2n). Its structure comes out from the coupling of the successive [001] PBCs either by 

the action of the symmetry centres or of the screw [001] diad axes alternating along the period <21�0>.  

The centres of mass of the Ba2+ and SO4
2- ions alternate along two parallel straight lines parallel to 

the <21�0> direction and separated by the distance (d210/4). The corresponding form {210} does not 

show dipole moment perpendicular to its surface; furthermore, it does not need to be reconstructed, 

since no ions are shared between adjacent slices. Accordingly, its surface profile is unique.39,40 

Another important zone is the [010] one. Four flat (F) forms can be found, as shown in Figure 2: the 

above mentioned {100} with its two surface profiles (T1 and T2), the pinacoid {001} and the prisms 

{101} and {201}. 
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Figure 2. Structure of baryte projected along the [010] direction. 

 

3.2.4. The form {001} 

A slice of thickness d002 (Figure 2) fulfils the extinction rules (0kl: k+l = 2n). Primitive and polar 

PBCs develop along the [010] direction. Whatever the component of the dipole moment of this PBC 

perpendicular to the surface slice, the screw axis 21 ≡ [100] lying at c/4 cancels out the total dipole 

moment perpendicular to the slice. The [010] PBCs are linked along the [100] directions through 

strong Ba−O bonds building up the [100] PBC. Adjacent d002 slices are related by the inversion centres 

that avoids the slice to be reconstructed. Consequently, the form {001} has a marked F character; 

according to Allan et al.41, the minimum surface energy is reached by the {001} pinacoid, when 

surface relaxation has taken into account. 

 

3.2.5. The prisms {101} and {201} 

No constraints are imposed to the h0l planes, and then one can search for slices of thickness d101 and 

d201. Within a slice of thickness d101 the primitive [010] PBCs are linked (two by two) through the 

inversion centres. In this way, true non polar [010] PBCs are formed. In turn, they are mutually related 

by the screw axes parallel to both the [001] and [100] directions, at c/4 and a/4, respectively. 

Successive true [010] PBCs are connected along the <101�> directions through strong Ba−O bonds 

forming the <101�> PBCs. Then, the prism {101} has a strong F character. Two alternative profiles 

can be obtained for this slice, corresponding to the prisms: (i) {101}T1, with the Ba-ions in the outmost 
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layers of the slice; (ii) {101}T2, with both  Ba2+ and SO4
2- ions in the outmost layers of the slice 

(Figure 2). 

The alternative coupling of the primitive [010] PBCs, obtained either by the inversion centres or by 

the screw axes parallel to [001], generate new true [010] PBCs, contained within the slices of 

thickness d201. These PBCs are weakly connected along the directions <102�>, so giving rise to the 

weak F character of the other prism {201}. 

In the [100] zone, four crystallographic forms can be found, as one can see in Figure 3. Two out of 

them, the two pinacoids {010} and {001} have been already described; in the following we will deal 

with other two prisms: {011} and {012}. 

 

3.2.6. The prisms {011} and {012} 

The slice of thickness d011 fulfils the extinction rule (0kl: k+l = 2n). The PBCs [100] drawn in Figure 

3 are the same building up the slices d020 (T1). They are non-polar due to the action of the screw axes 

[100] lying in the centre of each PBC. Within each slice these PBCs are consecutively connected 

(through the symmetry centres) by another kind of PBC, running along the directions <011�> and 

determining the F character of the {011} form. The outmost layers of this slice are populated by Ba2+ 

ions.  We will call as {011}T1 this Ba-terminated profile, having adopted the label used by Hartman 

and Strom35 for identifying all the five d011 slices having the sulphate ions at the centre of the slice. 

One out of the seven SO4-terminated profiles, called {011}T2, is represented in the Supporting 

Information.  

Hartman and Strom found, through the computer program, other 21 kinds of d011 slices, all fulfilling 

the constraints of an F face; we will not consider these possibilities, owing to the complexity of their 

corresponding surface profiles and, consequently, to the high values of their specific surface energies. 

As concerns the slice of thickness d012, two considerations have to be made: (i) only a slice of 

thickness d024 = ½ (d012) is allowed by the extinction rule for 0kl planes, and then this condition cannot 

be fulfilled, as it comes out from Figure 3; (ii) even though a slice of thickness d012 were taken into 

account, the [100] PBCs shouldn’t be consecutively connected within the slice along the direction 

<021�>. From (i) and (ii) the stepped S character should be assigned to the {012} form. 
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Figure 3. Structure of baryte projected along the [100] direction. 

 

3.2.7. The orthorhombic bi-pyramid {211} 

In Figure 4 one can see the projection of baryte along one out of the two equivalent directions <011>. 

The direction [011] represents the intersection between the faces (21�1) and (21����1) belonging to the pi-

pyramid {211}; hence the equivalent <011> directions should correspond to a set of important PBCs 

of the crystal. As a matter of fact, the two slices of thickness 𝑑𝑑21�1 and 𝑑𝑑21����1 outline the F character of 

the {211} form, since the PBCs [001] are strongly bound, within these slices, along the directions 

[120] and [12�0], respectively. The same Figure outlines as well the presence, in the zone [011], of 

the form {100}, through the slices d200 (T1, T2). Moreover, the F character of the form {011} is 

confirmed again. 
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Figure 4. Structure of baryte projected along the [100] direction. 

 

3.3. Structure of the optimized baryte surfaces 

Surface structural variations were analyzed in vacuum at T = 0 K by taking the optimized bulk 

structure as a reference. The following analysis was performed by only using the bulk and surface 

structures calculated by means of BS1, since small structural variations between BS1 and BS2 

calculations were observed. In particular, we have considered the distortion of the SO4 tetrahedral 

units belonging to the first layer of the slab in contact with the vacuum. These values can be used as 

quantitative measure of how much the surfaces reconstruct. People interested in in-depth structural 

analysis can carry it out by using the CRYSTAL14 output files reporting the optimized atomic 

coordinates.  

The relaxed structures of the (001), (011), (210), (101), (100), (010), (201), (012) and (211) faces 

having the lowest surface energies (terminations T1) and obtained by using BS1 are shown in Fig. 5; 

the other configurations using different basis set for sulphur (BS1 and BS2) and considering other 

possible terminations (T) are reported in the Supporting Information.  
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Figure 5. (001), (011), (210), (101), (100), (010), (201), (012) and (211) optimized surfaces of baryte 

viewed along the [100] direction. The termination T1 for all the surfaces is only drawn. 
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The first layer of the (010) slab is constituted of one independent SO4 tetrahedron. (001), (011), (210) 

and (100) slabs was found to be made up of two independent SO4 tetrahedra, whereas in the case of 

the (201) three nonequivalent polyhedra were found. (101), (012) and (211) slabs consist of four 

independent SO4 tetrahedra.  

In the following section we describe the structural variations for both the bulk and the nine studied 

surfaces having termination T1. Tables S1 and S2, in the Supporting Information, report the values 

of the S−O bond distances and the O−S−O bond angles. 

The statistical indices that can be employed to summarize the effects of atomic relaxation are: the 

average S−O bond distance per tetrahedron, ⟨S−O⟩(Å), the difference between the maximum and 

minimum bond distances per tetrahedron, Δmax-min, and the difference between the average S−O 

distance per tetrahedron related to those in the bulk, Δbulk and Δbulk%.  

The average S−O distance in baryte bulk is 1.5655 Å. The average percentage deviations from the 

bulk smaller than 0.2% were found in the cases of (001) (1.5662 Å), (011) (1.5659 Å), (210) (1.5670 

Å), (101) (three tetrahedra, 1.5677, 1.5657 and 1.5684 Å), (100) (1.5636 Å), (201) (1.5679 Å), (012) 

(1.5656 Å) and (211) (1.5684 Å). At the other extreme, the other tetrahedra of (001), (011), (210), 

(101), (100), (010), (201), (012) and (211) slabs were found to have an average ⟨S−O⟩ distances 

differing by ± 0.2-0.5% from the bulk value, indicative of an increment of atomic relaxation degree.  

The highest S−O variations with respect to the bulk values (+0.45 and +0.35) are observed in (211) 

and (012) slabs, respectively.  

The difference between the maximum and minimum S−O distances in baryte is 0.0301Å. 

Only in five cases [0.0088 Å in (001), 0.0286 Å in (210), 0.0106 Å in (101), 0.0276 Å in (100) and 

0.0126 Å in (012)], the difference Δmax-min in the slabs was found to be smaller than in the bulk. In all 

other cases, it was larger, indicating the trend of tetrahedra at the surfaces to increase their degree of 

distortion. 

The evaluation on the variations of O−S−O bond angles for the bulk and the nine studied surfaces 

is reported below. 

Again, the statistical indices adopted to evaluated the effect of geometry optimization are: the average 

O−S−O bond angles per tetrahedron, ⟨O−S−O⟩(°), the difference between the maximum and 
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minimum bond angles per tetrahedron, Δmax-min(°), and the difference between the average ⟨O−S−

O⟩ bond angles per tetrahedron related to those in the bulk, Δbulk and Δbulk%.  

The average value for the ⟨O−S−O⟩ bulk angle is 109.63°. The most noteworthy variations in the 

slabs, after relaxation with respect to the bulk value, are observed in the case of (001) (+0.57%), (011) 

(-0.56 and -1.50%), (210) (-0.63 and -0.52%), (101) (+0.55%), (100) (+0.73%), (010) (+0.52%), 

(201) (-0.96 and +1.38%), (012) (-0.90%) and (211) (+1.45, +0.95, -0.92 and -1.52%). In the all other 

cases the modifications are smaller than 0.5%. 

The highest O−S−O bond angle variations with respect to the bulk values (+1.45, +0.95, -0.92 and 

-1.52%) are observed in all the four independent tetrahedra in the (211) slab.  

 Some other structural details of the studied surfaces are briefly reported here below: 

• (001) surface structure 

The (001) slab contain 72 atoms and the first layer is made up of two independent SO4 

tetrahedra. The ⟨S−O⟩ of the nonequivalent tetrahedra is 1.5677Å and the difference 

between the two average bond distances is 0.0030 Å. The ⟨O−S−O⟩ bond angle is 110.04° 

and the variations respect to the bulk are +0.19 and +0.57% for the two independent SO4 

tetrahedra. 

• (011) surface structure 

The (011) slab consist of 120 atoms and the first layer is made up of two independent SO4 

tetrahedra. The ⟨S−O⟩ distance of the nonequivalent tetrahedra is 1.5677Å and the difference 

between the two average bond distances is 0.0037 Å. The ⟨O−S−O⟩ bond angle is 108.50° 

and the variations respect to the bulk are -0.56 and -1.50% for the two independent SO4 

tetrahedra. 

• (210) surface structure 

The (210) slab contain 120 atoms and the first layer is made up of two independent SO4 

tetrahedra. The ⟨S−O⟩ distance of the nonequivalent tetrahedra is 1.5686Å and the difference 

between the two average bond distances is 0.0034 Å. The ⟨O−S−O⟩ bond angle is 109° and 

the variations respect to the bulk are -0.63 and -0.52% for the two independent SO4 tetrahedra. 

• (101) surface structure 
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The (101) slab contain 72 atoms and the first layer is made up of four independent SO4 

tetrahedra. The ⟨S−O⟩ distance of the nonequivalent tetrahedra is 1.5659Å and the difference 

between the maximum and minimum of the four average S−O bond distances is 0.0065 Å. 

The average ⟨O−S−O⟩ bond angle is 109.84° and the variations with respect to the bulk are 

+0.55, +0.26, -0.40 and +0.36% for the four independent SO4 tetrahedra. 

• (100) surface structure 

The (100) slab contain 48 atoms and the first layer is made up of two independent SO4 

tetrahedra. The ⟨S−O⟩ distance of the nonequivalent tetrahedra is 1.566 Å and the difference 

between the two average bond distances is 0.0052 Å. The ⟨O−S−O⟩ bond angle is 109.77° 

and the variation respect to the bulk is +0.72 and -0.46% for the SO4 tetrahedra. 

• (010) surface structure 

The (010) slab contain 120 atoms and the first layer is made up of one independent SO4 

tetrahedron. The ⟨S−O⟩ bond distance of the independent tetrahedron is 1.5698Å. The ⟨O−

S−O⟩ bond angle is 110.20° and the variation respect to the bulk is +0.52% for the SO4 

tetrahedron. 

• (201) surface structure 

The (201) slab contain 144 atoms and the first layer is made up of three independent SO4 

tetrahedra. The average ⟨S−O⟩ distance of the tetrahedra is 1.5847 Å and the difference 

between the maximum and minimum of average S−O bond distances is 0.0074Å. The ⟨O−

S−O⟩ bond angle is 109.84° and the variations in respect to the bulk are -0.96, +1.38 and -

0.45% for the three independent SO4 tetrahedra. 

• (012) surface structure 

The (012) slab contain 192 atoms and the first layer is made up of four independent SO4 

tetrahedra. The ⟨S−O⟩ distance of the nonequivalent tetrahedra is 1.5693Å and the difference 

between the maximum and minimum of the four average S−O bond distances is 0.0054 Å. 

The ⟨O−S−O⟩ bond angle is 109.46° and the variations respect to the bulk are +0.08, +0.31, 

-0.90 and -0.11% for the four independent SO4 tetrahedra. 
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• (211) surface structure 

The (211) slab contain 144 atoms and the first layer is made up of four independent SO4 

tetrahedra. The ⟨S−O⟩ distance of the nonequivalent tetrahedra is 1.5700Å and the difference 

between the maximum and minimum of the four average S−O bond distances is 0.0040 Å. 

The ⟨O−S−O⟩ bond angle is 109.62° and the variations in respect to the bulk are +1.45, 

+0.95, -0.92 and -1.52% for the four independent SO4 tetrahedra. 

 

3.4. Surface energies at 0 K of baryte 

The optimized two-dimensional cell parameters and the surface energy values (γ) of the analyzed 

slabs are listed in Table 2; for each crystal face the termination (profile) with the lowest surface energy 

value is named T1. As reported in the above paragraphs, different terminations were identified for 

the (001), (011), (201), (101), (100) and (201) faces, whereas only a termination was observed for the 

(012) and (211) faces. For all the terminations identified the surface energy was calculated both with 

BS1 and BS2: the surface energies calculated with BS2 are larger by ∼3-9% than those obtained with 

BS1, except for the termination T2 of the (011) face where the surface energy determined with BS2 

is lower by ∼5% with respect to that calculated with BS1. The crystal forms with the lowest and 

highest surface energies were found to be {210} ≅ {001} and {012}, respectively. Then, the following 

stability order of the surfaces was obtained: (210) ≅ (001) < (211) < (101) < (010) < (011) < (201) ≅ 

(100) < (012).  

By analyzing Table 2, we can do the following observations: 

1. the surface energies for the termination T1 of the (001) and (210) faces are almost equal: 0.377 

(BS1) - 0.408 (BS2) J/m2 and 0.367 (BS1) - 0.396 (BS2) J/m2, respectively; 

2. the (100) and (201) faces (termination T1) have equal surface energy values: γ(100) and γ(201) 

are 0.638 (BS1) - 0.663 (BS2) J/m2 and 0.636 (BS1) - 0.664 (BS2) J/m2, respectively; 

3. there is a small difference (∼ 4%) between the surface energies for the termination T1 of the 

(101) and (010) faces: γ(101) and γ(101) are 0.531 (BS1) - 0.548 (BS2) J/m2 and 0.554 (BS1) - 

0.574 (BS2) J/m2, respectively; 

4. there is small difference (∼ 2%) between the surface energy values of the terminations T1 and 

T2 of the (100) face: 0.638 (BS1) - 0.663 (BS2) J/m2 and 0.649 (BS1) - 0.689 (BS2) J/m2, 

respectively. 

Table 2 also reports the surface energy values previously calculated41, which developed two different 

interatomic potentials (named Model I and Model II in their paper) to study the (001), (011), (210), 
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(101), (100), (010) and (211) surfaces; the (201) and (012) faces were not taken into account by the 

authors. According to Model I, the stability order of the surfaces is: (001) < (210) < (101) < (211) < 

(010) < (100) = (011), whereas Model II gives a stability order somewhat different, (210) < (001) < 

(211) < (101) < (010) < (100) < (011).  

The surface energy values obtained with Model I are very close to our ab initio estimates, whereas 

the Model II always gives extremely different values of the surface energy. Therefore, Model II do 

not seem to be able to reproduce the energetics of the crystal surfaces of baryte. 

Surface energy values for the (100), (010), (001) and (210) faces were also calculated at empirical 

level by Jang et al.48 (Table 2): the surface energies of the (210) and (100) faces are in good agreement 

with those obtained by Allan et al.41 with Model II, whereas the surface energies of the (001) and 

(010) faces are very different with respect to both our estimates and those by Allan et al.41 

 

 

 

Table 2. Optimized two-dimensional cell parameters and surface energies γ at 0 K (J/m2) of the 

main faces of baryte. 

 

 

 Termination Basis Set a (Å) b (Å) a^b (deg) area (Å2) γ (J/m2) γ (J/m2) 41 γ (J/m2) 48 

(001) 
T1 BS1 5.4539 9.1950 90 50.148 0.377  

0.71 
BS2 5.4189 9.1233 90 49.438 0.408 0.40 * 

T2 BS1 5.5862 9.1143 90 50.915 0.727   0.59 ** 
BS2 5.5478 9.0399 90 50.151 0.753  

(011) 
T1 BS1 9.1521 9.1958 90 84.161 0.595  

― 
BS2 9.0843 9.1189 90 82.839 0.625 0.66 * 

T2 BS1 9.1456 9.1501 90 83.682 0.798   1.01 ** 
BS2 9.0037 9.0685 90 81.650 0.756  

(210) 

T1 BS1 7.3390 14.1134 90 103.578 0.367  

0.52 

BS2 7.2742 14.0171 90 101.963 0.396  

T2 BS1 7.4712 13.7145 90 102.464 0.632  
BS2 7.3704 13.6765 90 100.800 0.655  

T3 BS1 7.1452 14.2670 90 101.940 0.915 0.42 * 
BS2 7.0963 14.1696 90 100.552 0.942   0.55 ** 

T4 BS1 7.3771 13.7326 90 101.306 0.839  
BS2 7.3024 13.6564 90 99.724 0.896  

T5 BS1 6.9793 14.7774 90 103.136 0.862  
BS2 6.9579 14.6011 90 101.592 0.908  
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(101) 

T1 BS1 5.5360 11.6130 90 64.289 0.531  

― 

BS2 5.5155 11.5071 90 63.467 0.548  

T2 BS1 5.5655 11.7396 90 65.337 0.731  
BS2 5.5209 11.6374 90 64.249 0.768 0.51 * 

T3 BS1 5.4545 11.6705 90 63.656 0.633   0.81 ** 
BS2 5.4169 11.5920 90 62.793 0.689  

T4 BS1 5.5444 11.8292 90 65.586 0.753  
BS2 5.5271 11.6984 90 64.658 0.796  

(100) 
T1 BS1 5.5599 7.3247 90 40.725 0.638  

0.90 
BS2 5.5150 7.2675 90 40.080 0.663 0.66 * 

T2 BS1 5.6387 7.2042 90 40.622 0.649   0.91 ** 
BS2 5.6221 7.1529 90 40.214 0.689  

(010) 
T1 BS1 7.2855 9.2312 90 67.254 0.554  

0.73 
BS2 7.2225 9.1571 90 66.138 0.574 0.61 * 

T2 BS1 7.3195 9.2236 90.73 67.507 0.528   0.82 ** 
BS2 7.2556 9.1586 90.68 66.447 0.556  

(201) 

T1 BS1 5.5938 17.2590 90 96.543 0.636 

― ― 

BS2 5.5637 17.1047 90 95.166 0.664 

T2 BS1 5.5586 17.2155 90 95.694 0.752 
BS2 5.5235 17.0743 90 94.310 0.782 

T3 BS1 5.6019 17.1388 90 96.009 0.773 
BS2 5.5753 16.9973 90 94.764 0.817 

(012) T1 BS1 9.2422 13.3563 89.69 123.439 0.823 ― ― BS2 9.1766 13.2618 89.75 121.698 0.882 

(211) T1 
BS1 9.2578 12.7228 102.32 115.073 0.458 0.55 * 

― 
BS2 9.1905 12.6212 102.20 113.376 0.485   0.69 ** 

 * Model I relaxed; ** Model II relaxed  
  

 

 

By applying the Gibbs-Wulff theorem and considering our lowest surface energy values listed in 

Table 2, we were able to draw the equilibrium shape (ES) of a baryte crystal in a vacuum at 0 K 

(Figure 6a). As a comparison, we also drew the ESs obtained using the surface energy values 

calculated by Allan et al.41 with Model I (Figure 6b) and Model II (Figure 6c). In all the ESs the 

prevailing crystallographic forms are {001} and {210}, whereas the {100}, {201} and {012} forms 

do not enter the ES. It is interesting to observe that, despite the Model II does not reproduce in a 

satisfactory way our ab initio surface energy values, the ES obtained with Model II (Figure 6c) is 

very similar to that drawn using our data, the only difference consisting in the lacking of the {011} 

form.  
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Figure 6. Equilibrium shapes (ESs) of baryte at 0 K obtained with (a) surface energy values from this 

study, (b) surface energy values calculated by Allan et al.41 with Model I and (c) surface energies 

calculated by Allan et al. 41 with Model II. 

4. CONCLUSIONS 

In this work, we have: (i) revisited the theoretical morphology of baryte, by applying the Hartman 

and Perdok39 analysis to determine the character (Flat, Stepped and Kinked) and the different profiles 

(or terminations) of the crystal faces, and (ii) presented an accurate ab initio study of the structures 

and surface energies at 0 K of the low-index (001), (011), (210), (101), (100), (010), (201), (012) and 

(211) baryte faces, by using for the first time, to the best of our knowledge, the hybrid 

Hartree−Fock/density functional B3LYP Hamiltonian and a localized all-electron Gaussian-type 

basis set. 

We can summarize our results as follows: 

I. From our detailed Hartman-Perdok analysis it follows that all the d002, d020 and d200 slices are 

perpendicularly crossed by 21 screw diad axes. Moreover, {001} and {010} are surely F 

forms, while {100} shows an undefined character (F/S). This implies that for both {001} and 

{010} pinacoids the structural conditions needed to generate polytypic structures along the 

[001] and [010] directions are fulfilled. As a matter of fact, we demonstrated79 that partial 

screw dislocations with Burgers vectors 𝑏𝑏�⃗  = d002 or 𝑏𝑏�⃗  = d020, can generate growth spirals 

reproducing the structural stacking …AAA… (or …BBB…) instead of the normal stacking 

…ABABAB… corresponding to the space group Pmna. In the growth spirals observed 49 the 

interlacing of the spiral arms proves that the screw dislocation has a Burgers vector 𝑏𝑏�⃗  = d001 

and hence the growing spiral does preserve the space group Pmna of the crystal bulk. 

Nevertheless, nothing’s stopping us from imagining the existence of partial dislocations in 

such a layered structure; as a consequence, surface growth patterns of {001} and {010} forms 



21 
 

of baryte should be handled with care, in order to correctly identify potential changes in the 

local symmetry in an “apparently single” growing crystal. 

II. According to the surface energy values, the stability order of the baryte faces is (210) ≅ (001) 

< (211) < (101) < (010) < (011) < (201) ≅ (100) < (012). 

III. The equilibrium shape (ES) of a baryte crystal was drawn by using our surface energy values. 

It was found to be quite similar to those determined at the empirical level by Allan et al. 41. 

This suggests that the force field employed by those authors could be used as a starting point 

for fitting a new interatomic potential for studying the chemical reactions occurring at 

baryte/water interfaces. 
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