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Abstract: Surface energies of five different surfaces of scheelite crystal were calculated using density functional theory (DFT). 
Based on the calculation results, the predominantly exposed surfaces in the morphologies of scheelite crystals were predicted. {112} 
and {001} cleavage surfaces and {112} crystal surface are the commonly exposed surfaces, which are consistent with both previous 
literatures and the present experimental observations based on the XRD. Cleavage generates more easily along {112} surfaces than 
along {001} surfaces due to their different interlayer spacings. The surface roughness and appearance of different predominantly 
exposed surfaces were then investigated using AFM. The roughness of smooth {112} cleavage surface is the lowest among these 
three surfaces. On {001} cleavage surface, terraces are flat and separated by steps of about 10 nm in height. Subsequently, contact 
angle measurements were adopted to evaluate the wettability and surface energies of these surfaces. The surface energies evaluated 
directly correspond to the trend calculated with DFT. 
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1 Introduction 
 

As an important ore mineral of tungsten, scheelite 
CaWO4 is commonly associated with other 
calcium-bearing minerals in mineral ore deposits, such as 
calcite CaCO3, apatite Ca10(PO4)6F2 and fluorite CaF2 [1]. 
With the increasing need of low-grade complex ores 
processing, more scheelite is to be separated by means of 
flotation from these calcium-bearing minerals. Since 
flotation, as a surface-chemistry based process for 
separation of fine ores, takes advantage of the different 
wettability on mineral particle surfaces, the 
understanding of surface structures and properties of 
commonly exposed scheelite surfaces becomes important. 
To our knowledge, however, few theoretical and 
experimental studies were conducted on scheelite 
surfaces. Only recently, the interaction of water and a 
selection of small organic surfactant molecules (i.e. 
methanoic acid, hydroxyl methanamide, methylamine 
and hydroxyl ethanol) on different surfaces of scheelite 
[2,3] were investigated with the computer simulations. In 
addition, five families of slip systems and anisotropic 

microhardness and fracture in natural single scheelite 
crystal were studied using TEM and interpreted by 
means of anisotropic crystallographic structure of 
scheelite [4,5]. The recent study on calcite and fluorite 
crystals showed that the dangling bond density and 
wettability of these two crystals exhibited anisotropy [6]. 

In this study, surface energies of five different 
surfaces of scheelite crystal were calculated using 
density functional theory (DFT). The predominant 
cleavage surfaces and preferential expressed crystal 
surfaces of scheelite were predicted according to the 
calculation results, which were then compared with the 
observations based on XRD. These commonly exposed 
surfaces were carefully selected from natural scheelite 
crystal samples to study their roughness and appearance 
by AFM. Contact angle measurements were used to 
evaluate the wettability and surface energies of these 
commonly exposed surfaces. 
 
2 Experimental 
 
2.1 Surface energy calculation 

The thermodynamic stability of a given surface is 
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dependent on its surface energy. A low and positive value 
indicates a stable surface, which is important in the 
morphology of the mineral. The surface energy (Esurf) in 
a slab model [7] could be calculated by  
Esurf=[Eslab−(Nslab/Nbulk)Ebulk]/(2A)                (1)  
where Eslab and Ebulk are the total energies of the surface 
slab and the bulk unit cell, respectively; Nslab and Nbulk 
are the numbers of atoms contained in the slab and the 
bulk unit cells, respectively; A is the unit area of the 
surface; 2 denotes two surfaces along the z-axis in the 
surface slab. 

The surface energy was calculated using the 
CASTEP module in Material Studio 5.0 on the basis of 
density function theory (DFT) [8]. The exchange- 
correlation energy was described by generalized gradient 
approximation of Perdew–Burke–Ernzerhof (GGA-  
PBE) [9]. The completeness of the basis set was 
determined by a kinetic energy cutoff, Ecut. All 
calculations were performed using a cutoff energy of 340 
eV. Reciprocal space integration over the Brillouin zone 
was approximated with finite sampling of k-point using 
the Monkhorst–Pack scheme, and the k-point spacing    
was set to be 0.04 Å−1. The structures were relaxed  
using a Broyden−Fletcher−Goldfarb−Shanno (BFGS) 
scheme, with the following thresholds for the converged 

structure: energy change per atom was less than      
1.0×10−5 eV, residual force was less than 0.03 eV/Å, the 
displacement of atoms during the geometry optimization 
was less than 0.001 Å, and the residual bulk stress was 
less than 0.05 GPa. 

The crystal structure of scheelite was built in crystal 
builder module using the structure data from KAY et al 
[10], and optimized according to GGA-PBE. A range of 
surface slabs was then created from the optimized bulk 
unit cell of scheelite at its Miller indices by surface 
builder module in materials studio (MS). Taking {001} 
surface cells as example, the convergence tests of the 
surface energy with respect to slab depths were 
conducted, and the results are illustrated in Table 1. 
Three more layers within the slab were found to be 
adequate to converge the surface energies within 0.001 
J/m2. In this study, a slab which has the thickness of 3 
atomistic layers perpendicular to the surface and could 
be infinitely extended in the other two directions, was 
used to simulate the scheelite surface in periodic 
boundary conditions. Surface cells were separated from 
repeated replicas by a certain vacuum width of 12 Å. The 
different surface cells used for surface energy calculation 
are shown in Fig. 1. The calculated surface energies of 
five scheelite surfaces are listed in Table 1. 

 

 
Fig. 1 Side views of crystal structures of different surface cells of scheelite crystal used for surface energy calculation: (a) {001)};  
(b) {112}; (c) {111}; (d) {110}; (e) {100} (●—Ca; ●—O; ●—W) 
 
Table 1 Total energies of surface cells and surface energies of different surfaces of scheelite 

Crystal 
surface a/Å b/Å c/Å Atomistic layers 

within surface slab Total energy/eV Cell formula Surface energy/ 
(J·m−2) 

5.3267 5.3267 13.9660 1 −4688.3468 CaWO4 0.4279 
5.3267 5.3267 16.8587 2 −9378.3426 Ca2W2O8 0.3904 
5.3267 5.3267 19.7515 3 −14068.0937 Ca3W3O12 0.4218 
5.3267 5.3267 22.6442 4 −18757.9550 Ca4W4O16 0.4222 

{001} 

5.3267 5.3267 25.5370 5 −23447.8198 Ca5W5O20 0.4216 
{112} 7.5331 6.9035 21.8503 3 −28135.9690 Ca6W6O24 0.4939 
{111} 7.5331 12.7382 21.6727 8 −37512.5075 Ca8W8O32 0.5337 
{110} 6.9035 6.9035 18.7074 3 −14060.2764 Ca3W3O12 0.6086 
{100} 5.3267 11.5710 19.9027 3 −28132.8362 Ca6W6O24 0.8239 

Note: The total energy of a unit cell with formula Ca2W2O8 of scheelite crystal is −9379.7253 eV. 
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2.2 Materials 

Natural single crystal scheelite from the 
Xianghuapu Mine was supplied by JWFU® (Shanghai, 
China) and used for contact angle measurements. The 
commonly exposed cleavage and crystal surfaces were 
carefully selected or cleaved to avoid cracks and 
inclusions. The crystallographic orientation of the 
specimen was determined by single-crystal X-ray 
diffraction. After cleaving, the samples were cleaned 
with a puff of 99.999% pure nitrogen gas to 
mechanically remove the scheelite dust produced during 
preparation. Deionized water from atomic adsorption- 
type ultrapure water system (resistivity 18 MΩ·cm), 
formamide (99%, Adamas), and diiodomethane (99%, 
Adamas) were employed as probe liquids for contact 
angle measurements. 
 
2.3 XRD 

X-ray diffractometer (D8-ADVANCE Bruker-AXS) 
was run in the reflection mode with Cu Kα radiation 
(λ=1.5406, tube potential 40 mV, tube current 40 mA), 
and a goniometer speed of 4 (°)/min. The single-crystal 
diffraction patterns with a 0.01° precision of interlayer 
spacing (d) measurements were conducted from 5° to 80° 
(2θ). 
 
2.4 AFM imaging 

Nanoscope Multimode IIIa AFM (Digital 
Instruments, CA) with software version 7.30r1 was used 
for capturing and analyzing images of scheelite surfaces. 
All AFM experiments were carried out in tapping mode 
in air at room temperature (20±2) °C. Scan area was set 
to be 2 μm×2 μm so that images could be compared 
more easily. Scan rate was kept constant at 1.0 Hz to 
obtain stable images. 
 
2.5 Contact angle measurements 

Static contact angles of the probe liquids on the 
sample surfaces were measured using GBX contact angle 
meter (France) equipped with a digital camera and 
computer software for the contact angle calculation from 
the shape of the settled droplet. A liquid drop of about 
3.5 µL was placed on the sample surface, and the 
readings of contact angles were taken automatically on 
the left and right sides of the water droplet profile by 
computer software. Measurements of the contact angles 
were conducted at room temperature of 20 °C. At least 3 
contact angle measurements were taken for each probe 
liquid on each sample surface. 
 
3 Results and discussion 
 
3.1 Validation of simulation methods 

Scheelite has a tetragonal crystal structure with 

a=b=5.243 Å, c=11.376 Å, and α=β=γ=90° [10,11]. To 
establish the validity of the GGA-PBE for modeling 
scheelite surfaces, the scheelite crystal structure was 
optimized and compared with the experimentally 
observed values. Upon geometry optimization with 
GGA-PBE, the lattice parameters of scheelite crystal are 
a=b=5.327 Å, c=11.571 Å, and α=β=γ=90°, which are in 
reasonable agreement with those reported 
experimentally. 
 
3.2 Surface energies and cleavage properties of 

scheelite crystal 
The equilibrium morphology of a crystal is 

determined by its surface energy and the related growth 
rate of various surfaces [2]. More specifically, a surface 
with a high surface energy was expected to have a large 
growth rate and this fast growing surface would not be 
expressed in the resulting crystal morphology. Surfaces 
with low surface energies and hence slow growing rates 
would be expressed only. The thermodynamic penalty for 
cleaving a surface from a bulk material was also 
measured according to the surface energy. The calculated 
surface energies of all five surfaces are shown in Table 1. 
According to Table 1, surface energies of different 
scheelite surfaces followed the order of {100}>{110}> 
{111}>{112}>{001}. {001} and {112} surfaces with the 
lowest surface energies were the dominant cleavage 
and/or expressed planes in the equilibrium morphology 
of scheelite crystal. It was encouraging to note that this 
prediction agreed well with the previous literatures 
[4,5,12,13] and the present experimental observations 
based on XRD. The XRD results, as shown in Fig. 2, 
revealed a large degree of {112} and {001} preferred 
orientation in morphological measurements of a set of 
about 20 crystal specimens, possibly indicating preferred 
cleavage on these two surfaces and the natural tendency 
to preferential {112} growth for scheelite crystal. 

It was worth mentioning that all Ca atoms had two 
broken (dangling) bonds while O atoms had one broken 
bond on {112} and {001} surfaces. Their different 
surface energies might attribute to the density of surface 
broken bonds obtained in the way that the number of 
broken (dangling) bonds divided by unit area on each 
surface. The calculated surface broken bond density was 
about 0.1455 Å−2 for {001} surface and 0.1588 Å−2 for 
{112} surface. A larger surface broken bond density of 
{112} surface led to a more reactive and unstable  
surface, hence a higher surface energy. In addition, the 
cleavage generated much easily along {112} surfaces 
than along {001} surfaces due to their different interlayer 
spacings. COOPER and de LEEUW [3] held that when 
the mineral particles were crushed in the first stage of 
flotation process, the minerals would mainly cleave 
along surfaces that had large interlayer spacings. The  
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Fig. 2 XRD patterns of {112} cleavage surface (a), {112} 
crystal surface (b), {001} cleavage plane (c) of scheelite single 
crystal (d, interlayer spacing) 
 
calculated interlayer spacing along {112} surfaces was 
3.106 Å, which was larger than 2.844 Å along {001} 
surfaces, hence cleavage might generate more easily 
along {112} surfaces. 

 
3.3 AFM study of three commonly exposed scheelite 

surfaces 
Generally, the most commonly exposed mineral 

surfaces in the flotation slurry will be both cleavage 
planes and expressed crystal surfaces in the morphology 
of the mineral [3]. Surface topography and roughness 

may have an effect on surface reactivity towards the 
surrounding environment. The predominant {001} and 
{112} surfaces were chosen for the study of surface 
appearance of natural scheelite crystal by AFM. 

As could be seen in Fig. 3(a), the {112} cleavage 
surface is rather flat and smooth, with a roughness (Ra) 
of only 0.532 nm, calculated using AFM software. In 
comparison, {112} crystal surface was rough, with a Ra 
of about 3.67 nm. On the surface, small hillocks with 
nonuniform sizes and shapes were observed, as shown in 
Fig. 3(b). On {001} cleavage surface, terraces were flat 
and separated by steps of about 10 nm in height, as 
shown in Fig. 3(c). The Ra of {001} surface was 7.08 nm  
 

 
Fig. 3 AFM 3D images of {112} cleavage surface (a), {112} 
crystal surface (b) and {001} cleavage surface (c) 

m 
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and the maximum protrusion was 71.5 nm. Compared 
with the stepped uneven {001} surface (Fig. 3(c)), the 
flat and smooth {112} surfaces (Fig. 3(a)) could 
experience cleavage more easily. 
 
3.4 Wettability and surface energy measurement of 

three commonly exposed scheelite surfaces 
Recent research showed that the contact angle and 

wetting behavior of crystalline solid surfaces were 
mainly influenced by surface roughness and 
heterogeneity [14,15]. As discussed in section 3.3, the 
roughness values of three commonly exposed surfaces 
were far below 0.1 µm. Such surfaces could generally be 
regarded as smooth ones in respect of contact angle 
measurements [16]. The contact angle measurement of 
several pure probe liquids with known surface tension 
parameters on a given solid surface was the common 
way of obtaining the surface energy of the solid material. 
In this study, the contact angles of three probe liquids on 
different scheelite surfaces are summarized in Table 2. 
Two of the liquids, i.e., water and formamide, were polar 
and diiodomethane was apolar one. 
 
Table 2 Average contact angle measured by droplet on 
scheelite surface 

Contact angle/(°) 
Surface 

Water Formamide Diiodomethane

{001} cleavage 
surface 

73.1 (1.1) 57.1 (0.2) 30.1 (0.3) 

{112} cleavage 
surface 

62.7 (0.8) 41.4 (0.9) 22.8 (0.6) 

{112} crystal 
surface 

74.4 (3.1) 52.2 (0.7) 27.3 (0.7) 

Note: The number in parentheses shows the standard deviation. 
 

The static contact angle of water on {001} cleavage 
surface was larger than that on {112}. Since {112} 
cleavage surface had a larger surface dangling bond 
density and surface energy as discussed in section 3.2, it 
might demonstrate a more hydrophilic property and 
smaller contact angle than {001}. This difference in 
wettability could also be interpreted by the work of 
adhesion at scheelite surface−water interfaces. The work 
of adhesion (Wsl) between a solid surface and liquid 
could be described as [17] 

 
Wsl=γl(1+cosθ)                               (2) 

 
where γl represents the liquid surface free energy; θ is the 
contact angle between the solid surface and the liquid. 
Accordingly, due to its larger surface dangling bond 
density and surface energy, the work of adhesion 
between {112} cleavage surface and water was 106.19 
mJ/m2, larger than 93.96 mJ/m2 for {001}. 

It is interesting to notice that the contact angle of 
water on {112} crystal surface is 74.4°, indicating a more 
hydrophobic property than on {112} cleavage surface. 
This might result from some apolar impurities present on 
{112} crystal surface and hence the relatively reduction 
of surface polar components, due to their prolonged 
exposure to the surrounding environment. Table 3 shows 
the surface energies and disperse and their polar 
components for different scheelite surfaces. The polar 
surface energy component of {112} crystal surface is 
smaller than that of freshly cleaved {112} surface. The 
work of adhesion between {112} crystal surface and 
water is 92.38 mJ/m2, smaller than 106.19 mJ/m2 for 
{112} cleavage surface. 
 
Table 3 Surface energies with their disperse and polar 
components for different scheelite surfaces calculated 
according to methods after Owens−Wendt−Rabel−Kaeble 

Surface 
Surface 
energy/ 

(mJ·m−2) 

Disperse 
component/ 

(mJ·m−2) 

Polar 
component/

(mJ·m−2) 
{001} cleavage 

surface 
44.6 39.4 5.2 

{112} cleavage 
surface 

52 43.1 8.9 

{112} crystal 
surface 

46.5 42.1 4.4 

 
In addition, the surface energy of {112} cleavage 

surface was higher than that of {001}, which was in 
agreement with the trend calculated using DFT. For all 
three surfaces, the polar components contributed less to 
their surface energies. This might be attributed to the fact 
that, in the creation of {001} and {112} surfaces, the 
coordination number of the calcium ions, which had 
eightfold coordination in the bulk material, was lowered 
to sixfold, as discussed in section 3.2. Six was a common 
coordination number for calcium (e.g. the solvated ion is 
coordinated to six water molecules) and hence the loss of 
bonding did not lead to enhanced reactivity of the surface 
calcium ions [2], resulting in a small polar component of 
surface energy. 
 
4 Conclusions 
 

1) The predominantly exposed surfaces in the 
morphologies of scheelite crystals were predicted by 
calculating surface energies using DFT. {112} and {001} 
cleavage surfaces and {112} crystal surface with the 
lowest surface energies were the commonly exposed 
surfaces, which were consistent with the previous 
literatures and the present experimental observations 
based on XRD. The cleavage generated more easily 
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along {112} surfaces than along {001} surfaces, which 
might be attributed to their different interlayer spacings. 

2) The surface roughness and appearance of these 
commonly exposed surfaces were studied using AFM. 
The roughness of smooth {112} cleavage surface was the 
lowest among these three surfaces. On {001} cleavage 
surface, terraces were flat and separated by steps of 
about 10 nm in height. Compared with the surface 
appearances of {001} surfaces, the {112} surfaces could 
experience cleavage more easily. 

3) The wettability and surface energies of the three 
surfaces were evaluated by contact angle measurements. 
The contact angle of water on {112} cleavage surface 
was less than that on {001} surface, due to a larger work 
of adhesion of {112} surface/water interface in 
comparison to {001} surface. The surface energies 
evaluated according to the contact angle measurement 
directly correspond to the trend calculated with DFT. 
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白钨矿晶体常见暴露面的表面能及表面形貌 
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摘  要：采用密度泛函理论 DFT 计算白钨矿晶体 5 个晶面的表面能，预测白钨矿晶体常见的暴露面。预测分析

表明，{112}和{001}解理面及{112}晶面是白钨矿晶体的 3 个主要暴露面，与文献报道的及 XRD 单晶衍射实验结

果一致。较{001}面方向，沿{112}面层间更容易产生解理，可能与这两个晶面方向的层间距差异有关。采用 AFM

研究 3 个常见暴露面的表面形貌。研究表明，{112}解理面最光滑，粗糙度最小；在{001}解理面上高度约 10 nm

的台阶依次排列。采用接触角测量的方法研究 3 个暴露面的润湿性，并计算其表面能。计算所得的表面能数据与

DFT 计算值大小顺序一致。 

关键词：白钨矿；表面能；解理；接触角；润湿性 
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