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Abstract: The electronic structure of rhodochrosite containing impurity defects is studied by using the 
first principles density functional theory. The energy band structure, density of states and electronic 
distribution are calculated for rhodochrosite crystal models with various impurities (e.g., Cu, Ca, Mg, 
Zn, Fe). This paper discusses the effects of such defects on the electronic structure of rhodochrosite. The 
calculation results show that the impurity defects have a great impact on the surface electrical properties 
of rhodochrosite. For example, Ca and Mg impurities reduce the semiconductor width of rhodochrosite. 
Both Ca and Mg atoms in orbital bonding act as electron donors in which Ca3p and Mg2p orbits provide 
electrons while O2p orbits receive electrons. Moreover, the more number of valence electrons of Mn is 
the weaker covalent interaction between Mn and O atoms will be. Meanwhile, decrease of the total 
energy of rhodochrosite, makes the structure more stable. When Fe, Zn and Cu impurities are contained, 
the forbidden gap becomes narrower, which improves the conductivity of rhodochrosite. In addition, 
impurity bands will be formed in the 3d orbits of rhodochrosite as shown in its density of states, and 
the number of electrons in 3d orbits will increase. This weakens the covalence of O atoms, decreases the 
population values of O-Mn, increases the bond length, and enhances the ionicity of O-Mn bonds. The 
impurity of all defects considered in this study have shown an improved conductivity of rhodochrosite, 
and increased hole concentration of Mn atoms, which will be of great benefit to the adsorption of anionic 
collectors and enhance the electrochemical properties for rhodochrosite flotation process. 
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1. Introduction 

Rhodochrosite is a manganese carbonate mineral that has a trigonal crystal structure. Yet, rhodochrosite 
in nature has a variable chemical composition and the manganese is frequently replaced by calcium, 
magnesium, iron, copper and zinc. Such substitution of impurity elements for manganese affects 
significantly the performance rhodochrosite flotation, which is a process of mineral concentration based 
on the difference of their surface chemical characteristics (Mao and Yong, 1994; Hong, 2011; Luo et al., 
2018). Due to the diversity of conditions and environments during the mineral formation, rhodochrosite 
of different origins always has impurity defects to some degree.  

The presence of impurities in the mineral crystal lattice affects the conductivity of minerals and thus 
affects the adsorption of flotation agents on mineral surface. The surface conductivity of minerals 
influences adsorption of agents on the mineral surface. When there are impurity atoms in the mineral 
lattice, these impurity atoms produce impurity bands, which provide space for electron transition. The 
impurity atoms affect the surrounding atoms by taking electrons from the surrounding atoms or giving 
them electrons, so as to affect the conductivity of the mineral or the mineral surface. Different types of 
impurities have different effects. Impurities are mainly divided into donor impurity and acceptor 
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impurity. Donor impurity is able to provide electrons, while acceptor impurity can gain electrons (Sholl 
and Steckel, 2009). It is necessary to study the effects of such impurity defects on the electronic 
conductivity of rhodochrosite and its flotation behaviors. It was reported that lattice defect affects 
significantly the floatation behaviors of metal sulfide ores (Chen, 2012). In addition, computational 
studies on pyrite, marcasite, sphalerite and galena demonstrated that lattice defect leads to the change 
of energy band structure, density of electronic states and atomic charge of these minerals (Xiao et al., 
2001; Martin and Becker, 2006; He et al., 2006; Lei et al., 2007; Chen et al., 2010; Wu et al., 2015). Therefore, 
the study on crystal structure of minerals with impurity defects will help us to explain various flotation 
phenomena, to understand their flotation mechanisms, and to provide theoretical guidance for flotation 
practices. 

With the development of computer technology, modelling and simulation have been applied to the 
studies of crystal structures and various parameters of minerals. For examples, the first-principles 
calculation was used to simulate the flotation separation of magnesite and quartz (Wu et al., 2015). 
Calculation and analysis were also conducted on triphylite with vacancies and impurity defects (Xu et 
al., 2016). Computer simulation has become an important tool to study crystal structures of materials. 
Some common simulation methods include the simulation of quantum mechanics (QM) (Johnson, 1975) 
and molecular dynamics (MD) simulation (Car, 1985). QM methods are mainly based on one-electron 
calculation, such as Hartree-Fock method (Fischer, 1977) and density functional theory (DFT) (Parr, 
1990). DFT is the most common method since it replaces the basic variable of wave function with 
electronic density, which simplifies the calculation. 

In this paper, DFT is applied to investigate the crystal structure of rhodochrosite with the impurity 
atoms of copper, calcium, magnesium, zinc and iron. GGA-RPBE exchange correction potential is 
adopted to calculate the influence of the energy band structures, the density of states, and the potential 
distribution on rhodochrosite doped the above impurity atoms. The effect of different impurity atoms 
on the interaction between rhodochrosite and reagent is also calculated by using the frontier orbit 
theory. This study is of great significance in enriching the flotation mechanism and guiding the flotation 
practice of rhodochrosite flotation. 

2. Theoretical models and methodology 

2.1. Theoretical models 

The crystal models in present study are created from the crystal structure of rhodochrosite, whose space 
group has a R-3C trigonal system. A unit cell has 6 Mn, 6 C and 18 O atoms. The eight corners of a unit 
cell are occupied by manganese atoms and each corner is shared by three oxygen atoms. When 
considering the impurity defects, several models (Fig. 1) are created, with the formulas of C6O18Mn5Cu, 
C6O18Mn5Ca, C6O18Mn5Mg, C6O18Mn5Zn, and C6O18Mn5Fe, respectively. 

2.2. Calculation method 

DFT calculation is performed by CASTEP module of Materials Studio 2017 (Segall et al., 2002). The 
Brodyden-Fletcher-Goldfarb-Shanno (BFGS) optimization algorithm is adopted for geometry 
optimization and property calculation. DFT exchange correlation function processing methods 
including LDA CA- PZ、GGA-WC, GGA-PW91, GGA-RPBE, GGA-PBE have different effect on the 
result of calculation (Table 1). The calculation shows that there are the minimum energy and the minor 
deviation of lattice parameters calculated by the function GGA-RPBE. 

The Perdew-Burke-Ernzerhof generalized gradient approximation (GGA-RPBE) is used to describe 
the electronic exchange correlation function (Perdew et al., 1996). The plane wave cut-off energy for the 
ultra-soft pseudo-potential is set to 300eV. The Brillouin zone is sampled by using the Monkhorst-Pack 
scheme with grid of size 5×5×2 K points. The energy convergence criterion of self-consistent operation 
is set to 2×10-6eV/atom. Electronic valence states involved in the calculation are respectively Mn3d54s2, 
O2s22p4, Cu3d104s1, Ca3s23p6, Mg2p63s2, Zn3d104s2 and Fe3d64s2.  
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2.3. Result analysis 

Several parameters are calculated by using the CASTEP properties task, including band structure, 
density of states (DOS), Mulliken population analysis, and partial density of states (PDOS). The bond 
structure describes the range of energies among which there may be (i.e., energy bands) or may not be 
(i.e., band gaps) an electron within a solid material. DOS describes the number of states per interval of 
energy at each energy level available to be occupied. Mulliken charges are calculated from Mulliken 
population analysis, which provides a way to estimate the partial atomic charge. 

Table 1. The results of calculation by different functions 

Function Energy cut-off /eV 
Lattice parameter /10-9 m 

(deviations/%) 
Energy/ eV 

GGA-PBE 300 
a = b = 4.643 (2.6%) 

c = 15.168 (3.16%) 
-12698.189 

GGA-RPBE 300 
a = b = 4.679 (1.92%) 

c = 15.069 (3.79%) 
-12718.761 

GGA-PW91 300 
a = b = 4.639 (2.89%) 

c = 15.090 (3.66%) 
-12717.121 

GGA-WC 300 
a = b = 4.593 (3.85%) 

c = 14.192 (9.39%) 
-12672.547 

LDA CA-PZ 300 
a = b = 4.542 (4.9%) 

c = 13.860 (11.51%) 
-12668.056 

 
Fig. 1. Crystal models of rhodochrosite and those with impurity defects (1×1×1): (a) rhodochrosite,  

(b) Cu-rhodochrosite, (c) Ca-rhodochrosite, (d) Mg-rhodochrosite, (e) Zn-rhodochrosite, (f) Fe-rhodochrosite 

 

 
 
 
 
 
 
 
 
 
 
 
           a    b   c 
  
 
 
 
 
 
 
 
 
 
       

          d   e   f 

 



198 Physicochem. Probl. Miner. Process., 56(1), 2020, 195-203 
 

3.    Results and discussion 

3.1. Energy band structure and density of states of rhodochrosite 

Firstly, BFGS optimization algorithm is adopted to optimize the geometry of each rhodochrosite unit 
cell. Then, the energy band structure and density of states of rhodochrosite are obtained by DFT 
calculation. The density of states (Fig. 2) shows that rhodochrosite is a p-type semiconductor. Moreover, 
the highest energy point is not symmetric with the lowest energy point, which indicates that it is an 
indirect p-type semiconductor. The forbidden band width of 1.305eV suggests a certain electrical 
activity. The main component is O2s orbit at the low energy levels from -25eV to -24eV and from -22eV 
to -21eV. The main component is O2p orbits at the energy levels from -10eV to -7eV and from -6eV to  
-2eV. Such O2p orbits have a low density of states and their peak values are relatively close. Mn and O 
atomic orbits are the main contributors of Fermi level. 

 

Fig. 2. Band structure and density of states of rhodchrosite 

According to single-orbit density of states (Fig. 3), Fermi level is mainly contributed by Mn3d orbits. 
Therefore, the main electrochemical property of rhodochrosite is determined by Mn atoms. According 
to Mulliken population analysis that electrons mainly come from C2p orbits and Mn3d orbits during 
the formation of rhodochrosite crystals, the population analysis demonstrates a high electronic density 
of C-O bond, which indicates a nature of covalent bond. And a low electronic density of states of Mn-O 
bonds indicates an ionic bond property. The atomic charge numbers of Mn and O atoms are respectively 
1.03e and -0.59e. 

 
Fig. 3. Partial density of states of rhodochrosite 
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3.2. Energy band structure of rhodochrosite with impurity defects 

Although rhodochrosite with Ca, Mg, Fe, Cu and Zn impurity does not show any obvious change of its 
conduction property, its forbidden bandwidth decreases, which promotes the conduction of electrons. 
Compared with the rhodochrosite without impurity, both of them have a certain decrease in forbidden 
band width, Therefore, the inclusion of such impurity defects activates rhodochrosite and improves its 
conductivity. 

Mg and Cu have the weakest effect on the band gap of rhodochrosite, while Fe has the strongest. A 
relative smooth impurity band has been generated by all other impurity defects except for Mg impurity, 
which has a little influence on the crystal characteristics. Besides, these impurities decrease the overall 
system energy and increase the bond iconicity, which is consistent with the subsequent analysis of the 
population bond distribution. 

Table 2. Band gap of rhodochrosite with various impurity defects 

Impurity type Cu Ca Mg Zn Fe 

Band gap (eV) 1.20 1.12 1.20 1.17 0.60 

 
Fig. 4. Band structures of (a) Cu-rhodochrosite, (b) Ca-rhodochrosite, (c) Mg-rhodochrosite, (d) Zn-rhodochrosite, 

(e) Fe-rhodochrosite 
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3.3. Density of states of rhodochrosite with impurity defects 

There is no obvious change of the density of states in rhodochrosite with impurity defects (i.e., Cu, Ca, 
Mg, Zn and Fe) (Fig. 5). Mn atoms remain the main contributor of Fermi level, without any obvious 
band offset. However, such defects cause impurity bands under a certain density of states. For example, 
defects of Cu, Fe and Zn impurities cause impurity band at low energy levels of -7eV to -2eV, -12eV to 
-6eV and -7eV to -2eV, respectively. A defect of Ca impurity causes a relatively smooth and negligible 
impurity band under the energy level of 3eV to 6eV. A defect of Mg impurity makes no contribution to 
the density of states in rhodochrosite and thus it is not involved in the exchange of electrons during 
reaction and does not contribute at all to Fermi level. Therefore, even under the presence of impurities 
the electrochemical properties of rhodochrosite are still dominated by Mn atoms. But, all impurities 
above have increased the number of surface electrons of Mn atoms, which will have an influence on the 
adsorption behaviors of anionic collectors on rhodochrosite. 

The Mulliken population analysis has been performed for the atoms and bonds of pure rhodochro-
site and that with various metallic impurities. Such analysis indicates the distribution of electrons in 
each atomic orbit, including overall population of the same orbit and the overlap population between 
two orbits. The electronic distribution within the energy band has a great influence on the chemical 
properties of minerals, which can also demonstrate the electronic transfer in bonding, the nature of ionic 
and covalent bonds. In general, bonds with a high population value and a short bond length are 
covalent, while those with a low population value and a long bond length are ionic. 

 

Fig. 5. Total density of states of rhodochrosite with various impurity defects 

3.4. Mulliken population analysis of rhodochrosite with impurity defects 

The Mulliken population analysis has been carried out for the atoms and bonds. In rhodochrosite, O 
atoms obtain electrons by treating O2p orbits as an electron acceptor, while Mn and C atoms give 
electrons by treating Mn3d and C2p orbits respectively as electron donors (Table 3). In rhodochrosite 
with metallic impurities (e.g., Cu, Ca, Mg, Zn and Fe), the number of electrons in Mn3d orbits and C2p 
orbits increases, which has great benefit to the conductivity and weakens their covalence between Mn 
and O atoms. At the same time, the defect metals act as electron donors, their d orbits (e.g., Cu, Zn and 
Fe) or p orbits (e.g., Mg, Ca) provide electrons to p orbits of O atoms. It results in an obvious increase of 
thee number of Mn3d orbital electron and a decrease of that of valence electrons of Mn atoms. Thus, the 
covalence between Mn and O atoms is weakened.  
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Table 4 shows that bond population values of defect metals with O atoms are higher than that of Mn 
with O atoms, which may contribute to the increase of length of O-O and O-Mn bond, O-Mn iconicity, 
ionic activity of Mn atoms and instability of mineral crystals. Meanwhile, the defect metal tends to bind 
with O and form a metal-O bond. Table 4 also indicate that the bond population values and 
corresponding bond length of defect metal-O bonds are less than those of O-Mn bonds, but their own 
bond lengths are nearly the same, so they have the same ionic properties. Thus, the iconicity of defect 
metal-O bonds is higher than that of O-Mn bonds. The above results manifest that metallic defect in 
rhodochrosite will weaken the covalence between Mn and O atoms, and enhance the mineral 
conductivity. 

Table 3. Atomic population distribution of rhodochrosite with various impurity defects 

Type of defects Atom s orbit p orbit d orbit Total Charge (e) 

rhodochrosite 
 

C 0.84 2.24 0 3.26 0.74 
O 1.79 4.8 0 6.59 -0.59 

Mn 0.26 0.15 5.56 5.97 1.03 

Cu-rhodochrosite 
 

C 0.85 2.41 0 3.26 0.74 
O 1.8 4.79 0 6.59 -0.59 

Mn 0.41 0.16 5.71 6.28 0.72 
Cu 1.04 0.03 9.46 10.52 0.48 

Ca-rhodochrosite 
 

C 0.85 2.41 0 3.22 0.74 
O 1.79 4.8 0 6.59 -0.59 

Mn 0.36 0.24 5.82 6.43 0.57 
Ca 1.55 5.64 2.09 9.28 0.72 

Mg-rhodochrosite 
 

C 0.84 2.41 0 3.22 0.74 
O 1.79 4.79 0 6.59 -0.73 

Mn 0.42 0.25 5.82 6.49 0.51 
Mg 2.34 6.24 0 8.58 1.42 

Zn-rhodochrosite 

C 0.85 2.41 0 3.27 0.78 
O 1.79 4.79 0 6.59 -0.59 

Mn 0.43 0.17 5.66 6.27 0.73 
Fe 0.92 -0.14 6.96 7.74 0.26 

Table 4 Bond population distribution of the defective rhodochrosite 

Type of defects Atom Bond Population value Length (Å) 

rhodochrosite 
 

C C-O 0.89 1.2769 
O O-O 0.21 2.21166 

Mn O-Mn 0.2 2.17086 

Cu-rhodochrosite 
 

C C-O 0.88 1.286 
O O-O 0.2 2.2658 

Mn O-Mn 0.21 2.19573 
Cu O-Cu 0.57 2.22741 

Ca-rhodochrosite 
 

C C-O 0.77 1.286 
O O-O 0.2 2.22741 

Mn O-Mn 0.21 2.19573 
Ca O-Ca 0.39 2.22741 

Mg-rhodochrosite 
 

C C-O 0.89 1.286 
O O-O 0.2 2.2658 

Mn O-Mn 0.21 2.19573 
Mg O-Mg 0.44 2.22741 

Zn-rhodochrosite C C-O 0.82 1.30816 
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O O-O 0.2 2.2658 
Mn O-Mn 0.21 2.19573 
Zn O-Zn 0.54 2.22741 

3.5. Frontier molecular orbital analysis of rhodochrosite with impurity defects 

Based on the frontier orbital theory (Houk, 1975), electrons are usually given from the highest orbital of 
the collector molecule and the lowest orbital of the mineral during flotation. The absolute value of 
difference in orbital energy(|ΔE|) is calculated from subtracting reagent from mineral. The smaller the 
deference |ΔE| is, the stronger the reaction between the reagent with the mineral is. The frontier orbital 
energy of rhodochrosite and sodium oleate is shown in table 5. It can be seen from table 5 that the 
difference of energy of rhodochrosite with impurities and sodium oleate decreases to different degrees 
compared with that of rhodochrosite without impurities, which proves that the rhodochrosite with 
impurity defects is conducive to the adsorption of anionic collectors.      

Table 5. Influence of impurity on front orbital energy of rhodochrosite 

 EHOMO/eV ELUMO/eV ︱ΔE1︱/eV 

Rhodochrosite -4.375 -3.540 1.344 
Ca-rhodochrosite -4.572 -3.742 1.142 
Mg-rhodochrosite -4.716 -3.856 1.028 
Zn-rhodochrosite -4.732 -4.209 0.675 
Fe-rhodochrosite -4.454 -3.763 1.121 
Cu-rhodochrosite -4.729 -3.867 1.017 

Sodium oleate -4.884 -1.324  
︱ΔE1︱=︱E(HOMO Sodium oleate)-E(LUMO Rhodochrosite)︱ 

4. Conclusions 
The First principle calculation has been performed to study the electronic structure of rhodochrosite 
and those with impurity defects. The results show that impurity defects will change the energy band 
structure, electronic density of states and charge distribution of rhodochrosite, specifically, which will 
finally affect its chemical properties and flotation behaviors.  

• Impurity defects have a great influence on the surface conductivity of rhodochrosite such as 
changing the semiconductor properties of rhodochrosite, which is beneficial to the adsorption of 
reagents on rhodochrosite. Such defects also have a certain influence on the bonding of 
rhodochrosite crystal by reducing its total energy and making the crystal structure stable. 

• For rhodochrosite with Ca or Mg impurities, it’s impurity contribution of rhodochrosite is that p 
channel of Ca and Mg provides electrons while d channel does not play its role, which changes 
the energy band structure of rhodochrosite and also improves the conductivity of electrons. Then, 
the covalence of Mn and O atoms will be weakened. The Mn-O bond length will increase and the 
number of valence electrons of Mn atoms will decrease. 

• Rhodochrosite with Fe, Zn and Cu atoms will lead to a decrease in energy gap and the formation 
of impurity bands around Fermi level that connects conduction bands and valence bands. Such 
impurity band will reduce the electron number of Mn3d orbits, weaken their covalent with 
oxygen, and increase the population value of O-Mn bonds. The impurity bond length formed by 
impurity and oxygen is the same as that formed by oxygen and manganese atoms, and then it 
will affect the flotation of rhodochrosite finally. 

• The above impurity defects in rhodochrosite will decrease the number of valence electrons of Mn 
and increase the number of positive charges, which will have a benefit to the adsorption of anionic 
collectors on mineral surface. This conclusion is eventually confirmed by the calculation of the 
frontier  orbital energy. 
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