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ABSTRACT: Cyanidation of gold depends on the amount of oxygen in the reaction medium. In this
study, the interaction of O, molecules with crystalline surfaces of gold (110suro and 110s+1 SUrfaces)
is investigated by using density functional theory (DFT). The results showed that the interaction
of O, with Au, cluster was weak, which leads to overlapping orbitals of the 5d,-Au and the p,-O.
Oxygen reacts vertically with the surface was almost similar to its reaction with the Au, cluster.
However, the parallel interaction of O, on the (110sur0) and (110surt+1) Surfaces of Au is stronger than
the vertical interaction state. Also, the interaction energy of CN- with (110su+1) Surface obtained

about 13 kJ/mol more than (110surfo) Surface.

KEYWORDS: DFT; Cyanide, Gold extraction; Simulation; Au surface.

INTRODUCTION

The cyanidation process is one of the most effective
methods of gold leaching in the Au processing industry
and it is more than a hundred years old. Gold is one of the
most stable elements known in nature and cannot be
dissolved in water by oxygen alone, because the potential
of the oxygen electrode is less than the oxidation of gold [1-4],
according to Equations (1,2):

0, + 2H,0 + 4e~ — 40H" Eo=0.4V 1)

Aut +e” - Au Eo=15V 2

In addition, gold remains insoluble in acidic media
(oxygen electrode potential 1.23V). However, in the
presence of a strong complexing agent such as cyanide
and reducing its half-reaction potential of anodic
to -0.57 V, this reaction is performed, according to
Equation (3) [5,6]:

4Au + 8CN™ + 0, + 2H,0 — 4Au(CN)2~ + 40H~ (3)

Cyanide salts, whether potassium, sodium, or calcium,
decompose by CN- release. The cyanide anions are good
ligands for many intermediate elements. The strong
interaction between metals and CN"ion can be attributed
to the negative charge, the small size of the ligand and the
possibility of participation in the bonds. In addition to the
effect of cyanide, the amount of oxygen in the environment
affects the dissolution of gold, which per mole of the O,
can be dissolved 4 moles of the Au [7,8]. Due to the
presence of minerals in the solution medium, the amount
of O; required to dissolve Au increases and these
compounds disrupt the leaching of gold. The formation of
passive layers of Au-CN or Au-CN-OH and AuSx and
presence of organic materials as oxygen and cyanide
consumer, disrupts the leaching process [3,9,10].
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Gold is the 79th element in the periodic table and has
an electron configuration of [Xe] 4f“ 5d'° 6s’. The 5d
orbitals of the Au*! ion have been introduced as the main
reason for the reaction [11, 12]. The d orbitals of the gold
atom and elements of the d-category of the periodic table
have an effective role in the reactions by moving towards
higher energy levels. Molecular systems or atomic
structures with heavy atoms often have significant
properties such as relativistic effects that the rapid
movement of electrons leads to significant orbitals
contraction of s, p [12-15]. Au dimer (Au,) is the simplest
molecular form of gold which activity is due to the
interaction and dispersion of electrons in the d*° shell of
gold atoms [11, 16]. Previous studies have shown that the
interaction of O, depends on the number of Au atoms and
its charge in the cluster or lattice that Au** ion was the most
probable and the most active state of the Au [16,17].

Due to the atomic properties and low reactivity of gold
as well as the effect of oxygen on the oxidation process of
gold in cyanide medium, in this paper, the interaction of
the O, molecule with Au; molecule and (1100 and
(1104,r1+1) surfaces of gold crystal is first studied by using
molecular simulation and DFT method. Then, in the
presence of oxygen, the reaction of cyanide with the
surfaces is investigated to gain a better understanding of
the effect of O, on the oxidation of Au.

COMPUTATIONAL DETAILS

All the calculations were performed with the Perdew—
Burke—Ernzerhof (PBE) functional and b3lyp code by
implemented in the Dmol® module [18, 19]. The geometry
optimization for the bulk Au was performed with 5x5x1
K-points. The cell of gold crystal is shown in Fig. 1. The
DFT method which has proven to be one of the most
accurate methods for the computation of the electronic
structure of solids [18-21]. After building the (110)
surfaces, calculations of these surfaces were performed
on supercell surface 2x2, with 4x4x1 k-points, using
the COSMO method (water solvent) [22]. A double
numerical with polarization (DNP) basis set was employed
in the DFT calculations, while the all-electron relativistic
method was used for the relativistic effects.

To evaluate the stability of O, molecule and or CN-ion
adsorbed on the (110) surface of Au, the adsorption energy
(Eags) was calculated according to Equation (4):

Eads = Etotal_ (Esurf + Ereact on surf) (4)
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Fig. 1: Conventional unit cell of gold.

——

Fig. 2: Image of the interaction of molecular O: and Au: cluster.

Where Eia iS the total energy of the surface and
the reactors on surface, Esu:is corresponds to the total energy
of the surface, and E Rreact on surf 1S the energy of the O,
molecule and or CN" ion.

RESULTS AND DISCUSSION
Interaction of oxygen (O2) and Auz

The reaction of oxygen and gold depends on the
number of Au atoms in the gold cluster, the dimer
of which is the simplest molecular form of gold [16].
The calculations in this section were performed using
the b3lyp function. The interaction of oxygen with Au,
was weak resulting the overlap of the 5dz? orbital of Au
with the p, orbital of oxygen atom. Also, the bond
distance between the oxygen atom and the adjacent gold
is 2.14 A, as the Fig. 2, which corresponded to values of
previous studies [16]. The Fig. 3 shows the HOMO
orbital image of the interaction of O, and Au. The 5d,?
orbital participation of Au is seen in the interaction,
which is due to the properties of the relative effects of the
intermediate elements [14].

In the following of calculations, first interaction of the
O on neutral surface of 110 (110g,1) Was investigated,
then the central Au atom at 110 surface as Au™! is defined
and the interaction of O, on the (110su.1) surface was
studied.
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Fig. 3: Image of the HOMO orbital, interaction of molecular
O2 and Auz cluster.
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Fig. 4. Image of how Oz is placed vertically near the (110surfo)
surface; a. vertical view, b. side view.
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Fig. 5: Image of how Oz is placed parallel near the (110surfo)
surface; a. vertical view, b. side view.

Interaction of oxygen (Oz2) on (110surfo) surface of Au

To investigate the interaction of O, with the (110g10)
surface, O, was placed vertically and parallel over the
surface. The way O reacted vertically was almost similar
to react with an Au, cluster and was located at a distance
of 2.17 A from the surface Au atom, as shown in Fig. 4.
The low adsorption energy also indicates a weak
interaction between the O, and the (110f0) surface.
However, according to Fig. 5, oxygen has a stronger
interaction in the state parallel to the surface and more
adsorption energy was obtained than before the state.

By comparing the PDOS diagrams in Fig. 6, the density
changes for oxygen that was absorbed in parallel were
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greater. The presence of four Au atoms of (110) surface
around O, causes the d orbitals of Au to interact more
strongly with the p orbitals of O, In this case, the overlap
of the Au-dyy and O-py orbitals provides the conditions
for electron transfer. In addition, in the Fig. 7, the d-orbital
density change of the four Au atoms is confirmed electron
transfer from the surface atoms to the O,-adsorbed.

The performance of cyanide in the Au leaching
depends on the presence or amount of oxygen in the
environment [25, 26], as a result, it is important to study
its reaction with the surfaces. Our calculations showed that
cyanide interacts better than oxygen at the (110surfo)
surface. Its adsorption energy was 54 kJ and about 37 kJ
was more than O; interaction. Cyanide tends to approach
the surface vertically and reacts with the central Au atom
of the surface. The DOS diagram shows a comparison of
total density changes for both O, and CN- with the
(110suri0) surface, according to the Fig. 8. The interaction
of CN- ion causes more charge to be drawn towards the
Fermi level and fewer anti-bonding orbitals are created,
which results in better adsorption and stronger interaction
of the CN- than the O,.

Interaction of oxygen (O2) on (110surf+1) surface of Au
As shown above, O, reacts better in parallel with
(1104r10) surface and has a stronger interaction with the
surface, so further studies have focused on this state
(parallel oxygen interaction). To create the desired surface,

it was optimized with the central Au'* atom and then the
interaction of the oxygen molecule with the resulting
surface was investigated. In this case, the O, had a stronger
interaction with the (110sur+1) Surface, and its adsorption
energy was greater than the (110sur0) surface, absorption
energy was equal to 23 kJ.

Also, due to the effect of the CN- in accelerating
the oxidation of gold, the interaction of CN" on two
surfaces of (110s,f0) and (110sy1) which contained
oxygen was studied. The adsorption energy value was
greater for the (110su::1) Surface, and energy values were
obtained for the (110surt0) and (1104,s+1) Surfaces, 58 and
58 kJ, respectively. As shown in Fig. 10, the CN" ion was
placed almost vertically on the Au™ atom, and
simultaneously, the O, molecule was displaced as the
cyanide ion approaches. While for surface of (110sr0),
according to the Fig. 9, cyanide ion is approached the
surface and no displacement occurs for the oxygen molecule.
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Fig. 6: PDOS diagram for two modes of Oz interaction with (110surfo) surface; a. vertically, b. in parallel.
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Fig. 7: PDOS diagram of d orbital Four Au atoms in (110surfo)
surface, before and after interactions with O2.
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Fig. 9: Image of cyanide interaction in the presence of Oz on
(110surfo) surface.
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Fig. 10: Image of cyanide interaction in the presence of Oz on
(110surf+1) surface.
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Fig. 8: DOS diagram of the interaction of oxygen and cyanide
with (110surfo) surface.

The tendency of Au surface to absorb the CN- was
greater than O2. In addition, oxygen and carbon (C in CN-
ion) distance was approximately 3 A, which could be an
optimal distance for the effect of O, on the CN" reaction.
The PDOS diagram in Fig. 11, showed electrons in the d
orbital of Au atom move towards the Fermi level, and the
accumulation of charge was greater for the (110surf+1)
surface than (110s,5) surface. In addition, more anti-
bonding orbitals were formed for the (110su) Surface
which had a negative effect on the interaction, which had
a negative effect on the interaction.

The DOS diagram of Fig. 12, and the electron density
map image of Figs. 13, 14., confirmed the above, and the
total density changes for the (110s++1) Surface were more
than the (110s,r10) surface.

The electronic properties of the systems were
investigated by Molecular Orbital (MO) analysis,
according to equation:

()

Eg = ELumo - EHomo
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Fig. 11: PDOS diagram of d Orbital of central Au: a. (110surf+1) surface, b. (110surfo) surface.
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Fig. 13: Total electron density map of the CN™ adsorbed over
the (110 surface. The image: isosurface map.
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Fig. 14: Total electron density map of the CN™ adsorbed over
the (110 surface. he image: isosurface map.
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Where Enomo IS the value of the Highest Occupied
Molecular Orbital (HOMO), E umo is the value of the
Lowest Unoccupied Molecular Orbital (LUMO) and Eg is
the energy gap difference between HOMO and LUMO
[27, 28]. By calculating the value of gap energy or the
difference between Homo and LUMO orbitals for the two
structures, according to Equation 6, its value was less in
the state of the (1104y++1) Surface, which electron excitation
of surface requires less energy (as a soft structure) [29,30].

Also, the electron density analysis confirmed
accumulation of electron charge between the surface and
the CN- ion at the (1104+1) surface. Fig. 14, shows that
the attraction of surface electrons by the cyanide ion was
further at the (110sys1) surface. Due to the greater
excitability of the surface electrons and confirmation of the
electron properties of the structure [31], electron exchange
between the surface and the CN- is higher in this state [31].

CONCLUSIONS

The present study related to the interaction of oxygen
with gold, in the form of clusters (Au2) and crystal surface,
showed that if the lower level of the d-orbital is involved
with the p-orbital of oxygen, the interaction will be
stronger and the effect of O, will be more effective.
Cyanide also interacts better with surfaces in the presence
of oxygen and reacts more strongly with (110s,t+1) surface
due to greater action freedom of (1104,++1) Surface electrons.

The presence of oxygen changed the electronic
structure of the surface and increased the electrical charge
on the surface. Then, as the cyanide ion approaches the
desired surface, the charge density at the surface will
change and electron transfer around the Fermi surface
will be provided. The CN- ion reacts to a certain distance
from the O2 at the gold surfaces, where the effective
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distance between the molecular oxygen and the cyanide
ion was about 3 A.

Acknowledgment

The authors acknowledge Dr. Sima Mohamadnejad
and the scientific support of Amirkabir University for
carrying out this research.

Received : Apr. 7, 2022 ; Accepted : May 30, 2022

REFERENCES

[1] Medina D., Anderson C.G., A Review of the
Cyanidation Treatment of Copper-Gold Ores and
Concentrates, Metals, 10: 897 (2020).

[2] Salehi E., Yarali M., Amooghin A.E., Comparison of
Adsorption Properties of Activated Carbons with
Different Crops Residues as Precursors for Gold
Cyanide Recovery: An Iranian Gold Industry Guide,
Iran. J. Chem. Chem. Eng. (IJCCE), 39(101): 213-
229 (2020).

[3] Adams M.D., “Gold ore Processing (Second Edition),
Project Development and Operations”, Elsevier,
(2016).

[4] Rees K.L., Van Deventer J.S.J., The Role of Metal-
Cyanide Species in Leaching Gold from a Copper
Concentrate, Minerals Engineering, 12: 877-892
(1999).

[5] Wadsworth M.E, Zhu X., Kinetics of Enhanced Gold
Dissolution: Activation by Dissolved Silver, Int. J.
Miner. Process, 72: 301 (2003).

[6] Tshilombo A., Sandenbergh F., An Electrochemical
Study of the Effect of Lead and Sulphide lons on the
Dissolution Rate of Gold in Alkaline Cyanide
Solutions, Hydrometallurgy, 60: 55 (2001).

[7] Yahya F.N., lbrahim W.H., Aziz B.A., Suli L.N,
Simulation of Leaching Process of Gold by
Cyanidation, ESCHE Congress, 736: 22111 (2020).

[8] Sayiner B., Acarkan M.P., Effect of Silver, Nickel
and Copper Cyanides on Gold Adsorption on
Activated Carbon in Cyanide Leach Solutions,
Physicochem. Probl. Miner. Process, 50: 277
(2014).

[9] Subrahmanyamand T.V., Forssberg K.S.E., Recovery
Problems in Gold ore Processing with Emphasis
on Heap Leaching, Miner. Process. Extr. Metall. Rev,
4: 201 (1989).

386

Nourmohamadi H. & Rezaei B.

Vol. 42, No. 2, 2023

[10] Adams M.J.H., The Mechanisms of Adsorption of
Ag (CN); and Ag+ on to Activated Carbon,
Hydrometallurgy, 31, p. 121 (1992).

[11] Bernd A., Relativistic All-Electron Coupled-Cluster
Calculations on Au2 in the Framework of the
Douglas—Kroll Transformation, J. Chem. Phys., 112:
1809 (2000).

[12] Bancroft G. M., Chan T., Puddephatt R. J., Tse S.,
Role of the Au 5d Orbitals in Bonding: Photoelectron
Spectra of [AuMe(PMes)], Inorg. Chem., 21: 2946 (1982).

[13] Greenwood N.N., Earnshaw A., Chemistry of the
Elements, 2nd Edition, Elsevier, (1997).

[14] Singh G., Chemistry of D-Block Elements,
Discovery, (2011).

[15] Pyykko P., Theoretical Chemistry of Gold, Angew.
Chem. Int. Ed, 43: 4412 (2004).

[16] Sergey A, Ryan V., Olson M., Gordon S., The
Interaction of Oxygen with Small Gold Clusters,
J. Chem. Phys, 119: 2530 (2003).

[17] Yoon B., Halkkinen H., Landman U., Interaction of
O, with Gold Clusters: Molecular and Dissociative
Adsorption, J. Phys. Chem. A, 107: 4066 (2003).

[18] Perdew J.P., Burke K., Wang Y., Generalized Gradient
Approximation for the Exchange Correlation Hole
of a Many-Electron System, Phys. Rev, 54: 16533
(1996).

[19] Nourmohamadi H., Aghazadeh V., Esrafili M.D.,
DFT Study and Electrochemical Investigation of Fe3*
lon Interaction on Chalcopyrite (001)-S and M
(M = Cu, Fe) Surfaces: A Thermodynamic Insights,
MSEB, 271: 115243 (2021).

[20] Reshak A.H., Spin-Polarized Second Harmonic
Generation from the Antiferromagnetic CaCoSO
Single Crystal, Sci. Rep., 7: 46415 (2017).

[21] Reshak A.H., Ab Initio Study of TaON, an Active
Photocatalyst under Visible Light Irradiation, Phys.
Chem. Chem. Phys., 16: 10558 (2014).

[22] Davydyuk G.E., Khyzhun O.Y., Reshak A.H.,
Photoelectrical Properties and the Electronic
Structure of T11—- xIn1— xSn,Se; (X=0, 0.1, 0.2, 0.25)
Single Crystalline Alloys, Phys. Chem. Chem. Phys.,
15: 6965 (2013).

[23] Nourmohamadi H., Esrafili M.D., Aghazadeh V.,
Interaction of Ferric lon with (001)-S and (001)-M
Surfaces of Chalcopyrite (M=Fe and Cu):
Electrochemical Insights from DFT Calculations,
Applied Surf Sci, 495: 143529 (2019).

Research Article


https://sciprofiles.com/profile/1099160
https://doi.org/10.3390/met10070897
https://doi.org/10.3390/met10070897
https://doi.org/10.3390/met10070897
https://www.ijcce.ac.ir/article_34299.html
https://www.ijcce.ac.ir/article_34299.html
https://www.ijcce.ac.ir/article_34299.html
https://www.ijcce.ac.ir/article_34299.html
https://www.sciencedirect.com/book/9780444636584/gold-ore-processing#book-description
https://www.sciencedirect.com/book/9780444636584/gold-ore-processing#book-description
https://www.sciencedirect.com/science/article/abs/pii/S0892687599000758
https://www.sciencedirect.com/science/article/abs/pii/S0892687599000758
https://www.sciencedirect.com/science/article/abs/pii/S0892687599000758
https://www.sciencedirect.com/science/article/abs/pii/S0301751603001066
https://www.sciencedirect.com/science/article/abs/pii/S0301751603001066
https://www.sciencedirect.com/science/article/abs/pii/S0304386X00001572
https://www.sciencedirect.com/science/article/abs/pii/S0304386X00001572
https://www.sciencedirect.com/science/article/abs/pii/S0304386X00001572
https://www.sciencedirect.com/science/article/abs/pii/S0304386X00001572
https://iopscience.iop.org/article/10.1088/1757-899X/736/2/022111/pdf
https://iopscience.iop.org/article/10.1088/1757-899X/736/2/022111/pdf
http://www.minproc.pwr.wroc.pl/journal/pdf/ppmp50-1.277-287.pdf
http://www.minproc.pwr.wroc.pl/journal/pdf/ppmp50-1.277-287.pdf
http://www.minproc.pwr.wroc.pl/journal/pdf/ppmp50-1.277-287.pdf
https://doi.org/10.1080/08827508908952637
https://doi.org/10.1080/08827508908952637
https://doi.org/10.1080/08827508908952637
https://www.sciencedirect.com/science/article/abs/pii/0304386X9290112D
https://www.sciencedirect.com/science/article/abs/pii/0304386X9290112D
https://aip.scitation.org/doi/10.1063/1.480744
https://aip.scitation.org/doi/10.1063/1.480744
https://aip.scitation.org/doi/10.1063/1.480744
https://pubs.acs.org/doi/abs/10.1021/ic00138a007
https://pubs.acs.org/doi/abs/10.1021/ic00138a007
https://www.elsevier.com/books/chemistry-of-the-elements/greenwood/978-0-7506-3365-9
https://www.elsevier.com/books/chemistry-of-the-elements/greenwood/978-0-7506-3365-9
https://www.amazon.com/Chemistry-D-Block-Elements-G-Singh/dp/9350565463
https://doi.org/10.1002/anie.200300624
https://doi.org/10.1063/1.1587115
https://doi.org/10.1063/1.1587115
https://pubs.acs.org/doi/10.1021/jp027596s
https://pubs.acs.org/doi/10.1021/jp027596s
https://pubs.acs.org/doi/10.1021/jp027596s
https://journals.aps.org/prb/abstract/10.1103/PhysRevB.54.16533
https://journals.aps.org/prb/abstract/10.1103/PhysRevB.54.16533
https://journals.aps.org/prb/abstract/10.1103/PhysRevB.54.16533
https://doi.org/10.1016/j.mseb.2021.115243
https://doi.org/10.1016/j.mseb.2021.115243
https://doi.org/10.1016/j.mseb.2021.115243
https://www.nature.com/articles/srep46415
https://www.nature.com/articles/srep46415
https://www.nature.com/articles/srep46415
https://pubs.rsc.org/en/content/articlelanding/2014/CP/C4CP00285G
https://pubs.rsc.org/en/content/articlelanding/2014/CP/C4CP00285G
https://pubs.rsc.org/en/content/articlelanding/2013/cp/c3cp50836f
https://pubs.rsc.org/en/content/articlelanding/2013/cp/c3cp50836f
https://pubs.rsc.org/en/content/articlelanding/2013/cp/c3cp50836f
https://doi.org/10.1016/j.apsusc.2019.07.271
https://doi.org/10.1016/j.apsusc.2019.07.271
https://doi.org/10.1016/j.apsusc.2019.07.271

Iran. J. Chem. Chem. Eng. Theoretical Study on the Interaction of Oy ...

[24] Klamt A., Schiirmann G., COSMO: A New
Approach to Dielectric Screening in Solvents with
Explicit Expressions for the Screening Energy and Its
Gradient, J. Chem. Soc, 2: 799 (1993).

[25] Karimi P., Abdollahi H., Amini A., Noaparast M.,
Shafaei S.Z., Habashi F., Cyanidation of Gold Ores
Containing Copper, Silver, Lead, Arsenic and
Antimony, Int. J. Miner. Process, 95: 68 (2010).

[26] Xie F., Dreisinger D., Solvent Extraction of Copper
and Cyanide from Waste Cyanide Solution,
Hazardous Mater, 169: 333 (2010).

[27] Noel O'boyle M., Adam L., Tenderholt, K., Langner M.,
CCLib: A Library for Package-Independent
Computational Chemistry Algorithms, J. Comput.
Chem., 29: 839 (2008).

[28] Nourmohamadi H., Esrafili M.D., Aghazadeh V.,
DFT study of Ferric lon Interaction with Passive
Layer on Chalcopyrite Surface: Elemental Sulfur,
Defective Sulfur and Replacement of M?* (M=Cu and
Fe) lons, Comput. Condens. Matter, 26: e00536
(2021).

[29] Geerlings P., De Proft F., Chemical Reactivity as
Described by Quantum Chemical Methods, Int. J.
Mol. Sci., 3: 276 (2002).

[30] Fumino K., Ludwig R., Analyzing the Interaction
Energies Between Cation and Anion in lonic Liquids:
The Subtle Balance Between Coulomb Forces and
Hydrogen Bonding, J. Mol. Liqg., 192: 94 (2014).

[31] Noormohamad Beigi M., Shamlouei H.R., Omidi M.,
Jalalvandi E., Effect of Doped Transition Metal
Atoms on Structure and Nonlinear Optical Properties
of Decaborante, J. Electron. Mater., 46: 6347 (2017).

Research Article

Vol. 42, No. 2, 2023

387


https://pubs.rsc.org/en/content/articlelanding/1993/p2/p29930000799
https://pubs.rsc.org/en/content/articlelanding/1993/p2/p29930000799
https://pubs.rsc.org/en/content/articlelanding/1993/p2/p29930000799
https://pubs.rsc.org/en/content/articlelanding/1993/p2/p29930000799
https://www.sciencedirect.com/science/article/abs/pii/S0301751610000384
https://www.sciencedirect.com/science/article/abs/pii/S0301751610000384
https://www.sciencedirect.com/science/article/abs/pii/S0301751610000384
https://www.sciencedirect.com/science/article/abs/pii/S0304389409005020#!
https://www.sciencedirect.com/science/article/abs/pii/S0304389409005020
https://www.sciencedirect.com/science/article/abs/pii/S0304389409005020
https://doi.org/10.1002/jcc.20823
https://doi.org/10.1002/jcc.20823
https://doi.org/10.1016/j.cocom.2021.e00536
https://doi.org/10.1016/j.cocom.2021.e00536
https://doi.org/10.1016/j.cocom.2021.e00536
https://doi.org/10.1016/j.cocom.2021.e00536
https://www.mdpi.com/1422-0067/3/4/276
https://www.mdpi.com/1422-0067/3/4/276
https://www.sciencedirect.com/science/article/abs/pii/S0167732213002316
https://www.sciencedirect.com/science/article/abs/pii/S0167732213002316
https://www.sciencedirect.com/science/article/abs/pii/S0167732213002316
https://www.sciencedirect.com/science/article/abs/pii/S0167732213002316
https://www.springerprofessional.de/en/effect-of-doped-transition-metal-atoms-on-structure-and-nonlinea/13278468
https://www.springerprofessional.de/en/effect-of-doped-transition-metal-atoms-on-structure-and-nonlinea/13278468
https://www.springerprofessional.de/en/effect-of-doped-transition-metal-atoms-on-structure-and-nonlinea/13278468

