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Abstract 
The structural, thermodynamics, electronics and mechanical properties of Rhodium and 
Ruthenium transition metals are analyzed using the first principle calculations in this research. 
We adopted the DFT with the solution pf Kohn – Sham equation given and using the Xcryden 
package where the elemental structures were obtained and the PAW pseudo – potentials and 
GGA to treat the exchange – correlation function with the PBE functional. 
 
The results for the lattice parameters deviated from experimental and theoretical results with 
approximately 1.6% for Ru and 1.9% for Rh. The bulk moduli agree with  other reported results 
reported in the literature. The outcome of this investigation shows that the examined elements 
are mechanically stable as they agreed excellently with the results discussed in the literature. 
The band three – fold, two – fold degenerate. And non – degenerate levels are represented by 
the parameters for Rh and Ru respectively are C44 is 2.0 and 221, C11 – C12 is 0.19 and 238, 
and 2C11 – 2C12 is 8.74 and 1376. The results also indicate that Ru exhibits anisotropic 
tendencies compared to Rh in terms of its elastic characteristics and more prone to modify its 
properties depending on the direction of its covalent bonding while Rh withstand breaking 
during experimental development compared to Ru because of its anisotropy’s greater deviation 
from unity, hence, this is accurately given that it’s  also stiffer and tougher. 
Keywords: Bulk moduli, Rhodium, Ruthenium, DFT, GGA 
 
1.0 INTRODCTION 
The quest for the knowledge of  individual relevant features of transition metals has motivates 
several researches to acquire credible information on  these elements.  To describe completely 
the quantum mechanical conduct in transition metals it is strictly necessary to calculate the 
many-electron wavefunction for the system. In principle this may be obtained from the time-
independent Schrodinger equation [1], but in practice the potential experienced by each 
electron is dictated by the behaviour of all  electrons in the solid [2,3,4]. Accordingly, Pan and 
his team carried research on rhodium (Rh) and some alloys using quasi – harmonic  Debye 
model[5]. All ab initio calculations (total energy, elastic properties  electron density 
distribution, etc.) of present work are based on ‘Cambridge Serial Total Energy Package’ 
(CASTEP) code and ultrasoft pseudopotential, together with the Perdew–Burke–Ernzerhof 
generalized gradient approximation exchange–correlation functions are applied. Plane-wave 
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basis set with energy cut-off 500.00 eV is applied for Rh, RhH, and RhH2, respectively. 
Pseudoatomic calculations are performed for Rh 4d8 5s 1, H 1s 1. From the study, the FCC at 
(0,0,0) of Rh atom engrossed all lattice points In the work, lattice constants of Rh, RhH, and 
RhH2 are 3.894, 4.076, and 4.383 Å, respectively, which agree with other experimental or 
theoretic data. Furthermore, it showed that Rh is mechanically stable under the condition of 0 
GPa and 0–2000 K, 0 K and 0–100 GPa. The elastic constants and bulk modulus decrease with 
temperature and increase with pressure.  
Also Cv of Rh, RhH, and RhH2 as a function of temperature and pressure.  The thermal 
expansion coefficient (α) of Rh, RhH, and RhH2 were also investigated by some researchers[6].   
 
They performed their calculations within the density functional theory (DFT) framework as 
implemented in the Cambridge Serial Total Energy Package (CASTEP) software. The 
electronic core interactions between nucleus and atoms were treated by the ultrasoft 
pseudopotentials. The exchange correlation functional was described by generalized gradient 
approximation (GGA) with the Perdew–Burke–Ernzerhof (PBE) functional form[7]. The 
electron wave function was expanded in a basis set of plane waves with a kinetic energy cutoff 
of 500 eve.   The Brillouin zone integrations used Monkhorst–Pack grids  of a 12 × 12 × 12 
mesh.  The structural relaxation was stopped until the total energy, the max force, and the max 
displacement were within 1 × 10−5 eV/atom, 0.03 eV/A, and ˚ 0.001 A, respectively.  
Furthermore, the properties of refractory metals Rh,and other metals have been systematically 
investigated using DFT[8].   All calculations performed in their work were carried out by the 
Vienna ab initio simulation package (VASP) using the first-principle method based on DFT. 
The projector augmented-wave method was applied to describe electronic interactions. The 
GGA proved to have a better result than the Local Density Approximation (LDA) to describe 
the exchange correlation energy of transitional metals by Domain . Hence, the GGA of the 
Perdew-Burke-Ernzerh (PBE) is adopted to treat exchange and correlation items in this study. 
In order to make the calculation result more accurate, after several attempts, the plane-wave 
cutoff energy of 520 eV is selected finally.  
The interesting physical properties of Rhodium(Rh) and Ruthenium(Ru) and its effective usage 
in technological advancement has motivated us to study their structural, thermodynamic, 
electronic and mechanical properties for effective usage amongst other transition metals. Hence 
the specific objectives of the studies is to calculate: the structural properties of Rhodium and 
Ruthenium using Xcryden code, the electronic properties (band structure and density of state), 
the mechanical properties (ductility, plasticity, tensile stress and tensile strain) of Rhodium and 
Ruthenium using the elastic constant C11, C12, and C44.and to determine the elastic properties 
of Rhodium and Ruthenium from DFT. 
 
2. 0 METHODOLOGY AND THEORETICAL OVERVIEW 

To describe completely the quantum mechanical characteristics of electrons in solids it is 
strictly necessary to calculate the many-electron wave function for the system. In principle this 
may be obtained from the time-independent Schrodinger equation, but in practice the potential 
experienced by each electron is dictated by the behaviour of all electrons in the solid. Solving 
the Schrodinger equation directly for all these electrons would thus require us to solve a system 
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of around 1023 simultaneous differential equations. Such a calculation is preposterous for 
present-day computers, and is likely to remain so for the foreseeable future[9]. 

 

To apply the Schrödinger equation, write down the Hamiltonian for the system, accounting for 
the kinetic and potential energies of the particles constituting the system, then insert it into the 
Schrödinger equation.  For a system of particles localized at different locations in the system, 
the wavefunctions become a function of their localization such that the equation 4 becomes: 

𝐻𝜓(𝑟 ,..., 𝑟 ) = 𝐸𝜓(𝑟 ,..., 𝑟 )        (1) 

where  ψ is the many electron wave function, E is the system energy and H is the Hamiltonian 
of the system given by (in atomic units). Where the Hamiltonian is the sum of  kinetic  and 
potential energy terms of the system, this is given as: 

𝐻 = 𝑇 + 𝑉         (2) 

The single electron of the hydrogen atom in a coulombic potentials for many body 
Hamiltoniian is 

𝐻 = −
ℏ

𝛻 −
∈        (2) 

Where ħ is the reduced planks constant, me is  electron mass and e is the Coulombic charge of 
the electron. 

Thus we can write for a system of particles having Ne number of electrons and Nn number of 
nuclei, the Hamiltonian is given as: 

𝐻 = 𝑇 + 𝑉ne + 𝑉ee + 𝑉nn       (3) 

Where the terms have their meaning as: Te: quantum kinetic energy of the electrons; Vee: 
electron-electron interactions ; Vnn: electrostatic nucleus-nucleus repulsion ; Ven: electrostatic 
electron-nucleus attraction (electrons in the field of all the nuclei) 
 
In general, we can rewrite the equation (4) as follows to include the individual terms : 

𝐻 = −
ℏ

∑ 𝛻Ne +
πε

−∑ ∑
| |

NnNe + ∑ ∑NeNe + ∑ ∑NnNn

 (4) 

In solving the equation (4), several methods have been devised to find accurate approximations. 
There are two methods, wave – function-based and density – based and are further divided into 
different approaches. 
 
2.1. Density functional theory (DFT) 
The DFT treats the electron density as the central variable rather than the many-body 
wavefunction. Together, this implies that it refers to a function of electron density, which in 
itself is another function of three spatial variables [10]. An early density functional theory was 
proposed by Thomas and Fermi. This took the kinetic energy to be a functional of the electron 
density. In ground-state DFT, our interest is in systems of N interacting electrons described by 
the Hamiltonian 

�̂� = 𝑇 + 𝑉 + 𝑉ee        (5) 
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𝐸𝜓 = −∑ + ∑ 𝑣(𝑟 ) + ∑ ∑ 𝜓    (6) 

with the kinetic, potential, and interaction energy operators 𝑇, 𝑉, and 𝑉ee, respectively. The 
foundations of density-functional theory are the Hohenberg–Kohn and Kohn–Sham 
theorems[11]. 
 
3.0 MATERIALS AND COMPUTATIONAL PROCEDURES 
3.1 MATERIALS: The materials that aided us in the research are: Pseudopotentials, Laptop 
(Core i7), Rhodium and Rutherium, Quantum espresso package and other Packages in quantum 
espresso 
 
3.2 COMPUTATIONAL PROCEDURES 
The alatfm from the quantum expresso simulations are  used as the cell dimension to obtain the 
band structure by running the  following commands on the following scripts 
(a) For band_down.in we use ; 
~/q-e-qe-6.7.0/bin/bands.x<band_down.in> band_down.out to run the script: 
&BANDS 
prefix='Sc' 
outdir='./' 
filband='Sc_down' 
spin_component=2 
lsym=.true. 
(b) For band_up.in we use ; 
~/q-e-qe-6.7.0/bin/bands.x<band_up.in> band_up.out to run the script: 
 
&BANDS 
prefix='Sc' 
outdir='./' 
filband='Sc_down' 
spin_component=2 
lsym=.true. 
 
(c) For Sc.band.in we use  ~/q-e-qe-6.7.0/bin/pw.x<Sc.band.in> Sc.band.out on the terminal to 
run the script below. 
 
&control 
calculation = 'bands', 
prefix='Sc' 
pseudo_dir='/home/nathaniel/pseudo/', 
outdir='./', 
/ 
&system 
ibrav=2,  
celldm(1)= 9.4588, 
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nat=1, ntyp=1, 
nspin=2 
starting_magnetization(1)= 0.5 
starting_magnetization(2)= 0.5  
starting_magnetization(3)= 0.5 
occupations='smearing', smearing='mv', degauss=0.02,   
ecutwfc=38.22, nbnd=10 
/ 
&electrons 
mixing_beta = 0.7 
diagonalization='david' 
 
4. 0 RESULTS AND ANALYSIS 
The calculated results obtained from the first principle consideration for the two transition 
elements Rhodium and Ruthenium using the DFT within the PBE generalized gradient 
approximation method as implemented in quantum espresso are presented and discussed in 
section 4.1 to section 4.4. 
 
4.1 Structural Properties 

Table 4.1: structural properties of Rhodium and Rutherium 
`Properties Rhodium Ruthenium 

a(Ao) Present work 5.69 3.62 

Other calculations 5.64 [12] 3.83 [12] 

B(GPa) Present work 3.00 304 

Other calculations 3.11 [12] 309[12] 

B’(GPa) Present work 12 7 

Other calculations 11[5] 9[5] 

Ef (eV) Present work 0.008 0.100 

Other calculations 0.009 [12] 0.107 [12] 

We looked at the transition elements Rhodium and Rutherium. They crystallize in the Fm3m 
structure with space group F432 as previously stated. To create the structure of the elements, 
the input file for each of these elements was uploaded into the Xcryden package.  
 
Table 4.1 displays the results for the lattice parameter, bulk modulus, and pressure derivatives 
that were determined from the convergence of the lattice constant by fitting the computed 
results for a range of lattice parameters (-o.3 x + 0.3) in steps of 0.1 (where x is an experimental 
lattice parameter value), fitted to the third order Birch-Murnaghan equation of state as given in 
the form[13] 
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𝐸 = 𝐸 + − 1 𝐵 + − 1 × 6 − 4
⁄

  (7) 

 
In line with the pattern seen in [14], an increase in the molar mass of the 4d electron was found 
to increase the lattice constant of the compound. However, as all 4d electrons have the same 
atomic radius of 135 pm, this was not the case for the atomic radii. The lattice parameter result, 
which differs by roughly 1.5% for Ru and 1.8% for Rh from experimental and theoretical 
results. Both parts are consistent with earlier reports, it can be said. The bulk moduli also add 
up experiment data and other published findings. 
 
The energy of formation must be negative, or the compound must be more stable than its 
component parts at absolute zero, for half – Heusler alloys[15] to be thermodynamically stable 
in their ground state. The equation below can be used to determine the formation energy for 
each alloy: 

𝐸 = 𝐸 + 𝐸 + 𝐸      (8) 

 
The fact that they have a negative energy of formation suggests that they are both easily 
synthesized in a laboratory and thermally stable. 
 
4.2. Electronic properties 

Table 4.2: The band gap of Rutherium and Rhodium 
 Ru Rh 
Band Gap 0.0000 0.0000 

 
The band structure and density of states were generated using the quantum espresso code and 
using the cell dimension obtained from the ferromagnetic state of the elements. The zero band 
gap indicates that these materials are indeed metals with conductivity. Their band structure is 
as shown in Fig. 4.1 and 4.2 below. The corresponding density of state shows a peak across the 
Fermi level indicating an engulfing of the covalent band over the valence band.  
 

 
Figure 4.1: Band Structure and density of state of Ru 
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Figure 4.2: Band Structure and Density of state of Rh 

 
4.3. Mechanical properties 

Table 4.3: The mechanical properties of Rutherium and Rhodium 
`Properties Rhodium Ruthenium 

C’ 0.032 39.67 

C11 Present work 2.29 450 

Other calculations 3.00 [5] 476 [5] 

C12 Present work 2.10 212 

Other calculations 3.00 [5] 226  [5] 

C44 Present work 2.00 221 

Other calculations 2.00 [5] 243 [5] 

C11 – C12 0.19  

2C11 + 2C12 8.74  

 
The mechanical and dynamical behaviors of a crystal are connected by the solids' elastic 
constants, which also provide important details about the nature of forces in solids[16]. Elastic 
constants can be used to describe how materials flex when subjected to any tiny stresses. the 
impact of strain on a material's electrical characteristics. Three distinct elastic constants—C11, 
C12, and C44—apply to cubic crystals. In order to determine the mechanical stability of the 
alloys under investigation, the elastic constants of the materials were examined, and the results 
are shown in Table 4.3. These elastic constants provide the criterion for the mechanical stability 
of the alloy. An alloy must have positive strain in order for it to be mechanically stable. 
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Results from this work therefore imply that the elements studied are mechanically stable which 
is in good agreement with literatures. The parameter C44, C11 – C12 and 2C11+ 2C12 represents 
the three fold, two-fold degenerate and non-degenerate levels of the bands in the cubic system. 
 
4.4. Elastic properties 
Table 4.4: Elastic properties of Rhodium and Rutherium 

`Properties Rhodium Ruthenium 

Gv 1.213 148.470 

GR 0.00035 2.879 

G  Present work 0.607 75.675 

Other calculations 0.992[12] 72.987[5] 

B/G Present work 4.942 4.017 

Other calculations 4.23[5] 4.441 [5,12] 

E Present work 1.706 389.9 

Other calculations 1.811[12] 380.25[12] 

μ Present work 0.405 0.286 

Other calculations 0.360[12] 0.301[5] 

A Present work 21.05 1.857 

Other calculations 8.71[5] 1.518[5] 

H Present work 0.030 0.068 

Other calculations 0.020[5] 0.068[5] 

 
As shown in Table 4.4, the elastic properties of materials include the Shear Modulus, 
Anisotropy, Young's modulus, Poisson's ratio, and Hardness. These properties are derived from 
Hooke's law. Accordingly, the shear modulus's Gv and GR, as well as the Voigt and Reuss 
approximation, were presented. The ratio of tensile stress to tensile strain, or the young's 
modulus E, represents how stiff a material is. All of the alloys' E values show a high level of 
stiffness, and they are in close agreement with experimental results. Therefore, Rh is both 
stiffer and harder than Ru. 
 
The bulk modulus B, which measures how well a material can withstand fracture, to shear 
modulus G, which measures how well a material can withstand plastic deformations, is another 
elastic parameter that is shown. The ratio, commonly known as the Pugh's ratio, controls the 
material's ductile/brittle characteristic. During the production of materials, the ductile/brittle 
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behavior of the materials is crucial. B/G is important around 4.942, according to Bhardwaj and 
Singh's research. The material is ductile if B/G > 4.942; else, it is brittle.. According to the 
computed B/G values in table 4.4, both components are ductile. 
 
Finally, since H>0.26, the poisson's ratio, which predicts the potential bonding of the 
compound's atoms, supports ionic bonding for both Rh and Ru. Given that it is negative, the 
Cauchy pressure for Sc described by C12 – C14 points to a directed covalent bonding. 
Anisotropic materials are direction dependant, whereas isotropic materials have qualities that 
are direction independent. In other terms, an anisotropic material is one that exhibits a 
directional divergence from unity. According to the findings, Rh exhibited anisotropic 
tendencies compared to Ru and is thus more prone to modify its properties depending on the 
direction of its covalent bonds. Additionally, we may say that it will withstand breaking during 
experimental development compared to Ru because of its anisotropy's greater deviation from 
unity. 
5. 0 CONCLUSIONS  
In order to use Rhodium and Ruthenium effectively in technological advancement, it is crucial 
to understand their properties. Consequently, numerous researchers have conducted a number 
of studies to determine these elements' structural, thermodynamic, electronic, optical, and 
mechanical characteristics. In order to improve production, hybridization, and doping (when 
necessary) with other elements in the periodic table, the first principle calculation was used in 
this work to determine the properties of these elements in the periodic table and checkmate the 
result with already known experimental properties of these elements. For the structural 
properties of these elements, the result for the lattice parameter which deviates from 
experimental and theoretical results with approximately 1.6% for Ru and 1.9% for Rh .  Both 
elements can be said consistent with previous reports. The bulk moduli also tally experiments 
and other reported results. 
 
Additionally, the cell dimension derived from the ferromagnetic state of the elements was used 
to construct the band structure and density of states for its electrical structure using the quantum 
espresso code[17]. These substances are in fact metals with conductivity, as indicated by the 
zero band gap. The structure of their band is as follows. A peak across the Fermi level may be 
seen in the corresponding density of states, suggesting that the covalent band has engulfed the 
valence band. The outcome of this investigation consequently suggests that the examined 
elements are mechanically stable in addition to its mechanical qualities, which is in excellent 
agreement with literature. The bands' three-fold, two-fold degenerate, and non-degenerate 
levels are represented by the parameters C44, C11 – C12, and 2C11+2C12. 
 
The results also indicate that Ru show more anisotropic tendencies compared to Rh in terms of 
its elastic characteristics and is more prone to modify its properties depending on the direction 
of its covalent bonding. Additionally, we may say that it will withstand breaking during 
experimental development compared to Ru because of its anisotropy's greater deviation from 
unity. Of course, this is accurate given that it is also stiffer and tougher. We have also earlier 
employed the exact diagonalization techniques on some novel materials[18], Ab ignition on 
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AgGaS2 and AgGaSe2 [19] and also the inter – atomic force constant methods[20,21,22] to 
investigated Aluminium and Copper[20]; Nickel and Platinium[21], Lead anf Pallidium[22]. 
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