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e structural, vibrational,
electronic, mechanical and thermal properties of
Ru4Al3B2 and Ru9Al3B8: a DFT study

Arpon Chakraborty, a M. N. H. Liton, ab M. S. I. Sarker, *a M. M. Rahmana

and M. K. R. Khan*a

The structural, dynamical, electro-optical, mechanical, and thermal characteristics of the newly synthesized

intermetallic compounds Ru4Al3B2 and Ru9Al3B8 have been studied under ambient and elevated pressure

through density functional theory (DFT). The obtained lattice parameters of the compounds are

consistent with the experimental values. The metallic character of these compounds is established by

the band structure and density of states (DOS). The electronic charge density distribution and bond

analysis imply that Ru4Al3B2 and Ru9Al3B8 have mainly both ionic and covalent bonding. The non-

negative phonon dispersion frequency of the compounds reaffirms their dynamical stability. Both

compounds are tough as well as have high melting points, and hence, can be applied in harsh

conditions. Mechanical properties are significantly improved under pressure. Thermal barrier coating

(TBC) is a possible field of application for both compounds. The different thermal properties such as the

Debye temperature (QD), Grüneisen parameter (g), melting temperature (Tm), minimum thermal

conductivity (Kmin) and lattice thermal conductivity (kph) of these compounds have been studied to figure

out the suitable application areas in thermally demanding situations. The pressure and temperature

dependent bulk modulus (B) and other thermodynamic properties have also been analyzed, which

suggested that the present compounds are strong candidates for device applications at high

temperature and pressure. Owing to their high optical absorptivity and reflectivity in the UV region, they

are also candidates for UV-based applications. Furthermore, they also have applicability in the fields of

electronics, aviation, energy storage, and supercapacitor devices for their superior electronic, thermal

and mechanical properties.
1. Introduction

The development of novel materials with extraordinary prop-
erties is an important eld of study in condensed matter
physics. The exploration of new phases of intermetallic
compounds in recent years has resulted in the discovery of
several fascinating materials such as Rh3X (X= Ti, Zr, Hf, V, Nb,
Ta), YbAl3, and TiFeH2.1–5 Several intermetallic compounds have
an appealing combination of physical and mechanical quali-
ties, such as a high melting point, low density, low porosity, and
resistance to oxidation or corrosion. They are widely used in the
aerospace sector, aircra and automobile engines, biomedical
instruments, microprocessors, electronics, batteries, hydrogen
storage systems, and chemical industries.6 At the interface of
a solder joint in an electronic circuit, a layer comprising one or
more intermetallic compounds inevitably forms between the
solder and the relevant system.7–9
ahi, Rajshahi-6205, Bangladesh. E-mail:

d
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Ru is a rare transition metal belonging to group VIII in the
periodic table. It is one of the rarest elements in the earth's
crust, having an abundance of only 0.001 ppm. Unlike the
lighter congener Fe, Ru is paramagnetic at room temperature.
Ruthenium is highly resistant to corrosion and oxidation. While
ruthenium is not one of the most heavily studied materials, it
has been the subject of signicant research in recent years. The
unique properties of ruthenium-based compounds make them
attractive for a wide range of applications such as catalysis,
electronics, energy storage and conversion, turbines of jet
engines, supercapacitors, biomedical sectors like biomedicines,
etc.10–16 Ru and its complexes are mostly utilized in the
measurement of ferritin, calcitonin, cyclosporine, and folate
levels in the human body for medical diagnosis.17 Ru-based
compounds have also been used in cancer treatment, as they
have been found to be effective at killing cancer cells while
leaving healthy cells intact.18–21 So, there are a lot of possibilities
to explore the compounds in these types of applications.

Recently, Hirt et al.22 synthesized two new Ru-based ternary
borides, Ru4Al3B2 and Ru9Al3B8. They prepared single crystals of
Ru4Al3B2 and Ru9Al3B8 by using the arc melting method. X-ray
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Diffraction (XRD) showed that Ru9Al3B8 has a hexagonal struc-
ture whereas Ru4Al3B2 has a tetragonal shape. Since both
Ru4Al3B2 and Ru9Al3B8 are fairly new compounds, there is much
room to investigate their different physical properties to nd
the possible area of technological applications.

In this study, we have emphasized on exploring the ground
state structural, vibrational, electronic, mechanical, optical, and
thermal properties of the newly synthesized Ru4Al3B2 and
Ru9Al3B8, under ambient and elevated pressure in the frame-
work of DFT for the rst time. Overall, this study is an essential
step toward a better understanding of the characteristics of the
compounds, highlighting their potential for future technolog-
ical applications. The ndings given here are a useful resource
for the scientic community, opening up new options for future
research on this intriguing topic.

2. Computational method

Ab initio technique was used for the exploration of the ground state
properties of the metallic Ru4Al3B2 and Ru9Al3B8 compounds by
employing the Kohn–Sham density functional theory.23 CAm-
bridge Serial Total Energy Package (CASTEP) code was used for the
detailed calculations.24 For the purpose of structural optimization
of the compounds, we selected the generalized gradient approxi-
mation within the Perdew–Burke–Ernzerhof (GGA-PBE) func-
tional.25 To model the electron–ion interactions, Vanderbilt-type
ultra-so pseudopotential was used.25 The BFGS26 technique,
which stands for Broyden–Fletcher–Goldfarb–Shanno, has been
used to optimize the atomic conguration. To perform the pseudo
atomic computations, the valence electron congurations of Ru,
Al, and B atoms have been considered as [5s14p64d7], [3s23p1], and
[2s22p1], respectively. For the compounds involved in the plane
wave expansion process, a kinetic energy cut-off of 550 eV was
used. During the optimization process, the following additional
parameters were used: k-point for Brillouin zone (BZ) sampling of
4× 4× 12 and 4 × 4× 11 special points in Monkhorst–Pack grid
scheme for Ru4Al3B2 and Ru9Al3B8, respectively; energy conver-
gence thresholds of 5 × 10−6 eV per atom; maximum force of
0.01 eV Å−1; maximum stress of 0.02 GPa and maximum
displacement of 5 × 10−4 Å. The phonon dispersion (PDC) and
phonon density of states (PHDOS) were calculated following the
nite displacement supercell method.27 A supercell with a volume
two and three times that of the unit cell of Ru4Al3B2 and Ru9Al3B8,
respectively, comes from a supercell with a xed supercell
dimension and a cutoff radius of 3.0. For phonon calculation, cut-
off energy of 300 eV was used for both compounds.

The direct explanation of many solid-state phenomena
depends critically on the thermal characteristics of crystalline
materials. At various temperatures and pressures, the bulk
moduli, Debye temperatures, specic heats, volume thermal
expansion coefficients, entropies, and internal energies of the
compounds have been assessed. Baroni developed a formula to
identify the temperature dependence of the energy as:27

EðTÞ ¼ Etot þ Ezp þ
ð

ħu

exp

�
ħu
kT

�
� 1

FðuÞdu
© 2023 The Author(s). Published by the Royal Society of Chemistry
where EZP is dened as the zero-point vibrational energy, k is
Boltzmann's constant, ħ is reduced Planck's constant, and F(u)
is the phonon density of states. EZP can be estimated as:

EZP ¼ 1

2

ð
FðuÞħudu

F is the vibrational contribution to the free energy and it is:

FðTÞ ¼ Etot þ EZP þ kT

ð
FðuÞln

�
1� exp

�
�ħu
kT

��
du

S is dened as the vibrational contribution to the entropy
and it can be written as:

SðTÞ ¼ k

8>><
>>:

ð ħu
kT

exp

�
ħu
kT

�
� 1

FðuÞdu

�
ð
FðuÞln

�
1� exp

�
�ħu
kT

��
du

9>>=
>>;

And the lattice contribution to the heat capacity, CV, is:

CVðTÞ ¼ k

ð �ħu
kT

�2

exp

�
ħu
kT

�
�
exp

�
ħu
kT

�
� 1

�2 FðuÞdu

The actual heat capacity which can be compared to that
predicted by the Debye model is a popular portrayal of experi-
mental data on heat capacity. This gives rise to the temperature-
dependent Debye temperature, QD(T). In the Debye model, heat
capacity is given by:28

CD
V ðTÞ ¼ 9Nk

�
T

QD

�3 ðQD

T

0

x4 ex

ðex � 1Þ2 dx

where N is the number of atoms per cell. Thus, the value of the
Debye temperature,QD, at a given temperature, T, is achieved by
calculating the actual heat capacity and then inverting it to
obtain QD.

Specic heat at constant pressure (CP) can be calculated by
calculating the linear thermal expansion coefficient (TEC) rst,
by the following equations:

TEC ¼ gCV

3BTVm

CP = CV[1 + (TCE)gT]

where, BT, Vm, and g are the isothermal bulk modulus, molar
volume, and Grüneisen parameter, respectively.

We used the quasi-harmonic Debye model to evaluate the
thermodynamic properties where the temperature range was
RSC Adv., 2023, 13, 28912–28930 | 28913
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Table 1 Calculated lattice parameters (a= b and c in Å) and volume (V
in Å3) of Ru4Al3B2, and Ru9Al3B8 at 0 GPa

Compound

This work Ref. 22

a c a/c V a c V

Ru4Al3B2 8.540 2.935 2.910 214.04 8.515 2.924 212.01
Ru9Al3B8 9.155 2.932 3.122 212.84 9.078 2.913 207.91
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selected from 0 to 1000 K. The quasi-harmonic Debye model
was described by Otero-de-La Roza et al.29,30 Utilizing the
complex dielectric function, 3(u) = 31(u) + i32(u), the optical
properties of Ru4Al3B2 and Ru9Al3B8 were studied in the ground
state. Kramers–Kronig relationships, which use the response
function, can be used to derive the real part 31(u) of the
dielectric function from the imaginary part 32(u). The electrical
band structure is used to determine the imaginary portion,
32(u), using the following formula:32

32ðuÞ ¼ 2e2p

U30

X
k;v;c

kJk
cjûr̂jJk

vj2dðEk
c � Ek

v � EÞ

In this equation, U is the volume of the unit cell, u is the
frequency of the incident electromagnetic wave (photon), e is
the electronic charge, and Jk

c and Jk
v are the conduction and

valence band wave functions at a given wave vector k, respec-
tively. During the photon-induced transfer of the electron from
the valence to the conduction band, the delta function ensures
energy and momentum conservation. The standard rela-
tions33,34 can be used to determine the additional optical
parameters such as the absorption coefficient, refractive index,
reectivity, photo-conductivity, and energy loss function when
the energy dependent dielectric function 3(u) is known.
3. Results and discussion
3.1 Structural properties

The two bi-metallic borides have different structures. Ru4Al3B2

has a tetragonal structure with space group P4/mmm while
Ru9Al3B8 has a hexagonal form belonging to the space group
P�62m,22 which are depicted in Fig. 1. The Wyckoff positions of
the atoms are reported in ref. 22. Table 1 provides a list of the
available experimental data as well as the optimized lattice
parameters at zero pressure. In terms of volume V0, the ob-
tained ndings using the functional GGA-PBE diverge from the
experimental values by less than 0.95% for Ru4Al3B2 and 2.37%
for Ru9Al3B8. Therefore, the obtained results possess excellent
agreement with the experimental data. As the pressure
increases, the lattice parameters become smaller, and as
a result, the volume shrinks. One interesting fact is that the
Fig. 1 Schematic 3D crystal structure of (a) Ru4Al3B2, and (b) Ru9Al3B8 c

28914 | RSC Adv., 2023, 13, 28912–28930
ratio a/c decreases with increasing pressure for both
compounds. It indicates that the effect of pressure is superior in
the a- (and b-) axis compared to the c-axis. Aer applying
a pressure of 30 GPa, the decrease in volume is 9.98% for
Ru4Al3B2 as compared to 8.78% for Ru9Al3B8, which means
Ru4Al3B2 is more prone to pressure compared to Ru9Al3B8.

The structural stability of the two compounds can be
conrmed by calculating the formation enthalpy of the
respective compounds using the available relations.31 The
formation enthalpies of the compounds under study were
calculated by subtracting the energies of individual elements
from the total energy using the following equation:

DHf(RumAl3Bn) = Etotal(RumAl3Bn) − m × E(Ru)

− 3 × E(Al) − n × E(B)

At P = 0, 10, 20 and 30 GPa, the calculated formation
enthalpies were found to be −7.525, −7.510, −7.474 and
−7.423 eV per atom for Ru4Al3B2, and −7.934, −7.922, −7.894
and −7.853 eV per atom for Ru9Al3B8, respectively, which
indicates that they are energetically stable. However, the
formation enthalpies decreases very slowly with increasing
pressure, which may be a sign of opposing effect towards the
stability of both compounds.

The normalized values of the lattice parameters (a/a0 and c/
c0) are given in Fig. 2, together with the normalized and volu-
metric value of V/V0 (inset). The optimized lattice parameters
(a0, c0, and V0) and the volume at atmospheric pressure are
given accordingly. As can be observed from Fig. 2, for both
Ru4Al3B2 and Ru9Al3B8, each of the normalized values decreases
ompounds. The crystallographic directions are also shown.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Pressure dependent normalized lattice parameters, and volume
(inset) of Ru4Al3B2, and Ru9Al3B8.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
O

ct
ob

er
 2

02
3.

 D
ow

nl
oa

de
d 

on
 7

/1
6/

20
25

 5
:5

0:
44

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
with increasing hydrostatic pressure. Additionally, for both
compounds, the value of a/a0 is lowered under applied pressure
more quickly than that of c/c0, indicating that the a-axis is more
contractible than the c-axis. One intriguing nding is that
Ru4Al3B2 has a greater reduction in lattice parameters than
Ru9Al3B8, indicating that the latter is more durable. Bond
lengths and the material's internal degrees of freedom alter as
a result of this decline in lattice parameters with higher pres-
sure. The decline in lattice parameters from the zero pressure
value may also be caused by density variations along crystallo-
graphic orientations.32
3.2 Vibrational properties

Phonons play a crucial role in understanding the physical
properties of materials such as thermal conductivity, thermal
expansion, elastic properties, electrical conductivity, phase
transitions, etc.33–35 It is necessary to test the dynamic stability of
materials because they are oen exposed to time-varying
mechanical stresses. The dynamics of Ru4Al3B2 and Ru9Al3B8

based on their phonon dispersion curves (PDC) at zero
Fig. 3 Phonon dispersion curves (PDC) of (a) Ru4Al3B2, and (b) Ru9Al3B8

© 2023 The Author(s). Published by the Royal Society of Chemistry
temperature and pressure have been analyzed by nite
displacement supercell method.36,37 There are no negative
frequencies found in the PDC (Fig. 3) of Ru4Al3B2 and Ru9Al3B8

in the whole BZ, indicating their dynamical stability. For
Ru4Al3B2, PDC consists of 54 phonon branches including 3
acoustic modes and 51 optical modes whereas, for Ru9Al3B8,
there are 60 phonon branches consisting of 3 acoustic modes
and 57 optical modes. Acoustic modes (indicated by blue color)
resulting from coherent vibrations of atoms outside their
equilibrium positions are represented by the lower part of the
phonon spectrum and the upper parts correspond to optical
modes (indicated by red color). At G-point, the acoustic modes
have zero frequency for both of the compounds, which is also an
indication of their dynamical stability. Furthermore, acoustic
and optical modes cross each other and no gap between these
two. The overlapping between these two modes enhances their
frequent interactions which provide more phonon scattering.
This will in turn associated with the increasing anharmonicity
which suppresses the thermal conductivity and hence increases
the gure of merit (ZT).38 Therefore, the thermoelectric perfor-
mance (TE) is enhanced due to the overlap of the acoustic and
optical modes.

3.3 Electronic properties

Electronic band structures for the optimized crystal structure of
Ru4Al3B2 and Ru9Al3B8 are evaluated along the directions of
high symmetry (Z-A-M-G-Z-R-X-G) and (G-A-H-K-G-M-L-H),
respectively in the rst Brillouin zone (BZ) at different pres-
sures. The horizontal broken line indicates the Fermi level, EF.
The band structures of the compounds are shown in Fig. 4 and
5. As we can see, a number of bands (green color) cross the EF
for both compounds which indicates their metallic character.
The effect of pressure on band structure is minimal on both
compounds. Moreover, the dispersion of bands over all the
regions in the Brillouin zone is quite similar. So, the effective
mass and mobility of electrons do not vary largely.

Fig. 6 shows the computed total and partial density of states
(TDOS and PDOS, respectively) of Ru4Al3B2 and Ru9Al3B8 as
a function of energy. The EF is indicated by the vertical dashed
line. The properties of bonding and hybridization between
.

RSC Adv., 2023, 13, 28912–28930 | 28915
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Fig. 4 The electronic band structures of Ru4Al3B2 at (a) 0 GPa, (b) 10 GPa, (c) 20 GPa and (d) 30 GPa along the high symmetry directions.

Fig. 5 The electronic band structures of Ru9Al3B8 at (a) 0 GPa, (b) 10 GPa, (c) 20 GPa and (d) 30 GPa along the high symmetry directions.

28916 | RSC Adv., 2023, 13, 28912–28930 © 2023 The Author(s). Published by the Royal Society of Chemistry
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different states can also be described by PDOS. The nite value
of total DOS at the EF supports the metallic character of both
Ru4Al3B2 and Ru9Al3B8 compounds. From Fig. 6(a) and (b), the
calculated value of TDOS (N(EF)) at the Fermi level at zero
pressure are 5.51 and 7.76 per eV per unit cell for Ru4Al3B2 and
Ru9Al3B8, respectively, indicating that Ru9Al3B8 show higher
electrical conductivity than that of Ru4Al3B2. The value of (N(EF))
at EF also determines the electronic stability of the compound.32

According to this, Ru4Al3B2 is highly stable than Ru9Al3B8. Near
the EF, the contribution on TDOSs comes from Ru-4d mainly,
with nominal contribution from Al-3p and B-2p orbitals for both
compounds. Thus, these orbitals have a dominating effect on
the electrical conductivity of the compounds. The lowest
valence bands in Ru4Al3B2 are found to be created by the 2s
orbital of B atom combined modestly with the Ru atom's 4d
orbital in the energy range from −10.0 to −7.5 eV. Due to the
signicant hybridization between the Ru-4d, Al-3p, and B-2p
orbitals, the TDOS of both Ru4Al3B2 and Ru9Al3B8 emerges
from −5 eV to Fermi level. The hybridization between Al-3p and
B-2p orbitals is mainly responsible for TDOS in the upper
conduction band. According to the crystal eld theory, the d-
orbital is split into t2g (dxy, dyz, dzx) and eg (dz2, dx2−y2) states.
The Ru has 7 valence electrons, where dxy, dyz states are fully
occupied while dzx, dz2, dx2−y2 are half lled. More precisely,
these half-lled states are hybridized with Al-px, and B-px, which
are mainly responsible for the formation of the CB and VB,
respectively.
Fig. 6 Total and partial DOS of (a) Ru4Al3B2 and (b) Ru9Al3B8 at 0 GPa.

© 2023 The Author(s). Published by the Royal Society of Chemistry
In order to better understand the electrical properties of
Ru4Al3B2 and Ru9Al3B8, we also examined the TDOS of these
materials under various pressures. The effect of pressure on
TDOS for both compounds is shown in Fig. 7. The position of
the peaks shis towards lower energy in the valence band and
higher energy in the conduction band. The symmetry of the
most prominent peak remains intact despite applying pressure
for Ru4Al3B2. The prominent peak appears at −4.2 eV for
Ru9Al3B8 and shis towards lower energy with pressure. By
applying pressure, the value of TDOS becomes smaller which
indicates that the stability of the compounds increases with
pressure.

In a normal metal or semiconductor, the DOS is typically
a smooth, continuous function of energy. However, in some
materials, the DOS exhibits a so-called “pseudogap”, which is
a region of reduced DOS at a certain energy range. The EF for
both Ru4Al3B2 and Ru9Al3B is located at the le of the pseu-
dogap, or in the bonding region. Furthermore, the covalent
bonding is present in the crystals since the position of pseu-
dogap is very close to the EF and this also noties that the
materials are highly stable and the mechanical strength of the
compounds is very high.

The Fermi surface conguration determines the electrical
and thermal properties of a material. In this context, we have
constructed the Fermi surfaces of Ru4Al3B2 and Ru9Al3B8

compounds from the respective electronic band structures, as
shown in Fig. 8. The Fermi surface structure of the Ru4Al3B2 is
quite different from that of the Ru9Al3B8. For Ru4Al3B2, there is
RSC Adv., 2023, 13, 28912–28930 | 28917
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Fig. 7 Changes of TDOS of (a) Ru4Al3B2 and (b) Ru9Al3B8 at pressure 0, 10, 20, and 30 GPa.
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a rectangular sheet and then a curvy sheet along the G-Z
direction. At the corners of the BZ, the open surfaces are
considered as electron pockets. At the top of the BZ, there are
some curvy sheets with funnel like features. In the case of
Ru9Al3B8, there is an arrowhead shaped surface at the G point.
Along G-A direction, there is concave shaped sheet. Then, there
are three convex shaped curvy sheets. And nally, there are
Fig. 8 Fermi surface of metallic (a) Ru4Al3B2 and (b) Ru9Al3B8 at 0 GPa.

28918 | RSC Adv., 2023, 13, 28912–28930
three at rectangular sheets. Therefore, according to the Fermi
surface, both compounds contain only electron like sheets.

3.4 Bond population analysis and electronic charge density

The Mulliken population analysis (MPA) is a commonly used
technique to study the bonding characteristics of Ru4Al3B2 and
Ru9Al3B8 (Table 2). From Table 2, it can be seen that there is no
negative value of papulation in Ru4Al3B2. So, only bonding-type
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Calculated Mulliken bond number nm, bond overlap population Pm, and bond length dm (Å), and Mulliken charge (e) of Ru4Al3B2 and
Ru9Al3B8

Compound Bond nm Pm dm Species

Mulliken atomic populations

Mulliken charges p d Total

Ru4Al3B2 Ru–B 4 0.82 2.14837 Ru 2.26 6.57 7.21 16.04 −0.04
Ru–B 8 0.58 2.27323 Ru 2.31 6.79 7.35 16.45 −0.45
Al–B 4 0.20 2.33657 Al 0.74 1.71 — 2.46 0.54
Ru–Al 8 0.37 2.55838 Al 0.71 1.70 — 2.41 0.59
Ru–Al 4 0.33 2.58894 Al 0.66 1.69 — 2.35 0.65
Ru–Al 4 0.12 2.63260 B 1.01 2.35 — 3.36 −0.36
Al–B 8 0.04 2.64052
Ru–Al 8 0.18 2.86438

Ru9Al3B8 Ru–B 6 0.44 2.19800 Ru 2.22 6.56 7.16 15.94 0.06
Ru–B 6 0.74 2.19897 Ru 2.16 6.46 7.12 15.74 0.26
Ru–B 6 0.44 2.25404 Al 0.72 1.60 — 2.32 0.68
Ru–B 6 −0.12 2.27027 B 1.02 2.31 — 3.33 −0.33
Ru–B 6 −0.13 2.35506 B 0.94 2.45 — 3.40 −0.40
Al–B 3 0.14 2.43169 B 0.95 2.49 — 3.44 −0.44
Ru–Al 3 0.33 2.45700
Ru–Al 6 0.27 2.65051
Al–B 6 0.03 2.67850
Ru–Al 6 0.11 2.87117
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interaction is present there. But it is different for Ru9Al3B8 as two
Ru–B bonds have a negative population. As a result, bond overlap
population values for Ru9Al3B8 indicate the presence of interac-
tions of both the bonding-type and anti-bonding-type. The Mul-
liken charge analysis (Table 2) conrmed that electron is
transferred from Al to Ru and B atoms in Ru4Al3B2, while in
Ru9Al3B8 structure, the electron is transferred from Ru and Al to B
Fig. 9 Charge density distribution in (111) plane for (a) Ru4Al3B2, (b) Ru9A
scale is shown on the upper-right.

© 2023 The Author(s). Published by the Royal Society of Chemistry
atoms, respectively. The degree of electron transfer is different
from their actual valence such as +3 for Ru, +3 for Al and−3 for B.
This result revealed the existence of covalency between constit-
uent atoms in both compounds. From bond population analysis,
it is observed that Ru–B, Ru–Al and Al–B bonds possess mixed
(both ionic and covalent) bonding nature. Therefore, both ionic
and covalent bonds are contributed to form the crystal structures.
l3B8 and in (110) plane for (c) Ru4Al3B2, (d) Ru9Al3B8. The charge density

RSC Adv., 2023, 13, 28912–28930 | 28919
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Table 3 Elastic constants Cij (GPa) and Cauchy pressure C′′ (GPa) of Ru4Al3B2 and Ru9Al3B8 at different pressures (GPa)

Compound P C11 C12 C13 C33 C44 C66 C′′

Ru4Al3B2 0 405.75 147.25 111.64 464.74 96.65 93.92 50.60
10 473.07 179.49 143.68 535.00 116.44 110.47 63.05
20 544.13 214.41 179.99 600.28 133.57 123.94 80.84
30 595.76 242.97 205.67 660.87 149.53 133.08 93.44

Ru9Al3B8 0 425.89 217.25 155.95 500.54 138.50 — 78.75
10 488.40 254.64 186.54 556.30 157.68 — 96.96
20 539.35 289.50 232.71 638.64 172.86 — 116.64
30 600.48 325.24 260.62 691.11 191.02 — 134.22
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These results are consistent with the Poisson analysis (previous
section) and charge density prole (next section) of the
compounds. Bond length of different bonds are also shown in
Table 2. Ru–Al has the largest bond length for both compounds.
All the bonds have smaller bond length than 3 Å, which is normal
for a metal since metallic bonds are shorter in size.39

Weprojected the electronic charge density distribution around
the atoms within the unit cell to show the bonding characteristic
and charge transfer among the atoms of Ru4Al3B2 and Ru9Al3B8.
Fig. 9 depicts the charge density (e/Å3) distribution for the
compounds in (111) and (110) crystallographic planes, and the
scale bar (0.0 to 7.5). Both of the under-investigation compounds
have shown an asymmetric charge distribution for various atomic
species. In the mapping photos, the blue hue indicates the degree
of charge accumulation, while the red color denotes charge
depletion. The electron density surrounding Ru atoms is
extremely high in comparison to B and Al atoms, according to the
charge density distribution in the (111) plane of both compounds.
In fact, the charge density around Al atoms is absent in this plane.
Only B atoms in the compound Ru9Al3B8 show a little charge. The
charge distribution map in the (110) plane is very much different.
For Ru4Al3B2, B atoms show very little charge density with the Al
atom showing the slightest amount of density at the center. For
Ru9Al3B8, the charge density around Ru atoms is very high. Very
little charge around B atoms is also found with a trace amount of
charge around the Al atom found near the center. The charge
distribution in different planes of the compounds varies, which
means that it is expected for both Ru4Al3B2 and Ru9Al3B8 to have
anisotropy in their charge distribution. From Fig. 9, it can be seen
that covalent bond dominates in both compounds.
3.5 Elastic properties

The elastic constants are crucial in determining mechanical
stability, or a material's response to macroscopic stress. There
are six independent elastic constants for the tetragonal phase
and ve for the hexagonal phase have been calculated and listed
in Table 3. The calculated elastic constants of Ru4Al3B2 and
Ru9Al3B8 for the tetragonal and hexagonal phases satisfy the
Born stability criteria40 at zero and elevated pressure (P = 0–30
GPa) as C11 > jC12j; 2C13

2 < C33(C11 + C12); C44 > 0; C66 > 0, where
C66 = (C11 − C12)/2 for the tetragonal phase.

In addition, some notable characteristics can be evaluated
using the elastic stiffness constant, Cij. For both compounds,
28920 | RSC Adv., 2023, 13, 28912–28930
the value of C33 > C11 (Table 3) indicates stronger atomic
bonding along the c-axis than the a-axis. Furthermore, in
comparison to C44, C11 and C33 levels are much greater which
tells the stiffness of the crystal is much higher in the [100] and
[001] directions. This means that more energy is required to
cause a change in shape or size along these directions
compared to the shear deformation. The Cauchy pressure (C′′ =

C12–C44) in Table 3 is related to the concept of stress in mate-
rials and it is a measure of ductility/brittleness.41 A compound is
likely to be ductile and has an ionic bond if Cauchy pressure is
positive, and vice versa.42 Since C′′ is positive at 0–30 GPa pres-
sures, Ru4Al3B2 and Ru9Al3B8 both are ductile and have the
dominance of ionic bonding.

The moduli of elasticity are numerical constants that describe
the mechanical properties of a material when it is subjected to
applied stress. The bulk modulus, B and shear modulus, G can be
calculated from the elastic constants utilizing the Voigt–Reuss–
Hill (VRH) approximations.43–46 Furthermore, the associated
formulas and theories to calculate elastic moduli B, G, E (Young
modulus) and n (Poisson ratio) can be found in previous
literature.47–49 The calculated moduli of elasticity of Ru4Al3B2 and
Ru9Al3B8 are tabulated in Table 4. A relatively large value of B andG
implies that both compounds are hard materials. In this study, B
increased by 56.70% and 48.71% for Ru4Al3B2 and Ru9Al3B8

respectively, whileG increased by 48.79% and 32.58% for Ru4Al3B2

and Ru9Al3B8 when applied pressure rises from 0 to 30 GPa. It
indicates that for both compounds, it will takemore volume stress
to change their shape than shear stress. The calculated large values
of E of the compounds disclose higher stiffness of the compounds.
Under external pressure (0–30 GPa), E is increased by 44.66% and
34.60% for Ru4Al3B2 and Ru9Al3B8, respectively. Between them,
Ru9Al3B8 possesses the higher stiffness. Since the acoustic mode is
responsible for thermal transport due to its large group velocity
but the group velocity is also dependent on Young's modulus and
the mass density by the following relation:50

vs ¼
ffiffiffiffi
E

r

s

From this relation, it is conrmed that the compound with
higher mass density has lower group velocity and hence lower
the lattice thermal conductivity. According to this identity, the
thermal conductivity of Ru4Al3B2 and Ru9Al3B8 should expected
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Bulk modulus (B in GPa), shear modulus (G in GPa), and Young's modulus, (E in GPa) of Ru4Al3B2 and Ru9Al3B8 at different pressures
(GPa). The subscripts V, R, and H denote Voigt, Reuss, and Hill approximations, respectively

Compound P BV BR BH GV GR GH EV ER EH

Ru4Al3B2 0 224.15 224.03 224.09 117.83 111.43 114.63 300.77 286.74 293.79
10 268.32 268.18 268.25 136.29 130.65 133.47 349.66 337.19 343.44
20 315.26 315.18 315.22 152.49 147.27 149.88 393.96 382.27 388.13
30 351.22 351.09 351.16 166.30 161.06 163.68 430.89 419.09 425.00

Ru9Al3B8 0 267.85 267.81 267.83 131.14 126.60 128.87 338.22 328.11 333.18
10 309.84 309.84 309.84 146.81 142.03 144.42 380.35 369.62 375.00
20 358.57 358.23 358.40 158.29 152.95 155.62 413.96 401.69 407.83
30 398.34 398.22 398.28 173.64 168.09 170.86 454.83 442.07 448.46

Table 5 Poisson's ratio (n), Pugh's ratio (B/G), Kleinman parameter (x),
machinability index (mM), hardness values, (Hmacro and Hmicro in GPa),
and fracture toughness, (KIC in MPam0.5) of Ru4Al3B2 and Ru9Al3B8 at
different pressures (GPa)

Compound P n B/G mM Hmacro Hmicro KIC

Ru4Al3B2 0 0.281 1.95 2.318 11.63 16.70 2.42
10 0.287 2.01 2.304 12.48 18.99 2.84
20 0.295 2.10 2.360 12.71 20.51 3.24
30 0.298 2.15 2.348 13.16 22.01 3.56

Ru9Al3B8 0 0.293 2.08 1.934 11.58 17.81 2.76
10 0.298 2.15 1.965 12.02 19.42 3.12
20 0.310 2.30 2.073 11.44 19.68 3.47
30 0.312 2.33 2.085 12.04 21.38 3.81
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to be low and the transport properties would be high. This
result is consistent with phonon analysis.

When a material is stretched or compressed, Poisson's ratio,
n represents the ratio of lateral strain to axial strain. It can be
used to determine the brittle/malleable nature, compressibility,
and bonding force characteristics51,52 of a compound. Further-
more, Pugh's ratio (B/G) is also used to determine whether
a compound is malleable or not. Interestingly, there is
a threshold value of both Poisson's (0.26) and Pugh's ratios
(1.75) to determine the malleability/brittleness of a compound.
A compound having a value of Poisson's ratio and Pugh's ratio
higher than that threshold value should be malleable and vice
versa. In this study, it can be seen that both Poisson's ratio and
Pugh's ratio of both Ru4Al3B2 and Ru9Al3B8 are above their
threshold value. So, both compounds are malleable, i.e., ductile.
Ru9Al3B8 is more malleable compared to Ru4Al3B2 and their
malleability increases with pressure. Besides this, Poisson's
ratio can also reect the nature of the bonding of a compound.
If n < 0.25, then covalent bond dominates the compound
whereas n$ 0.25 indicates ionic characteristics.53 Moreover, if n
is found to be in the range of 0.25# n# 0.50, then central force
dominates in the solid and non-central force dominates if n is
outside of this range.54 From our ndings, ionic contribution
and central force interaction play a key role in both compounds.

The machinability index, mM determines the cutting force,
tool wear, and many other aspects of a material. The machin-
ability index, mM of a material can be stated as:55

mM ¼ B

C44

From our ndings, though the machinability of Ru4Al3B2 is
more than that of Ru9Al3B8, both compounds are suitable to
built machines.

The hardness of the materials was calculated using an
empirical approach:56,57

Hmacro ¼ 2

"�
G

B

�2

G

#0:585

� 3

and

Hmicro ¼ ð1� 2nÞE
6ð1þ nÞ
© 2023 The Author(s). Published by the Royal Society of Chemistry
Both compounds are found to be quite hard and micro hard-
ness is greater than the macro hardness (Table 5) due to the
difference in parameters used to calculate them. As expected,
the hardness increases with increasing pressure. One inter-
esting thing is that Ru4Al3B2 has more macro hardness than
that of Ru9Al3B8, but it is the opposite in the case of micro
hardness.

The ability of a material to resist the propagation of cracks
and fractures when subjected to external forces is referred to as
fracture toughness, KIC can be determined by using the formula
proposed by Niu et al.:58

KIC = V0
1/6G(B/G)0.5

where V0 is the nal volume per atom of the unit cell.
The obtained values of KIC for the compounds are listed in

Table 5. Ru4Al3B2 is more prone to cracks than Ru9Al3B8 and the
trend suggests that KIC increases with pressure.

The anisotropy factors A1, A2 and A3 also known as shear
anisotropy factors, associated with the {100}, {010} and {001}
shear planes between h011i and h010i, h101i and h001i, and
h110i and h100i directions, respectively. The variation of the
values of Ai (i = 1,2,3) different from unity implies the aniso-
tropic nature of the compounds under consideration:59–61

A1 ¼ 4C44

C11 þ C33 � 2C13
RSC Adv., 2023, 13, 28912–28930 | 28921
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Table 7 Transverse sound velocity vt (ms−1), longitudinal sound
velocity vl (ms−1), average sound wave velocity vm (ms−1), acoustic

impedance Z (Rayl = kg m−2 s−1) and radiation factor
ffiffiffiffiffiffiffiffiffiffiffi
G=r3

p
(m4 kg−1

s−1), and density r (g cm−3) of Ru4Al3B2 and Ru9Al3B8 at different
pressure (GPa)

Compound P vl vt vm Z
ffiffiffiffiffiffiffiffiffiffiffi
G=r3

p
r

Ru4Al3B2 0 6922.90 3817.72 4254.46 30.025 0.485 7.865
10 7380.61 4036.57 4501.20 33.065 0.493 8.191
20 7794.16 4204.50 4693.24 35.648 0.496 8.479
30 8073.07 4328.40 4833.68 37.815 0.495 8.737

Ru9Al3B8 0 7233.31 3916.16 4370.22 32.908 0.466 8.403
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A2 ¼ 4C55

C22 þ C33 � 2C23

A3 ¼ 4C66

C11 þ C22 � 2C12

Shear anisotropic factors for Ru4Al3B2 and Ru9Al3B8 are
calculated and provided in Table 6 and the results reveal that
Ru4Al3B2 is more anisotropic whereas Ru9Al3B8 has less
anisotropy.
10 7599.14 4074.31 4549.93 35.447 0.468 8.700
20 7943.85 4165.77 4659.22 37.357 0.465 8.968
30 8244.11 4306.74 4818.12 39.674 0.468 9.212
3.6 Thermophysical properties

Different thermo-physical properties of a compound are rmly
accompanied by the sound velocity through the material as well
as Debye temperature. The construction of musical instru-
ments, transducer design, acoustic application underwater and
noise attenuation in a jet engine, etc. depend greatly on
a material's acoustic characteristics. Thermal conductivity is
another crucial physical characteristic for spintronic and elec-
tronic device applications at high temperatures.

3.6.1 Acoustic velocities. Acoustic velocity is the rate at
which sound waves travel through a solid medium. The elastic
properties of the material dictate it, and it may be characterized
using two forms of velocity: longitudinal velocity (P-wave
velocity) and transverse velocity (S-wave velocity). In a crystalline
material, the transverse and longitudinal sound velocities are
determined from:62

vt ¼
ffiffiffiffi
G

r

s
and vl ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3Bþ 4G

3r

s

where r is the density of the material.
The mean sound velocity, vm can be obtained in terms of the

transverse, vt and longitudinal, vl sound velocities:62

vm ¼
�
1

3

�
2

vt3
þ 1

vl3

���1
3

The calculated pressure dependent longitudinal velocity of
the compounds is ∼1.5 to ∼2 times higher than that of the
transverse velocity, as can be seen in Table 7. From our study, it
is found that Ru9Al3B8 is harder than Ru4Al3B2 as the sound
Table 6 Shear anisotropic factors (A1, A2, and A3) of Ru4Al3B2 and
Ru9Al3B8 at P (0–30) GPa

Compound Pressure (GPa) A1 A2 A3

Ru4Al3B2 0 0.597 0.597 0.727
10 0.646 0.646 0.753
20 0.681 0.681 0.752
30 0.708 0.708 0.754

Ru9Al3B8 0 0.902 0.902 1.000
10 0.939 0.939 1.000
20 0.970 0.970 1.000
30 0.992 0.992 1.000

28922 | RSC Adv., 2023, 13, 28912–28930
velocities are higher in it. As expected, the velocities become
higher when pressure is applied, and the average sound velocity
increases by 13.61% and 10.25% for Ru4Al3B2 and Ru9Al3B8,
respectively when the pressure is increased to 30 GPa. It indi-
cates that the effect of pressure on Ru4Al3B2 is more than that of
Ru9Al3B8.

The acoustic impedance, Z, of a material is found in:63

Z ¼
ffiffiffiffiffiffi
rG

p

According to the above equation, a material with higher
density and shear modulus has a higher acoustic impedance. In
our present study, acoustic impedance Ru9Al3B8 is higher than
Ru4Al3B2 and it increases with increasing pressure.

The intensity of sound radiation is an important parameter
in the design of acoustic insulation and soundproong mate-
rials, which aim to reduce the amount of sound energy that is
transmitted from one space to another. For a particular driving
source, the radiation intensity, I depends on the surface
velocity. This is related to the modulus of rigidity and density
as:63

I z
ffiffiffiffiffiffiffiffiffiffiffi
G=r3

p
where

ffiffiffiffiffiffiffiffiffiffiffi
G=r3

p
is called the radiation factor.

The values of Z and I are tabulated in Table 7. Both
compounds have a similar intensity of sound radiation.

3.6.2 Debye and melting temperature. The Debye temper-
ature, QD is estimated using the elastic constants at low
temperatures because vibrational excitations are solely caused
by acoustic vibrations at low temperatures, and the following
equations:62,64

QD ¼ h

kB

��
3n

4p

�
Nr

M

�1=3
vm

where h stands for Planck constant, kB is Boltzmann's constant,
NA is Avogadro's number, r indicates mass density, M is the
molecular weight, and n is the number of atoms within the unit
cell. The estimated large value of the Debye temperature (Table
8) for both Ru4Al3B2 and Ru9Al3B8 suggests that high melting
point, high thermal conductivity, and high stiffness are ex-
pected. Since QD has an inverse relation with specic heat
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 8 The Debye temperature QD (K), melting temperature Tm (K), thermal expansion coefficient a (K−1), the wavelength of the dominant
phonon at 300 K ldom (m), heat capacity per unit volume rCP (J m−3 K−1), Grüneisen parameter g, minimum thermal conductivity kmin (W m−1

K−1), and lattice thermal conductivity k*ph (W m−1 K−1) of Ru4Al3B2 and Ru9Al3B8 at various pressures (GPa)

Compound P QD Tm a (×10−5) rCP (×106) ldom (×10−12) g kmin k*ph

Ru4Al3B2 0 555.20 2268.37 1.396 3.48 178.20 1.664 1.128 24.224
10 595.42 2575.72 1.199 3.63 188.54 1.693 1.226 28.379
20 628.00 2886.82 1.068 3.75 196.58 1.741 1.308 30.958
30 653.29 3132.59 0.976 3.87 202.47 1.762 1.374 33.598

Ru9Al3B8 0 591.80 2382.47 1.242 3.89 183.05 1.728 1.247 18.403
10 623.31 2653.66 1.108 4.03 190.58 1.762 1.329 20.370
20 644.76 2929.99 1.028 4.15 195.16 1.839 1.389 20.338
30 672.75 3192.10 0.936 4.26 201.82 1.852 1.462 22.545
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capacity, these compounds will have fairly low values of specic
heat capacity.

Understanding themelting behavior of solids is important in
materials science and engineering, as it affects the processing
and performance of materials in various applications. The
following equation65 can be used to determine the melting
temperature Tm of solids using the elastic constants:

Tm ¼ 354 Kþ �
4:5 K GPa�1

��2C11 þ C33

3

�
� 300 K

The values of Tm for Ru4Al3B2 and Ru9Al3B8 are listed in
Table 8. As we can see, both compounds have very high melting
temperatures, and hence their possible applicability lies in
thermally harsh conditions. The effect of pressure on the
melting temperature is enormous as the value of Tm rises
sharply with temperature with 38% for Ru4Al3B2 and 34% for
Ru9Al3B8 when the pressure increases from 0 to 30 GPa.

The dominant phonon wavelength, ldom can have important
effects on the thermal and mechanical properties of the solid,
such as its thermal conductivity, specic heat capacity, and
phonon scattering. The dominant phonon wavelength for
Ru4Al3B2 and Ru9Al3B8 at 300 K has been calculated by using the
following relationship:66

ldom ¼ 112:566vm
T

� 10�12

where vm denotes the average sound velocity in ms−1 and T
denotes the temperature in K. The obtained value of ldomfor
Ru4Al3B2 and Ru9Al3B8 suggested that Ru9Al3B8 have higher
phonon wavelength compared to Ru4Al3B2.

3.6.3 The Grüneisen parameter. The Grüneisen parameter,
g, of Ru4Al3B2 and Ru9Al3B8 has been calculated using the
following relation:67

g ¼ 3

2

�
1þ n

2� 3n

�

where n is the Poisson's ratio which can also be calculated from
longitudinal (vl) and transverse (vt) sound waves using the
relation:67,68

n ¼ 1� 2ðvt=vlÞ2
2� 2ðvt=vlÞ2
© 2023 The Author(s). Published by the Royal Society of Chemistry
The calculated values g of the compounds with varying
pressure are tabulated in Table 8 and g rises with pressure. The
value of g is high for both compounds indicating strong
anharmonicity, hence thermal conductivity will be low for both
compounds. Additionally, a large value of g implies that the
compound's thermal properties, such as thermal expansion,
specic heat, and thermal conductivity, are highly sensitive to
changes in temperature and pressure. Therefore, both Ru4Al3B2,
and Ru9Al3B8 can be useful for applications in thermoelectric
devices, temperature sensors, and other areas where precise
control of thermal properties is necessary.

3.6.4 Minimum and lattice thermal conductivity.
Minimum thermal conductivity, kmin refers to the lowest
possible thermal conductivity that a material or substance can
possess. Clarke's formula can be used to calculate the
minimum thermal conductivity kmin at high temperatures as:66

kmin ¼ kBvm

�
nNAr

M

�2=3

the Boltzmann constant, kB, Avogadro's number NA, the mass
densityr, the number of atoms in a molecule n, the average
sound velocity vm, and the molecular weightM, are all included
in this expression. The values of kmin of both compounds are
listed in Table 8 and they have fairly low values. It is worth
noting that materials with extremely low thermal conductivity
can have useful applications in insulation or thermoelectric
devices. For thermal barrier coating (TBC) applications, kmin

should be equal to or smaller than the limiting value of 1.25 W
m−1 K−1,69 and according to our study, both Ru4Al3B2 and
Ru9Al3B8 can be used as TBC material at ambient pressure.

Lattice thermal conductivity, kph, on the other hand, refers to
the contribution of phonons to the overall thermal conductivity
of a material. Using Slack's model, the lattice thermal conduc-
tivity can be calculated by using the empirical formula:70

kph ¼ A
MavQD

3d

g2n2=3T

where Mav is the average atomic mass of a crystal, QD is the
Debye temperature, d is the cubic root of the average atomic
volume, g is the Grüneisen parameter, n is the number of atoms
in the unit cell, and T is the temperature.

The factor A(g) is determined by Julian's formula,71
RSC Adv., 2023, 13, 28912–28930 | 28923
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Fig. 10 Lattice thermal conductivity of Ru4Al3B2 and Ru9Al3B8 for pressure 0–30 GPa as a function of temperature.
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AðgÞ ¼ 5:72� 107 � 0:849

2�
�
1� 0:514

g
þ 0:228

g2

�

The lattice thermal conductivity calculated for Ru4Al3B2 and
Ru9Al3B8 at room temperature (300 K) is listed in Table 8 and
the temperature dependence on kph is shown in Fig. 10. With
increasing pressure, kph rises for Ru4Al3B2. However, there is an
exception in the case of Ru9Al3B8. When 20 GPa of pressure is
applied, kph decreases instead of increasing. It increases again
when 30 GPa of pressure is applied. From Fig. 10, it can be said
that Ru4Al3B2 has higher lattice thermal conductivity than
Ru9Al3B8 for all pressure ranges. The exponential decrease of
the lattice thermal conductivity with the increase in tempera-
ture is perceived for both compounds.
3.7 Optical properties

Dielectric function 3(u), refractive index n(u), absorption coef-
cient a(u), optical conductivity s(u), reectivity R(u), and
energy loss function L(u) of Ru4Al3B2 and Ru9Al3B8 were
calculated since they are useful to determine the optical prop-
erties of a compound. The pressure induced optical parameters
of the compounds are depicted in Fig. 11 and 12 for incident
energies up to 32.5 eV along the [100] direction. The dielectric
function, 3(u) = 31(u) + 32(u) is a complex-valued quantity that
describes the response of a material to an external electric eld,
where 31(u) and 32(u) are real and imaginary parts of 3(u). The
real part, 31(u) in Fig. 11(a) has a prominent peak in the range 0–
0.5 eV and falls below zero at ∼0.5 eV for both compounds and
remains below that mark until ∼28.3 eV and ∼30.1 eV is
reached for Ru4Al3B2 and Ru9Al3B8, respectively, and shows
metallic characteristic with a strong Drude peak at low energy.
The greatest value of 32(u) occurs at zero energy and falls with
28924 | RSC Adv., 2023, 13, 28912–28930
increasing photon energy, as seen in Fig. 11(b) and 12(b). This is
a very common incidence in metallic systems. It can be seen
from the gures that the value of 32(u) become zero at ∼24.8 eV
and ∼28.2 eV for Ru4Al3B2 and Ru9Al3B8, respectively, predict-
ing that the compounds will show transparency above that
energy value. Fig. 11(c) and 12(c) depict the absorption of the
compounds Ru4Al3B2 and Ru9Al3B8, respectively. In both cases,
the absorption starts at 0 eV, which is another indication of
their metallic characteristic. For Ru4Al3B2, the peak absorption
is at ∼10.7 eV and the peak value shis towards slightly higher
energy with pressure. Absorption decreases to some extent with
energy till ∼21 eV and aer that, it falls drastically. For
Ru9Al3B8, absorption reaches its peak at ∼11 eV and remains
nearly the same up to∼23.7 eV. It falls rapidly aer that value. It
is noteworthy that the absorption coefficient is of the order of
∼105 cm−1 which concluded that both compounds should be
excellent solar absorbers and would be suitable for absorber in
photovoltaic device applications. The reectivity spectra start at
95%, and 96% for Ru4Al3B2 and Ru9Al3B8, respectively, are
shown in Fig. 11(d) and 12(d).

The maximum value of the reectivity is found in the IR and
visible range of photon energy. Furthermore, the reectance
spectra for Ru4Al3B2 and Ru9Al3B8 in the 0 to 30 eV photon
energy range never drop below 38% and 42%, respectively. The
value of reectivity spectra of these two compounds is higher
than that of other metallic borides of Cr4AlB4 (ref. 72) and
Zr3CdB4.73 Based on our calculations, Ru9Al3B8 can be used as
coatings on space cras as it can avoid solar heating. In
Fig. 11(e, f) and 12(e, f), respectively, the real, n(u), and imagi-
nary, k(u), components of the refractive indices of Ru4Al3B2 and
Ru9Al3B8 are depicted. At zero photon energy/frequency, the
values of n are 51.28 and 52.92, respectively.

A high refractive index is a necessary condition for photonics
and optoelectronic applications, such as LEDs, OLEDs, mini-
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 (a) 31(u), (b) 32(u), (c) absorption coefficient, (d) reflectivity, (e) n(u), (f) k(u), (g) optical conductivity, and (h) energy loss function of Ru4Al3B2

in the [100] direction under pressure from 0–30 GPa as a function of photon energy.
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LEDs, micro-LEDs, and QDLEDs screens. These two compounds
have very high values of n(0) and can be used in micro LED
screens that will be used in virtual reality/augmented reality
headsets which need very high pixel per inch (PPI) screens. The
spectrum of k(u) shows that the studied compounds will have
low-energy light (IR) absorption since its peak is in the 0–1 eV
range. The effect of pressure on both n and k is negligible.
Optical conductivity starts at 0 eV of photon energy (Fig. 11(f)
and 12(f)), which further conrms the metallic character. For
both Ru4Al3B2 and Ru9Al3B8, photoconductivity rises in the IR
region at rst and sharply decreases until the visible range is
reached. Photoconductivity reaches its next peak at 7.7–8.7 eV
for Ru4Al3B2 depending on the pressure and at 8.2–9.3 eV for
Ru9Al3B8. Aer that, it gradually decreases to zero. One inter-
esting fact is the effect of pressure is evident on Ru9Al3B8 in the
IR region. Photoconductivity decreases with increasing pressure
in this region. The conductivity of a material depends on the
number of free charge carriers available to conduct electricity.
In the IR region, the energy of the radiation is lower than the
energy required to excite electrons from the valence band to the
conduction band. Therefore, there are fewer free electrons
available for conduction, which leads to a decrease in
conductivity.

Optical loss is a property of materials that describes the
amount of electromagnetic energy, such as light or infrared
radiation, that is lost as it passes through the material. Because
© 2023 The Author(s). Published by the Royal Society of Chemistry
of the relatively high value of 32(u), it is evident from Fig. 11(h)
and 12(h) that neither compound experiences any energy loss
up to about 15 eV. Maximum energy loss is observed due to
plasma resonance. The peak of the loss function is found to be
at 27.0–28.8 eV for Ru4Al3B2 and at 29.0–30.5 eV for Ru9Al3B8.
The reection and absorption spectra drop dramatically at
these energies, and the compounds under study are expected to
have high transmittance. The effect of pressure is non-selective
for Ru4Al3B2, but for Ru9Al3B8, there is a clear pattern. The peak
value of the loss function of Ru9Al3B8 shis towards higher
photon energy while the height of the peak decreases with
pressure. In the case of Ru4Al3B2, only the position of the peak
shis.
3.8 Thermodynamic properties

Different temperatures and pressures are frequently applied to
materials. Therefore, the study of pressure and temperature
dependent bulk modulus and thermodynamic properties has
an enormous effect on how they are used at high-temperature
and pressure in industrial applications. Gibbs2 (ref. 30)
program was used to investigate the temperature and pressure
dependent thermodynamic properties of Ru4Al3B2 and
Ru9Al3B8, shown in Fig. 13 (a–r). The pressure range was set to
0–100 GPa, and the temperature range was set to 0–1000 K. It
was found that no phase transition occurred for both
compounds while the specied pressure and temperature were
RSC Adv., 2023, 13, 28912–28930 | 28925
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Fig. 12 (a) 31(u), (b) 32(u), (c) absorption coefficient, (d) reflectivity, (e) n(u), (f) k(u), (g) optical conductivity, and (h) energy loss function of Ru9Al3B8

in the [100] direction under pressure from 0–30 GPa as a function of the photon energy.
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applied. Fig. 13(a and b) shows the temperature and pressure
dependence of adiabatic bulk modulus, B of the two
compounds at P = 0 GPa and T = 300 K, respectively. From
Fig. 13(a), it is observed that the difference of B between the two
compounds is almost double, but both follow the same pattern.
Bulk modulus decreases slowly at a low (∼100 K) temperature
range, which is associated with the 3rd law of thermodynamics
and aer that point, the decrement is much more. The decrease
of B with pressure indicates that the compounds become harder
at high pressure. At a given T, the bulk modulus, B increases
with increasing P, which is a usual characteristic because
external stress makes the compound mechanically stronger.
Between the two compounds, Ru9Al3B8 is stronger due to the
higher value of bulk modulus. From Fig. 13(b), it is evident that
the bulk modulus, B increases linearly with increasing pressure,
P at room temperature (300 K) for both compounds. Fig. 13(c
and d) presents the Debye temperature, QD as a function of
temperature and pressure and the value of QD decreases with
increasing temperature. These curves are similar to that of the
bulk modulus. B and QD decrease with temperature since
material stiffness also decreases with temperature.74 On the
other hand, pressure increases the stiffness of the compound
and as a result, B and QD also increase. QD increases in a non-
linear fashion, between linear and exponential. Specic heat
capacity at constant volume, CV, and at constant pressure, CP of
Ru4Al3B2 and Ru9Al3B8, as a function of temperature and
28926 | RSC Adv., 2023, 13, 28912–28930
pressure, are also shown in Fig. 13(e–h). Heat capacities rise due
to phonon thermal soening as temperature increases. The
discrepancy between CP and CV is related to thermal expansion
by anharmonicity effects. CV follows the Debye equation, which
states that in the low temperature region (T ∼ 300 K), CV is
proportional to T3, and at high temperatures (T > 300 K), the
anharmonic inuence on heat capacity is muted and CV

approaches the traditional asymptotic Dulong–Petit limit CV =

3nNAkB (224.49 J mol−1 K−1 for Ru4Al3B2 and 498.87 J mol−1 K−1

for Ru9Al3B8). At low T, CP behaves likewise to CV while CP is
slightly greater than CV at higher temperatures. From Fig. 13(g
and h), it is observed that both CV and CP decreases with
increasing pressure and their decrement is identical.

Fig. 13(i and j) show the predicted volume thermal expansion
coefficient, aV, as a function of the temperature and pressure of
Ru4Al3B2 and Ru9Al3B8. Since Ru4Al3B2 is less dense than
Ru9Al3B8, aV is found to be higher in Ru4Al3B2. aV increases
rapidly, especially up to T < 300 K, and then, it increases at a low
pace in higher temperature regions. For both compounds, aV
follows the same pattern albeit with a discrepancy in their
values. As pressure is increased, aV falls exponentially. The
higher value of aV for Ru4Al3B2 indicates that it is more ductile.

In a solid, the internal energy is the result of the random
movement of molecules. Fig. 13(k and l) display the internal
energy of the compounds as a function of temperature and
pressure, respectively. U grows slowly in the low-temperature
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 Temperature and pressure dependence of (a–r) bulk modulus
(B), Debye temperature (QD), specific heat at constant pressure (CP)
and volume (CV), volume expansion coefficient (aV), internal energy
(U), entropy (S), Grüneisen parameter (g), and Gibb's free energy (G) of
Ru4Al3B2 and Ru9Al3B8.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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region, but aer T > 200 K, it increases more rapidly. Both the
value and increase of the internal energy are greater for
Ru9Al3B8. Furthermore, from Fig. 13(l), it is observed that U
increases in a linear pattern with increasing pressure at room
temperature.

Entropy, S is a unit of measurement for how much a process
causes the energy of atoms and molecules to disperse. The
entropy variations of Ru4Al3B2 and Ru9Al3B8 as a function of
temperature and pressure are depicted in Fig. 13(m and n). For
low temperatures (T < 100 K), the value of entropy is almost the
same for both compounds. In high temperature region (T > 100
K), the increase of entropy is very high for Ru9Al3B8, and when
1000 K is reached, entropy in Ru9Al3B8 is almost double
compared to that in Ru4Al3B2. It is also found that the entropy, S
decreases with increasing pressure. This is due to the fact that
the volume decreases with increasing pressure. The rate of
decrease of entropy, S with pressure is similar for the two
compounds.

The Grüneisen parameter, g, describes how the specic heat
of a material changes in response to changes in volume or
pressure, and is related to the anharmonicity of the interatomic
potentials in the material. Fig. 13(o and p) depicts the temper-
ature and pressure dependence on the Grüneisen parameter.
From Fig. 13(o), it can be seen that g increases with temperature
with Ru4Al3B2 having amuch higher value. On the other hand, g
decreases exponentially with pressure for both compounds as
can be seen from Fig. 13(p).

Temperature and pressure dependent Gibb's free energy of
Ru4Al3B2 and Ru9Al3B8 are depicted in Fig. 13(q and r). Two
separate scales had to be used for the compounds because of
the vast difference between the values of Gibb's energy of the
two compounds follows the same pattern when the temperature
is increased. It increases linearly. But, when the pressure is
increased beyond 20 GPa, G decreases exponentially for both
compounds.

4. Conclusion

A detailed investigation of the structural, vibrational, electronic,
mechanical, and thermal properties of the Ru-based
compounds, Ru4Al3B2 and Ru9Al3B8, was conducted using
DFT method. The study found that both compounds are stable
against decomposition into binary elements, as suggested by
enthalpy calculations on phase stability. The phonon disper-
sion and density of states indicate that both compounds are
dynamically stable, with no imaginary frequency observed in
the phonon dispersion curves. The metallic character is
conrmed by their electronic band structures. Both electron
and hole like sheets are present in the Fermi surface. Both ionic
and covalent bond characters are observed from Mulliken bond
analysis and charge density prole. The stiffness constants, B,
G, Y, Hmacro, and Hmicro of Ru9Al3B8 were found to be higher
than those of Ru4Al3B2 implying that Ru9Al3B8 is harder than
the latter one. Ru4Al3B2 possesses more elastic anisotropy than
Ru9Al3B8. For both compounds, various thermal properties,
such as sound velocities, the Grüneisen parameter (g), Debye
and melting temperature (QD, Tmin), heat capacities (CP, CV),
RSC Adv., 2023, 13, 28912–28930 | 28927
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volume thermal expansion coefficient (VTEC), and minimum
and lattice thermal conductivity (kmin, kph) were also calculated
for different pressures. All the mechanical and thermodynamic
properties are strongly depend on pressure and temperature.
Therefore, the compounds are quite likely to come up with
applied under high pressure and temperature environments.
The optical absorption and photoconductivity spectra showed
that both compounds exhibit metallic characteristics, and
Ru9Al3B8 was found to be better suited for potential applica-
tions as a thermal barrier coating (TBC) and solar absorber
material for UV-based optical devices. We hope this work will
inspire other research groups to investigate these exciting
compounds in the near future.

Data availability

Data will be made available on request.

Conflicts of interest

The authors declare that they have no known competing
nancial interests or personal relationships that could have
appeared to inuence the work reported in this paper.

Acknowledgements

We acknowledge the Department of Physics, University of Raj-
shahi, Bangladesh for providing high conguration computing
facilities.

References

1 M. Rajagopalan and M. Sundareswari, Ab initio study of the
electronic structure of rhodium based intermetallic
compounds under pressure, J. Alloys Compd., 2004, 379, 8–
15, DOI: 10.1016/j.jallcom.2004.02.011.

2 J. Liang, D. Fan, P. Jiang, H. Liu andW. Zhao, First-principles
study of the thermoelectric properties of intermetallic
compound YbAl3, Intermetallics, 2017, 87, 27–30.

3 T. An and F. Qin, Relationship between the intermetallic
compounds growth and the microcracking behavior of
lead-free solder joints, J. Electron. Packag., 2016, 138, 011002.

4 Y. Terada, K. Ohkubo, S. Miura, J. M. Sanchez and T. Mohri,
Thermal conductivity and thermal expansion of L12
intermetallic compounds based on rhodium, J. Alloys
Compd., 2003, 354, 202–207.

5 L. Mohammedi, B. Daoudi and A. Boukraa, Ab-initio
structural and electronic properties of the intermetallic
compound TiFeH2, Comput. Condens. Matter, 2015, 2, 11–15.

6 S. Murarka, Metallization: Theory and Practice for VLSI and
ULSI, Butterworth-Heinemann, Boston, 1992.

7 J. Magnien, G. Khatibi, M. Lederer and H. Ipser,
Investigation of interfacial behavior in miniaturized solder
interconnects, Mater. Sci. Eng., A, 2016, 673, 541–550.

8 K. S. Kim, S. H. Huh and K. Suganuma, Effects of
intermetallic compounds on properties of Sn–Ag–Cu lead-
free soldered joints, J. Alloys Compd., 2003, 352, 226–236.
28928 | RSC Adv., 2023, 13, 28912–28930
9 M. I. Naher, F. Parvin, A. K. M. A. Islam and S. H. Naqib,
Physical properties of niobium-based intermetallics (Nb3B;
B = Os, Pt, Au): a DFT-based ab initio study, Eur. Phys. J. B,
2018, 91, 289, DOI: 10.1140/epjb/e2018-90388-9.

10 Y. Koo, S. Oh, K. Im and J. Kim, Ultrasonic spray pyrolysis
synthesis of nano-cluster ruthenium on molybdenum
dioxide for hydrogen evolution reaction, Appl. Surf. Sci.,
2023, 611, 155774, DOI: 10.1016/j.apsusc.2022.155774.

11 W. Donphai, N. Thepphankulngarm, T. Chaisuwan,
D. Tanangteerapong, S. C. Rood and P. Kongkachuichay,
Catalytic performance of copper and ruthenium loaded on
N-doped modied PBZ-derived carbons for CO2

hydrogenation, Chem. Eng. Sci., 2023, 274, 118693, DOI:
10.1016/j.ces.2023.118693.

12 D. Majumdar, T. Maiyalagan and Z. Jiang, Recent Progress in
Ruthenium Oxide-Based Composites for Supercapacitor
Applications, ChemElectroChem, 2019, 6, 4343–4372, DOI:
10.1002/celc.201900668.

13 E. Villemin, Y. C. Ong, C. M. Thomas and G. Gasser, Polymer
encapsulation of ruthenium complexes for biological and
medicinal applications, Nat. Rev. Chem, 2019, 3, 261–282,
DOI: 10.1038/s41570-019-0088-0.

14 R. Kumar and R. Thangappan, Electrode material based on
reduced graphene oxide (rGO)/transition metal oxide
composites for supercapacitor applications: a review,
Emergent Mater., 2022, 5, 1881–1897, DOI: 10.1007/s42247-
021-00339-7.

15 M. N. Hossain, S. Chen and A. Chen, Fabrication and
electrochemical study of ruthenium-ruthenium oxide/
activated carbon nanocomposites for enhanced energy
storage, J. Alloys Compd., 2018, 751, 138–147, DOI: 10.1016/
j.jallcom.2018.04.104.

16 S. K. Singh and D. S. Pandey, Multifaceted half-sandwich
arene–ruthenium complexes: interactions with
biomolecules, photoactivation, and multinuclearity
approach, RSC Adv., 2013, 4, 1819–1840, DOI: 10.1039/
C3RA44131H.

17 A. K. Sahu, D. K. Dash, K. Mishra, S. P. Mishra, R. Yadav,
P. Kashyap, A. K. Sahu, D. K. Dash, K. Mishra,
S. P. Mishra, R. Yadav, and P. Kashyap, Properties and
Applications of Ruthenium, IntechOpen, 2018. DOI: 10.5772/
intechopen.76393.

18 J. Liu, H. Lai, Z. Xiong, B. Chen and T. Chen,
Functionalization and cancer-targeting design of
ruthenium complexes for precise cancer therapy, Chem.
Commun., 2019, 55, 9904–9914, DOI: 10.1039/C9CC04098F.

19 I. Zuba, M. Zuba, M. Piotrowski and A. Pawlukojć,
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