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Abstract

A full potential linearized augmented plane-wave (FP-LAPW) method based on density functional theory (DFT) was
employed using various approximations to provide insight into the novel half-Heusler (HH) RhZrX (X=P, As, Sb, Bi)
alloys. The total energy calculations determine materials’ stability in F-43 m structure. Trans-Blaha modified Beck Johansen
(TB-mBJ) potential has been used successfully to address the issue of different band gaps in the materials. According to the
electronic band structure calculations using TB-mBJ, semiconducting nature with estimated indirect band gap of 1.50 eV,
1.47 eV, 1.38 eV, and 1.18 eV in RhZrX (X =P, As, Sb, Bi) alloys, respectively, has been estimated. The RhZrX (X=P, As,
Sb, Bi) HH alloys are possible candidate materials for optoelectronics applications due to their absorption in the visible and
UV region. Further, for these HHs, the investigated values of static dielectric constants, €;(0) are reported to 16.40, 16.81,
16.97, 17.64, respectively, which obey Penn model. Semi-classical Boltzmann theory has been utilized to examine how
temperature and chemical potential affect the Seebeck coefficient, electronic conductivity, electronic thermal conductivity,
power factor, and Fig. of merit—all of which are significant factors to take into account when assessing a material's thermo-
electric performances. The calculated low value of k; (0.584 W/mKs) for RhZrAs is particularly encouraging for utilization
in thermoelectric devices. Furthermore, these materials exhibit dynamical and mechanical stabilities.

Keywords Heusler alloys - DFT - Mechanical properties - Electronic properties - Vibrational properties - Lattice thermal
conductivity - Fig. of merit

1 Introduction point, high charge carrier mobility, and extended charge

diffusion lengths. Nowadays, renewable energy sources

Husler alloys have recently generated a great deal of atten-
tion in the scientific community of their amazing solar opto-
electronic and thermal features [1, 2], which include tunable
bandgap, strong optical absorption, a wide absorption spec-
trum, small effective masses of carriers, and a dominating
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are being used including solar panels [3], wind turbines
[4], and hydroelectric facilities [5], to replace the world-
wide reliance on non-renewable fossil fuels in the power
industry. Although significant changes are occurring in pri-
mary energy production, it is crucial to focus on increasing
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the whole effectiveness of global power generation [6, 7].
This can be done by enhancing electricity transmission [8],
enhancing device performance [9], and restoring waste heat
[10]. Waste heat may be transformed into electricity using
thermoelectric generators (TEGs) [11, 12], which switch
temperature gradients into electrical currents. The amount
of energy that main producers would need to produce could
decrease as TEGs became more widely used. When con-
struction is a challenge or a prolonged lifespan is compul-
sory, TEGs can also be employed as the main generator.
TEGs have a variety of operating temperatures because of
their fundamental solid characteristics. Such as, the exclu-
sively commerce-oriented TEGs relied on Bi,Te; to work
well between 300 and 500 K, however as the temperature
rises, their efficiency starts to decrease. Novel materials
are needed for the applications involving high tempera-
tures, such as the Mars Perseverance rover's PbTe and GeTe.
On the other hand, affordability and chemical richness are
important extra factors for large-scale commercial appli-
cations. Further considerations include physical qualities,
excellent thermal stability, matching n-type and p-type mix-
tures, and the efficiency of both electrical and thermal con-
tacting within the TEG gadget. The scalability of materials'
processing is another important consideration. Currently,
developments involve the emergence of p-type compositions
with the Fig. of merit (ZT) > 1 at 773 K, such as XVFeSb
(XV =V, Nb, and Ta) and ZrCoBi [13]. It includes not only
first-principles calculations [14], but also the widely-used
single parabolic band (SPB) and Callaway modelling [15,
16], which have greatly improved our understanding of HH
alloys [17]. The key recent advancements will be discussed
in this paper, and it will wrap up with a quick summary
of the growingly popular integration of HH materials into
functional TEGs [18].

The HH alloys met most of these goal standards among
all examined solid thermoelectric compounds. They are just
constrained in terms of whole performance by extremely
high lattice thermal conductivities that lower the efficiency
of conversion of heat to electricity. They are well suited
for power production applications regarding their electri-
cal qualities [19]. HH alloys have drawn a lot of interest as
possible thermoelectric solids due to their planned technical
characteristics and TE efficiency [20, 21]. HH alloys have
been considered extensively as potential transport solids
[22, 23]. In the late 1990s, first study on these solids began,
and the most encouraging mixtures were n-type and p-type
phases that relied on XIVNiSn and XIVCoSb (XIV =Ti,
Zr, and Hf) [24]. Skutterudites and tellurides, in particular,
gained attention as a result of the challenges associated with
obtaining repeatable findings and raising ZT over one. For
developing and calculating the prospective of a thermal sys-
tem, the Fig. of merit is employed [25, 26].
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where S is Seebeck coefficient, ¢ is electrical conductivity,
T is absolute temperature, k is the total thermal conductiv-
ity, which is the sum of electronic thermal conductivity (x,)
and lattice thermal conductivity (k;) as k=x_+x;. The term
S%c is termed as power factor. However, for optimizing ZT,
altering the charge recombination to strike the right balance
between a maximum S/t and a minimum « is essential [27,
28]. The material's electronic and phonon band structures
were analyzed to play a crucial role in determining its effi-
ciency [13]. When choosing a suitable thermoelectric mate-
rial, a high value of ZT is not only the factor to consider.
There have been reports that lowering ZT to improve power
performance is beneficial [29]. An exclusive focus on ZT
obscures the significance of power production, a parameter
in which the HH alloys excel. There have been numerous
reports of new materials that are thermoelectrically effec-
tive, such as p-type PbTe-SrTe, which has a maximum ZT of
2.5, Bi,Te; and Sb,Te; bilayers, which have a ZT of 2.4, and
SnSe, which has a ZT of 2.6 [30]. Ti/Sn doped NbFeSb and
TaFeSb heuslers have been shown to attain ZT values of 1.1
and 0.5 [31], respectively, in experimental studies[32]. A few
alloys that are worth mentioning are the following: p-type
TiPdSn, n-type XNiSn, p-type Fe(V,Nb)Sb, p-type XCoSb
(X =Ti, Zr, Hf), and TalrSn. These alloys have high ZTs
and may exhibit high-temperature TE efficiency [33]. These
suggest that the study of novel HHs will result in a higher
Fig. of merit. Some recent studies on various half-Heuslers
[31, 34-63] have also shown remarkable performances. The
outcomes mentioned above motivated us to find out more
about HH compounds [64-68]. Using first-principles cal-
culations, we have examined the structural, elastic, elec-
tronic, optical, and thermoelectric characteristics of RhZrX
(where X =P, As, Sb, Bi) HH compounds. These materials
are of great importance because of their remarkable simple
cubic structure with excessive band gap, mechanical and
dynamical stability, high electrical conductivity, low thermal
conductivity, excellent absorption in UV-VIS region, less
reflectance, prodigious optical performances. To the best of
our knowledge, no previous studies have investigated these
compounds that haven't been thoroughly examined. Accurate
computation of the electronic band structure is necessary to
replicate convincing results of related properties. Since it has
been demonstrated that Tran-Blaha modified Becke-Johnson
exchange (TB-mBJ) potential can predict the band gap of
solids rather well, we apply it in our study. Our results sug-
gest that the materials examined in the present study would
be of great choice for use in optoelectronic and thermoe-
lectric generators. We hope that the findings of the present
study will be useful in future experimental and theoretical
studies of other HH chemicals. The paper is organized as
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follows: The computational methodology and variables are
introduced in the second section. The results are then pre-
sented, together with an evaluation and discussion of them,
in the third section. The significant successes of the present
work are listed along with a conclusion in the last section.

2 Methodology

The computations were carried out for computing the
structural and phonon dispersion using full potential lin-
earized augmented plane-wave plus local orbitals method
described in previous literature [69, 70]. Further, general-
ized gradient approximation (GGA) of Perdew, Burke, and
Ernzerhof (PBE), TB-mBJ plus spin-orbital coupling (TB-
mBJ 4+ SOC) are utilized [69-71]. Typically, the band gap
of semiconductors is underestimated by PBE-GGA [72]
as its failure to underestimation is caused by not taking
into consideration the self-energy of the quasiparticle [73].
This issue is addressed by utilizing the TB-mBJ poten-
tial, which provides a more accurate calculation regarding
the band structure of electronic systems thus, improves
the computation of the band gap. In the present work, the
PBE-GGA, mBJ and mBJ + SOC techniques are used to
calculate the electrical characteristics [74—77]. Similar to
this, to check the optical nature of RhZrX ( X=P, As,
Sb, Bi) HH alloys we computed the optical properties by
using the mBJ approximation. Using the mBJ approxima-
tion, the electron—electron correlation effect [78-80] is
handled. The Rh, Zr, P, As, Sb, and Bi atoms have muffin
tin radii (Ry;p) of 1.24, 1.25, 1.24, 1.25, 1.32, and 1.61
a.u., respectively. With angular moments up to I ,, =10,
the spherical harmonic expansion is used to represent the
charge density and potentials. We employ a plane wave
basis with an Ry;r X K., =9 cutoff. For the Brillouin zone
integration, a mesh of 1000 k-points enables convergence
and total energy reduction. The energy difference between
the valence and core states was set at -8 Ry. Charge con-
vergence was performed at 0.0001 Ry. The IR_ELAST
method was used to compute the elastic constants and
implemented in WIEN2k [81]. For the calculation of
phonon vibrational properties, the Phonopy software [72]
was employed, which employed the force constant method
based on density-functional perturbation theory within the
quasi-harmonic approximation of phonon frequencies. A
2 X 2% 2 supercell was built, and self-consistency com-
putations were carried out under the GGA approximation
using the WIEN2k code [81] to obtain the phonon density
of states (DOS) and dispersion relation. The thermoelec-
tric characteristics of the studied half Heusler alloys were
examined utilizing Boltzmann's semi-classical theory and
Boltztrap method [82]. T value is assumed to be a constant,
and its typical value is around 1074 5.

3 Result and Discussion
3.1 Structural Properties

Ternary RhZrX (X=P, As, Sb, Bi) HH alloys, which are
crystallized in cubic F 43 m (No. 216) space group, have
an n-type structure, shown in Fig. 1. The ternary HH has
the typical form, the elements in XYZ, consists of a main
group element Z along with two transition metals X and
Y. Three distinct nonequivalent atomic configurations are
possible for each HH. Type 1 comprises X (0, 0, 0), Y (0.5,
0.5,0.5), and Z (0.75, 0.75, 0.75); Type 2 comprises X (0, O,
0), Y (0.25, 0.25, 0.25), and Z (0.75, 0.75, 0.75); and Type
3 comprises X (0.5, 0.5, 0.5), Y (0, 0, 0), Z (0.75, 0.75,
0.75). By calculating their minimum energy, we conducted
a straightforward investigation to determine the most favora-
ble structure. To acquire the optimized lattice constant, we
utilized Birch Murnaghan's equation of state to fit the energy
vs volume data, as explained in Eq. 1 of Ref [83]. Here, V
and V,, denote the unit cell volumes at normal conditions
and ground state, respectively, while B, represents the bulk
modulus and By’ is its pressure derivative at V=V,,. Figure 2
(a-d) displays the energy versus volume curves for RhZrX
(X =P, As, Sb, Bi) HHs, and Table 1 contains the computed
data. Our findings on structural factors are presented in
Table 1. The lattice constants of RhZrX (X =P, As, Sb, Bi)
compounds are computed as 5.97, 6.11, 6.29 and 6.39 A,
respectively. The calculated values of lattice constants are
consistent with the values reported in materials project [84].
The computed bulk modulus (57.22 GPa, 87.67 GPa, 137.67

Fig.1 The computed cubic F 4 3 m structure of ternary RhZrX
(X=P, As, Sb, Bi) HH alloys generated by VESTA code
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Table 1 Ground state properties of RhZrX (X=P, As, Sb, Bi) HH
alloys at 0 GPa nd 0 K: Structural parameters i.e., lattice parameter
(ay), unit cell volume (V,), bulk modulus (B), pressure derivative

of By, total minimum energy E,, cohesive energy (E_,,), formation
energy (Eq,.,) and Bond length

Compound a, (A) Vo(au?) B, (GPa) By Ey(Ry) E_,, (eV/atom) Eform Bond length A)
RhZrP 5.97 360.61 191.56 3.40 —17,453.388886 6.01 —1.104 Rh-Zr=2.58
Rh-P=2.58
Zr-P=2.98
RhZrAs 6.11 385.54 153.62 4.52 —21,291.350246 5.66 —-1.007 Rh-Zr=2.64
6.28 [84] Rh-P=2.64
Zr-P=3.05
RhZrSb 6.29 420.98 173.30 3.57 —29,736.409598 5.39 —-1.003 Rh-Zr=2.72
6.52 [84] 163.2 [43] Rh-P=2.72
143.472 [44] Zr-P=3.14
151.12[44]
RhZrBi 6.39 441.27 160.53 3.77 —59,932.163928 4.41 -0.724 Rh-Zr=2.76
6.64 [84] 132.38[45] Rh-P=2.76
Zr-P=3.19

GPa and 157.01 GPa) and Pugh ratio (1.43, 1.66, 1.94, and
2.77) for RhZrX (X=P, As, Sb, Bi) HH are also reported,
respectively.

To confirm the structural stability of RhZrX (where
X =P, As, Sb, Bi), the cohesive energy (E_,,) is calculated
using the following equation [34, 35]:

hZrX
[ E;letl;)m + E;trom + E;zom] _ ER

Eypp = @
coh n

where ERX is total energy of RhZrX (X =P, As, Sb, Bi)
HHs in the equilibrium configuration, while the terms
ER", E°™ and E{°" represent energy of isolated atom of

@ Springer

the pure constituents, n is total number of atoms per unit
cell. The calculated cohesive energies are 6.101 eV/atom,
4.774 eV/atom, and 6.512 eV/atom for RhZrP, RhZrAs,
RhZrSb, and RhZrBi, respectively. Additionally, to inves-
tigate the stability, the formation energy of RhZrX (X =P,
As, Sb, Bi) HHs is calculated as [34, 35]:

RhZrX _ grbulk bulk bulk
_ Ey [Egy, +E7, +Ex"]

‘form — n (3)

where the terms EZI;L”‘, EZ’:”‘ and E)b(””‘ represent energy of Rh,

Zr and X =P, As, Sb, Bi in their bulk form. The computed
formation energies are -1.312 eV/atom, -1.080 eV/atom,
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-1.002 eV/atom, and -0.725 eV/atom for RhZrX (X =P, As,
Sb, Bi), respectively. The computed formation energy sug-
gested the stability of the studied RhZrX (X =P, As, Sb,
Bi) HHs.

3.2 Phonon Calculation

The phonon dispersion was computed to determine the
dynamical stability of RhZrX (X =P, As, Sb, Bi) HH alloys.

Figure 3 (a-d) shows the phonon dispersion curves along
with the phonon total and partial density of states in the
W-L-I'-X-W-K symmetry directions. For all RhZrX (X =P,
As, Sb, Bi) alloys with the same crystal structures, it was
found that the phonon dispersion band occurred near the
I'-symmetry point. After analysing the comparative phonon
dispersion patterns of the investigated alloys, it was found
that they adhered to the 3N relationship, where N was the
total number of atoms in the primitive cell. The absence of

Fig.3 The computed phonon
band structure of ternary HHs
RhZrX (X=P, As, Sb, Bi)
alloys

DOS (V")

Frequencies (THz
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unreal frequencies in any of the modes within the Brillouin
zone proved the dynamical stability of the RhZrX (X =P, As,
Sb, Bi) HH alloys. These findings are presented in Fig. 3.
The Fig. demonstrates a total of 9 modes with 3 acoustic
modes and 6 optical modes of the RhZrX (X=P, As, Sb, Bi)
HH alloy. The high frequencies in the acoustic mode lead to
large group velocities and significant dispersion, resulting in
a considerable contribution to heat transfer from the acous-
tic branch, while heat transfer from the optical branches is
insignificant. Phonon—phonon scattering from the interac-
tion of acoustic and optical modes decreases a compound's
lattice thermal conductivity. The thermoelectric properties
section includes calculations of lattice thermal conductiv-
ity. Localized states are indicated by peaks in the phonon
density of states (DOS) that correspond to the flat regions
in the phonon dispersion curve. The contribution of differ-
ent atoms to the phonon DOS is dependent on their mass;
heavier atoms contribute to lower frequency modes, while
lighter atoms contribute to higher frequency modes. From
the DOS plot, it is evident that the P/As/Sb/Bi atoms of the
HH compound contribute mainly to the acoustic mode of
vibration. The lower optical mode has the greatest contribu-
tion from Rh atoms, whereas the upper optical mode comes
from Zr atoms. The phonon dispersion spectra obtained for
the considered materials are in accordance with several other
HH alloys [36-39]

3.3 Mechanical Properties

The durability of a solid form as well as its resistance to
external forces are significantly influenced by its mechani-
cal characteristics, which are linked to fundamental solid-
state phenomena including interatomic bonding, phonon
spectrum, and equation of state. The IR-elast package
integrated into WIEN2k is used to generate the independ-
ent elastic constants C,;, C;, and C,, (only three in cubic
case), which are used to derive mechanical parameters and
are listed in Table 2. According to the computations, these
compounds satisfy the Born mechanical stability condi-
tions, which include C;;+2C;,>0, Cy, >0, C;;- C;,>0,
and C;, <C,, [85], indicating that they are a mechanically
stable perovskite form. The elastic constants for cubic struc-
tures, including the bulk modulus (B), shear modulus (G),
Young modulus (Y), Poisson's ratio (v), and anisotropy (A),
are determined using the following formulations [40].

C 2C
g tu +20, “@)
3
Cc,,-C
G=tu - 12 )
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" 3B+G ©)
L _3B-2G
T 2GB+G) @
2Cy,
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Ch-Cp, ®)

The resistance of a material to volume change can be
determined by its bulk modulus (B) when it is compressed.
A high value of B indicates strong crystal strength, while
the crystal's resistance to plastic deformation is indicated
by the shear modulus (G). The estimated values of B for
RhZrX (where X can be P, As, Sb, or Bi) also provide 57.22
GPa, 87.67 GPa, 137.16 GPa, and 159.01 GPa, respectively.
The results suggest RhZrSb and RhZrBi are more robust to
the volume change than RhZrP and RhZrAs due to higher
B values. Additionally, RhZrSb has a higher G value than
other HHs suggesting it is more resistant to transverse bend-
ing. The material brittleness or ductility can be quantified
by Pugh’s ratio (B/G). If the B/G ratio is more than 1.75, the
crystal is ductile; if not, it is brittle. Table 2 displays the esti-
mated B/G for RhZrX (X =P, As, Sb, Bi) HHs demonstrat-
ing the brittle nature of RhZrSb and RhZrBi. Frantsevich
et al. used Poisson's ratio (v) to distinguish between brittle-
ness and ductility; 0.26 is the critical value for both brittle
and ductile qualities. The compound is brittle when the falls
below 0.26; ductile when the climbs over 0.26. The RhZrX
(X =P, As), have estimated its values of 0.21 and 0.24,
respectively, showing the brittle nature. The compounds
being studied are found to be ductile, as indicated by their
Cauchy pressure values, which are calculated using the for-
mula C°=C,,—C,, and are presented in Table 2. The sign
of the Cauchy pressure value, whether positive or negative,
can serve as an indicator of the type of crystal bond, whether
ionic or covalent. For the RhZrX (X =P, As, Sb, Bi) HHs,
the negative Cauchy pressure values indicate the correspond-
ing bonding character. Additionally, crystals with A values
between 0 and 1 are considered anisotropic, while those with
an A value of 1 are considered isotropic. The studied RhZrX
(X=P, As, Sb, Bi) HHs, is found to be anisotropic. Two
thermodynamic factors associated with elastic properties—
study also involved an analysis of the 544 point T, and the
Debye temperature (0). O was calculated using the mean
sound velocity and the formula [41] for V,, using Eq. (10).

h[3n (N \]7"°
g, = |2 (24P % 9
=) ®

Here, ‘n’ represents the total count of atoms present in a
single cell, Avogadro's number is N,, Plank's constant is h,
and k is Boltzmann's constant, p is density of the materials,
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Table 2 Mechanical properties

: Material property
of RhZrX (X =P, As, Sb, Bi)

ZrRhP  ZrRhAs ZrRhSb  ZrRhBi  Others

HH alloys: Elastic constants
(Cij), bulk modulus (B), shear
modulus (G), Young’s modulus
(E), Poisson’s ratio (c), Pugh
ratio (B/G), Cauchy pressure
CP, sound velocities (m/s),
Debye Temperature @, (K) and
melting temperature (T,,)

C,, (GPa)

C,,(GPa)

C,,(GPa)

Bulk modulus, B (GPa)
Shear modulus, G (GPa)
Young modulus, E (GPa)

Poisson ratio, o (GPa)

Pugh ratio, B/G (GPa)
Cauchy pressure C* (GPa)

Transverse sound velocity, v, (m/s)

Longitudinal sound, v, velocity(m/s)

Average sound velocity, V,, (m/s)

Temperature 6, (K)

Melting temperature T, (K)

91.67 13442  217.67 24354  221.89[42]
295.75[43]
230.71[44]
212.56[44] 262.9[45]
82.07[42]
92.13[43]
86.69[44]

100.83[44] 62.72[45]

33.97[42]
77.23[43]
77.38[44]
73.83[44] 45.42[45]

135.44[43] 129.44[44]
44.307[42

]
118.94[42]
170.85[43]
190.17[44]

0.342[42]

0.27[43]

0.264[44]

0.292[44] 0.278[45]
2.837[42]

48.09[42]

11.97[43]
2516.93[42]
3050[43]
5139.69[42]
5621[43]
2836.89[42]3403[43]
3384.51[44]
3591.53[44]
320.49[42]

353.0[43]
402[44]

40.00 64.29 96.91 116.74

49.11 64.37 77.20 69.20

57.22
39.80
96.23

87.67
52.65
131.60

137.16
70.47
180.50

159.01
66.88
175.97

0.21 0.24 0.28 0.31

1.43 1.66 1.94 2.77
-9.11 -0.08 19.71 47.54

2110 2450 2879 2554

3557 4293 5225 4921

2337 2722 3209 2858

284.5 310.9 347.8 304.7

1095.8 13485 1840.6 1993.6

M is molecular weight. Table 2 contains the computed Debye
temperature. The investigated materials' mean sound speeds
were determined using [41, 42]

) { =(1/3)
V,= |5+ =
- 52D

10)

Further, Table 2 displays the calculated values of v, v, V,,,,
Op, and T,,, which are utilized to ascertain the longitudinal
and transverse components of sound velocity, using the shear
modulus and bulk modulus, respectively. The results obtained
on mechanical properties and presented in Table 2 for the con-
sidered materials, are in accordance with the other similar HH

alloys [43-45].

v, =14/—

P

an

12)

3B+ 4G
VT

3.4 Electronic Properties

Figure 4 illustrates a non-spin polarized band structure anal-
ysis of RhZrX along the high symmetry directions W-L-
I'-X-W-K in the first Brillouin zone's irreducible part. All
compounds were observed to have a small indirect band gap
with the Fermi level set at zero energy. The mBJ approxi-
mation's red lines and the GGA approximation's green lines
are represented in the Figs. The VBM and CBM of RhZrP,
RhZrAs, RhZrSb, and RhZrBi were observed to be at the
I' and X point, respectively. Table 3 presents the computed
band gap values from mBJ approximations, with RhZrAs
having the highest band gap value of 1.426 eV and RhZ-
rBi having the lowest at 1.077 eV. To analyze the material

@ Springer
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Table3 Calculated energy band  pp o e PBE-GGA TB-mBJ TB-mBJ +SOC Others
gap of RhZrX(X =P, As, Sb,
Bi).using PBE-GGA, TB-mBJ, RhZ:P 1.35 1414 1.32 0.955 [43] 1.0 [44] 1.007 [44]
and TB-mBJ + SOC potentials RhZrAs 138 1.426 134
RhZrSb 1.140 1.209 1.14
RhZrBi 1.04 1.077 0.970

nature and to get the best semiconductor, we calculated the
electronic band structure of all RhZrX (X =P, As, Sb, Bi)
HH alloys with diverse approximations such as PBE-GGA,
mBJ, and mBJ 4+ SOC. We computed the electronic band gap
with energy (eV) along the y-axis and K-wave vector along
the x-axis for all RhZrX (X =P, As, Sb, Bi) HH alloys. For
RhZrP alloy with GGA, mBJ, and mBJ + SOC, we deter-
mined the indirect [I™-X] band gap values 1.40 eV, 1.42 eV,
and 1.34 eV as shown in Fig. 4. Similarly, for RhZrAs alloy
with GGA, the direct [I™-I'] band gap value is 1.10 eV but
with mBJ, and mBJ + SOC, we determined indirect band gap
[["-X] values are 1.42 eV, and 1.37 eV as exhibits in Fig. 5.
Additionally, we also mentioned all computed values of HH
alloys in Table 3 with diverse approximations. These results
are compared with the similar HH alloys [31, 43—-46] and
results are in good agreement. The band profile is in match
with the other HH materials [46, 47]

The combined TDOS and PDOS of RhZrX (X=P, As,
Sb, Bi) are shown in Fig. 6(a, b), providing detailed informa-
tion on the contribution of each element. The density of state
contours indicates that Rh atom, with minor contributions
from Zr/X atoms create a top of the valence band (VC) in
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the energy range of -4 eV to 0 eV in the examined RhZrX
(X =P, As, Sb, Bi) compounds. Meanwhile, the bands in the
energy range of 0 eV to 4 eV are primarily due to the Zr and
a minor contribution from Rh atoms, with P/As/Sb/Bi atoms.
Finally, the bands forming within the higher energy level of
the conduction band (CB) result from the hybridization of
the group of Zr atoms and a small P/As/Sb/Bi atom. Tables 4
and 5 present computations of the transition of carriers from
maximum occupied states to unoccupied states for HH alloys
with Bader charge and effective mass, for studied RhZrX
(X=P, As, Sb, Bi) HHs.

3.5 Optical Properties

For the study of the optical and electronic transport proper-
ties of the RhZrX (P, As, Sb, Bi), HHs the possibility of
utilizing their fascinating electronic structure for the appli-
cations in optoelectronic semiconductors was the driving
force behind the motivation. Dielectric functions are used to
explore and determine energy dependent optical properties.
It is known that the complex dielectric function €(®), has
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Ml : £ =) + igy () (13)
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§ 4 I Mathematically defined, the imaginary part &,(w) results
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Fig.6 The computed electronic properties with a total and partial
density of states of a RhZrP b RhZrAs ¢ RhZrSb d RhZrBi HH alloys
which are employed with mBJ approaches

Table 4 Calculated Bader

charges of RhZrX(X =P, As,

Sb, Bi) using PBE-GGA,

TB-mBJ, and TB-mBJ + SOC

potential

potential transitions from occupied to unoccupied states at
fixed (k-vectors) over the Brillouin zone (BZ). These tran-
sitions are influenced by the density of states (DOS) and
momentum matrix P.

2
£2(w) = #fwz D / M, () 8[w,.(k) — 0ldk  (14)

The crystal wave functions are represented by ¢, and v,
while p denotes the element of the moment matrices between
the band states of and within the crystal momentum k, which
is determined using the Kramers—Kronig connection. This
yields the real component €,(®) of the dielectric function for
the conduction and valence bands with the crystal wave vec-
tor k, with the imaginary part determining the same [87, 88].

Bader Charges Others [42]

Zr 1.63 Zr 1.58 Zr 1.50 Zr 1.44 Nb 0.829

P -0.86 As -0.71 Sb -047 Bi -0.22 Ag -0.378
Rh -0.77 Rh -0.86 Rh -1.14 Rh -1.21 Si -0.452
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Table 5 Calculated effective mass of RhZrX(X =P, As, Sb, Bi) using
PBE-GGA, TB-mBJ, and TB-mBJ + SOC potential

Effective mass

ZrRhP ZrRhAs ZrRhSb ZrRh As
Hole 1.77 Hole 1.85 Hole 2.58 Hole 2.66
Electron 0.18 Electron 0.14 Electron 0.05 Electron 0.03
2 C wre,(wrdw!
s(a))=1+—P/ _— 15
! P 0 (wr? — w?) as)

where P is referred to as the principal value of the integral.
Knowing real and imaginary parts of the dielectric function
enables the calculation of the important optical properties,
refractive index n(w), extinction coefficient k(w), reflectiv-
ity R(w), optical absorption coefficient a(w) and optical con-
ductivity o(w). n(w) is [87, 88] given by Eq. (16).

A /e%(a)) + e%(a)) +&(w)

2

1

16)

n(w) =

The extinction coefficient k(w) is determined using the
computed values in £, (@) and &,(w) for aforesaid HHs using
the following relationship [87, 88].

1
— /2
\/ €1(@) + &5(w) B £,(®)

2 2

a7

k(w) =

The real and imaginary components of dielectric func-
tions are depicted in Fig. 7 (a,b) for RhZrX (P, As, Sb, Bi)
HHs based on photon energy (0 eV to 12 eV). Table 6 shows
that the dielectric permittivity of RhZrX (P, As, Sb, Bi)
begins at 15.53, 16.19, 16.08 and 17.91 respectively, which
is known as static dielectric constant €,(0). The computed
values of €,(0) are following Penn's model as demonstrated
in Fig. 7 (a) and also all static values of HH alloys are given
in Table 6. Furthermore, multiple peaks are observed with
photon energy which is due to the improved transition of
electrons from the valence to the conduction band. Figure 7
(b) shows the variation of the imaginary dielectric constant
with photon energy which quantifies absorption. Figure 7(b)
shows that there is no absorption up until the visible range,
after which there is a rise in absorption peak at a higher
energy value. Between VB and CB, several inter-band
transitions are the root cause of these observations. Funda-
mental absorption edge values are those that are closest to
the bandgap. The optical transitions between valance band
maximum (VBM) and conduction band minimum (CBM)
are coincident with the primary absorption edges. On the

Fig.7 The optical characteris- —T——T— ——T 35
tics of RhZrX (P, As, Sb, Bi) 35 | () —wzr o
HH alloys were determined by RhZrAs 30
analyzing their a real dielectric 28 | ——RWZrSb - 4
. L . ——RUZrBi 25
function €,, b imaginary dielec- —
tric function ¢,, ¢ refractive g 20 |
index n, and d extinction coef- (Q\
ficient k as a function of photon S Bl
energy (eV) 10
5F
7 E 1 1 1 1 = 0 1 1 1
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Table 6 Calculated optical

Optical RhZrP RhZrAs RhZrSb RhZrBi Others
parameters of RhZrX(X =P, param-
As, Sb, Bi): Static dielectric eters
constant g,(0), reflectance R(0)
and refractive index n(0) Optical properties  &,(0) 1553 1619 1608 1791  11.38[43], 16.1 [46] 75.89 [48],
19.49 [49] 20.30 [49], 21.02
[49]
R(0) 035 0362 0361 038  0.29[43], 0.4 [46] 0.63 [48]
n(0) 394 402 4.01 423 3.37[43], 4.0 [46]

8.79 [48], 4.43 [49]
4.50 [49],5.80 [49]

other side, there is a noticeable increase in the absorption
in the UV region.

The optoelectronic properties of the studied RhZrX (P,
As, Sb, Bi) HHs, which are essential for practical appli-
cations, can be understood by knowing their n (w) and K
(w). Figure 7 (c) displays the changes of n (o) with photon
energy (eV) for RhZrX (P, As, Sb, Bi) HHs. Table 6 lists the
n (o) of RhZrX (P, As, Sb, Bi) at 0 eV energy, although the
highest values of n (w) for RhZrX (P, As, Sb, Bi) are about
3.94, 4.02, 4.01, and 4.23, respectively. In Fig. 7 (d), we
calculated the energy k (»), which denotes the dampening
oscillation amplitude of the entering electric field. While
there is no oscillation initially, visible zone oscillations
become apparent as energy (eV) is increased. In Table 6 the
calculated optical parameters are compared with the simi-
lar HH alloy [34, 46, 48, 49]. Figure 8 (a) shows a plot of

electrical conductivity (o) as a function of photon energy.
The photon energy is measured in electron volt unit (eV)
within the range of 0 to 12 eV. As shown in Fig. 8 (b) the ¢
(o) for RhZrX (P, As, Sb, Bi) HHs begins from the thresh-
old value and attains the maximum value 13,500 (cm)~’,
11,200 (cm)~! 10,300 (cm)~! and 9500 (cm)~! respectively.
Our results show that materials could be applied to various
optoelectronic devices. Absorption coefficient o (), which
indicates the amount of light the object absorbs, is another
crucial optical property to study. The energy-dependent
absorption spectra of RhZrX (P, As, Sb, Bi) HHs are illus-
trated in Fig. 8 (b). Observed substantial intensity of o (®),
for energies above 3 eV suggests that the investigated com-
pounds are capable of absorption of visible and UV light.
In Fig. 8 (c), the reflectance R (o) of the examined RhZrX
(P, As, Sb, Bi) HHs is shown over the energy spectrum from

Fig.8 The calculated optical
properties of RhZrX (P, As, Sb, 12000 |
Bi) HH alloys with a electrical
conductivity , b absorption
coefficient «, ¢ reflection R, and ".'A 9000 (-
d energy loss L against photon g
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0 to 12 eV. The reflectance of RhZrX (P, As, Sb, Bi) HHs
1s~0.35 eV at 0 eV, which indicates conventional semicon-
ductor properties. The reflectance coefficient is observed to
rise with photon energy. Another crucial optical constant
for figuring out a substance's optical properties is loss func-
tion L (w). It provides details on the compound's plasma
frequencies as well as the scattering of electrons passing
through them, as depicted in Fig. 8 (d). The studied com-
pounds exhibit dielectric and semiconducting properties at
energies above and below plasma frequency, respectively.
RhZrX (P, As, Sb, Bi) has a maximum peak of L (w) at a
higher energy range. However, the peaks in electron energy
loss coincide with the transition sites of RhZrX (P, As, Sb,
Bi) HHs from semiconducting to dielectric characteristics.
There are numbers of HH alloys investigated for these opti-
cal properties [50-53]. A detailed analysis of optical proper-
ties reveals their application in optoelectronics.

3.6 Thermoelectric properties

The transport characteristics of RhZrX (P, As, Sb, Bi) HH
alloys are studied at three different temperatures (300 K,
600 K, and 800 K) by examining their behavior as a func-
tion of chemical potential. These HH alloys exhibit lattice
stability, a high Fig. of merit, and favorable mechanical and
thermal properties. Thermoelectric (TE) parameters such as
Seebeck coefficient, electrical conductivity, Fig. of merit,

and power factor are depicted in Fig. 9. The Seebeck coef-
ficient (S), which measures the thermoelectric sensitivity of
the material, is positive for p-type materials and negative
for n-type materials. For the purpose of comprehending and
characterizing the transport characteristics of charge carriers
(electrons or holes) and heat in TE materials, relaxation time
(t) must be included in the parameters [68, 89, 90]. Based
on the Seebeck, Peltier, and Thomson effects, TE materials
transform thermal energy into electrical energy or the other
way around. The 7 represents the mean amount of time that
passes between consecutive charge carrier collisions with
the material's scattering centres, phonons, or lattice defects.
It has a significant impact on electrical and thermal con-
ductivity by defining the transport characteristics of charge
carriers and phonons. Therefore, to effectively forecast and
optimize a material's TE performance, T must be taken into
account while calculating TE parameters. Longer relaxation
durations are typically associated with improved charge car-
rier mobility and less scattering, which improve electrical
conductivity and, in turn, TE efficiency.

Figure 9 (a) illustrates the dependence of S on tem-
perature, which shows an increase in S with increasing
temperature for optimal thermoelectric performance. At
300 K, the S for RhZrX (P, As, Sb, Bi) HHs is determined
to be 239 pV/K, 231 pV/K, 235 pV/K, and 236 pV/K,
respectively. The positive value of S reflects the majority
of charge carriers are p-type. Furthermore, to have good

Fig.9 The calculated transport
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thermoelectric performance the S >200 pV/K suggests sig-
nificant thermoelectric properties of the studied RhZrX (P,
As, Sb, Bi) HHs. The estimated electronic conductivity (c/t)
for RhZrX (P, As, Sb, Bi) HHs is represented in Fig. 9 (b).
At room temperature it is found to be 2.17 X 10" (QmS)™!,
2.23x 10" (QmS)™!, 2.28 x 10'® (QmS)~!, and 2.07x 10'®
(QmS)~!, respectively. The o/t is observed to increase with
an increase in temperature which suggests typical semicon-
ductor characteristics. Figure 9 (c) demonstrates the dimen-
sionless Fig. of merit (ZT) against temperature (K) with a
300 K difference. The ZT is considered for RhZrX (X =P,
As, Sb, Bi) HHs alloys at room temperature (300 K), which
has a minimum value for all HH alloys, except RhZrAs. The
nature of ZT for RhZrAs is quite different because it sharply
increases as compared to other HHs alloys. We attend the
maximum value of ZT at 1200 K for each HH alloy is
RhZrX (X =P, Sb, Bi) 0.4, 0.7, 0.38 and 0.37, respectively.
We concluded that the RhZrAs alloy is a good candidate for
thermal devices due to having the highest values as com-
pared to the other alloys. The efficiency of the thermoelec-
tric materials can be quantified from the power factor (S*c)
which is represented in Fig. 9 (d). With temperature, the
power factor is observed to increase and at 1200 K it is found
to be 1.25x 10" W/K?ms, 1.19x 10" W/K?ms, 1.22x 10"
W/K?ms, and 1.16 x 10'! W/K?ms, the high power factor
at higher temperature suggest the optimum thermoelectric
response of the investigated RhZrX (P, As, Sb, Bi) HHs.
Our calculated results on Seebeck coefficient and electrical
conductivity as depicted in Fig. 9 are consistent with the
other HH alloys [54].

In addition, we included the room temperature values of
transport properties for RhZrX (P, As, Sb, Bi) in Table 7,
our results are in agreement with the other HH alloys [55].
The effective mass, denoted as m*, was determined (Table 5)
using the parabolic band approximation method [56, 57],
by fitting the wave vector (K) vs energy (E) of the CBM or
the VBM, depending on the type of charge carriers present.

. h

T ITe (18)

The ZT, which is also referred to as the maximum effi-
ciency condition, is a crucial parameter used in the calcula-
tion of efficiency and can be calculated by Eq. (1).

Slack's equation [80] is used to derive the phononic com-
ponent of thermal conductivity (i;).

M6} s

The thermoelectric Fig. of merit is determined by inte-
grating the outcomes of resolving Slack's and Boltzmann
transport equations, taking into account the average molecu-
lar weight (M), the number of atoms per unit cell (n), the
absolute temperature (T), the Griineisen parameter (y), the
Debye's temperature (0,), and a coefficient (A) that relies on
v and is expressed in units of W mol/kg/m?*/K>.

Figure 10 (a-d) determined the thermal conductivity
which is the sum of the phonon thermal conductivity (k;)
and electronic thermal conductivity (x,) for each alloy. Fig-
ure 10 (a) shows the thermal conductivity of RhZrP alloy
against temperature (K), here red line presents the electronic
thermal conductivity, the blue line represents the total ther-
mal conductivity and the black line demonstrates the lattice
thermal conductivity. As we have analyzed that initially at
room temperature (300 K), lattice thermal conductivity is
higher as compared to the electronic thermal conductiv-
ity. However, by increasing the temperature, k; gradually
decreases but x, increases at a higher temperature. Similarly,
we found the same nature in all computed alloys’ thermal
conductivity which is shown in Fig. 10 (c-d). However,
we observed the quite different nature of the total thermal
conductivity of each RhZrX (P, As, Sb, Bi) HH alloys hav-
ing the different values 6.55 x 10'5W/mKs, 0.584 x 10'5W/
mKs, 7.089 x 10W/mKs, and 5.59 x 10">W/mKs respec-
tively. Similar optical, transport, electronic studies under the

Table 7 Calculated transport

Transport parameters RhZrP RhZrAs  RhZrSb  RhZrBi Others

parameters of RhZrX(X =P,

As, Sb, Bi) HH alloys at 300 K: Transport properties ~ 6/1(10*Q "' m™"'s™)  2.17 2.23 2.28 2.07 3.56 [55]

Electrical conductivity (o/x). n(efuc) 00021 00021 00028  0.0025

carrier concentration (n), ) ’ ’ ’

Seebeck coefficient (S), Hall S(uV/K) 239 231 235 236 226 [55]

coefficient (Ryy), electronic RH(10_7m3/C) 1.16 1.16 1.08 1.29

thermal conductivity (k,), lattice k(10 W/mKs) 0.049  0.048 0.049 0.045

thermal conductivity (k;), total k,(lOlSW/mKs) 6.50 0.536 703 555

thermal conductivity (k,,), Fig. ’ ’ ’ ’

of merit (ZT), power factor (PF) kp,(101W/mKs) 6.55 0.584 7.089 5.59 6.87 [55]
ZT (at300K) 0.005 0.06 0.0051 0.0062 0.73 [55]
ZT (at 1200 K) 0.42 0.72 0.38 0.39 0.75 [55]
PF 1.25 1.19 1.22 1.16 1.79 [55]

(10""W/K>ms)
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effect of temperature and pressure are reported [64—67, 91,
92]. There are extensive studies reported for thermoelectric
performances of the HH alloys [58—63] and our results are
consistent with them.

Transport properties as a function of chemical potential
(u-Ey) in eV calculated within -2 to 2 p-E; (eV) by using
the BoltzTrap code having the interface with WIEN2k
code. The positive value of chemical potential indicates
that the doping is n-type and negative value represents
the p-type doping. Inducing the magnitude of voltage by
changing the temperature is known as Seebeck coefficient
S (pV/K). S (uV/K) computed for all RhZrX (X=P, As,
Sb, Bi) HH alloys with temperature variation (300 K,
600 K, 900 K, and 1200 K) as demonstrated in Fig. 11
(a-d). Figure 11 (a) represents the S (pV/K) for RhZrP
alloy having red (300 K) green (600 K), light blue (900 K),
and dark blue (1200 K) colors. For room temperature (red
color), the Seebeck coefficient is about up to 2000 pV/K
and under -2000 pV/K at 0.52 p-E; (eV) and 0.65 p-E;
(eV) respectively. Similarly, for the green color, the magni-
tude of Seebeck coefficient is 1000 (pV/K), -1000 (pV/K)
approximately at 0.5 p-E; (eV) and 0.68 p-E; (eV) corre-
spondingly. For light blue (900 K) and dark blue (1200 K),
we attained minimum Seebeck coefficient at the almost
same chemical potential. Figure 11 (b) represents the S
(pV/K) for As-based RhZrAs alloy having red (300 K)
green (600 K), light blue (900 K), and dark blue (1200 K)
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color. For room temperature (red color), the Seebeck coef-
ficient is about up to 2000 pV/K and under -2000 pV/K at
0.55 p-E; (eV) and 0.68 p-E; (e V) respectively. Similarly,
for the green color, the magnitude of Seebeck coefficient
is 1000 (pV/K), -1000 (pV/K) approximately at 0.52 p-E;
(eV) and 0.69 p-E; (eV) correspondingly. For light blue
(900 K) and dark blue (1200 K), we attained minimum
Seebeck coefficient at the almost same chemical poten-
tial. Figure 11 (c) represents the S (pV/K) for RhZrSb
alloy having red (300 K) green (600 K), light blue (900 K),
and dark blue (1200 K) colors. For room temperature (red
color), the Seebeck coefficient is about up to 2000 pV/K
and under -2000 pV/K at 0.50 p-E; (eV) and 0.63 p-E;
(eV) respectively. Similarly, for the green color, the magni-
tude of Seebeck coefficient is 1000 (pV/K), -1000 (pV/K)
approximately at 0.49 p-E; (eV) and 0.65 p-E; (e V) corre-
spondingly. For light blue (900 K) and dark blue (1200 K),
we attained minimum Seebeck coefficient at almost the
same chemical potential. Figure 11 (d) represents the
S (pV/K) for RhZrBi alloy having red (300 K) green
(600 K), light blue (900 K), and dark blue (1200 K) colors.
For room temperature (red color), the Seebeck coefficient
is about up to 2000 pV/K and under -2000 pV/K at 0.49
p-E¢ (eV) and 0.61 p-E; (eV), respectively. Similarly, for
the green color, the magnitude of Seebeck coefficient is
1000 (pV/K), -1000 (pV/K) approximately at 0.48 p-E;
(eV) and 0.64 p-E; (eV), correspondingly. For light blue
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(900 K) and dark blue (1200 K), we attained minimum
Seebeck coefficient at almost the same chemical potential.
We have analyzed that by increasing the temperature of
all RhZrX (X =P, As, Sb, Bi) HHs, Seebeck coefficient
decreases due to increasing phonon vibration at high tem-
peratures. However, the maximum magnitude of Seebeck
coefficient against the Sb chemical potential is at 300 K
as compared to the other temperature gained for RhZrSb
alloy.

As stated above the thermal conductivity is the sum of the
electric and phonon vibration viz k =x; +k,, we have com-
puted the x, against the chemical potential with temperature
variation (300-1200 K). k, for RhZrP alloy got the highest
value at 11.5x (10'°W/mKs) and 7.6 X (10"°W/mKs) with
1200 K at -1.2 p-E; (eV) and 2 p-E; (eV) respectively as
demonstrated in Fig. 12 (a). By decreasing the temperature,
the thermal conductivity also decreases with the minimum
chemical potential in the hole doping region (negative side
of x-axis) but in the electron doping region (positive side
of x-axis), the potential remains the same. At room tem-
perature, there is a minimum electronic thermal conductivity
on the n-type side. Similarly, we computed the electronic
thermal conductivity for RhZrAs alloy got a value under
11.5% (10"W/mKs) and almost 7.5 x (10'>W/mKs) with
1200 K at -1.2 p-E; (eV) and 2 p-E; (e V) respectively. Ther-
mal conductivity has the same behavior as the previous case.

At room temperature, there is a minimum electronic thermal
conductivity on the n-type side as compared to the other
applied temperatures as shown in Fig. 12 (b).

Like RhZrAs alloy, we have computed the electronic ther-
mal conductivity for RhZrSb alloy and calculated a value
under 9.4 X 10°W/mKs and almost 7.1 x 10'*W/mKs with
1200 K at -1.2 p-E; (e V) and 2 p-E; (e V) respectively. Ther-
mal conductivity has the same behavior as the previous case
also. At room temperature, there is a minimum electronic
thermal conductivity in the n-type side as compared to the
other applied temperatures as shown in Fig. 12 (c). Lastly,
we computed the electronic thermal conductivity for RhZrBi
alloy got value under 9 x 10'>W/mKs and almost 7 x 10"°W/
mKs with 1200 K at -1.2 p-E; (eV) and 2 p-E; (eV) respec-
tively. At room temperature, there is minimum electronic
thermal conductivity in the n-type side as compared to the
other applied temperatures as shown in Fig. 12 (d).

The estimated results, comprising the carrier concen-
tration for ranges from -2 eV to 2 eV, are displayed in
Fig. 13(a). The initial peaks of RhZrP are located in the
p-type area at approximately-0.99 eV with an electrical con-
ductivity of 4.5x 10%° (Q~! m~! s71) and in the n-type region
at exactly 2 eV with an electrical conductivity of 3.6 x 10%
(@' m~! s7!). By changing the temperature, we could sig-
nificantly analyze the difference in electrical conductivity.
Similarly, the initial peaks of for RhZrAs are located in the
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p-type area at approximately -0.98 eV with an electrical con-
ductivity of 4.4x10%° (Q' m~! s7!) and in the n-type region
at exactly 2 eV with an electrical conductivity of 3 x 10%°
(Q~' m~! s7!) as shown in Fig. 13 (b). By changing the
temperature, we could significantly analyze the difference
in electrical conductivity.

Second last, the initial peaks of for RhZrSb are located
in the p-type area at approximately -0.97 eV with an electri-
cal conductivity of 4x 10%° (Q~' m~! s7!) and in the n-type
region at exactly 2 eV with an electrical conductivity of
under 3x 10%° (Q~' m~! s7!) as shown in Fig. 13 (c). Lastly,
for RhZrBi alloy the initial peaks of for RhZrBi are located
in the p-type area at approximately-0.96 eV with an elec-
trical conductivity of 3.9 X 102 (Q ' m~' s7!) and in the
n-type region at exactly 2 eV with an electrical conductivity
of 2.8x10% (Q~! m~! s71). By changing the temperature,
we could significantly analyze the difference in electrical
conductivity as demonstrated in Fig. 13 (d).

4 Conclusion
The focus of present research is to investigate the physical

characteristics and stability of RhZrX (X =P, As, Sb, Bi)
HH alloys using theoretical methods. For this we utilized

@ Springer

the full potential linearized augmented plane-wave (FP-
LAPW) method in the framework of density functional
theory (DFT). Our results indicate that these alloys exhibit
positive frequency and brittle nature, ensuring their dynamic
and mechanical stability. We also found that these alloys
possess semiconductor characteristics with an indirect band
gap of 1.50 eV, 1.47 eV, 1.38 eV, and 1.18 eV, as per elec-
tronic band structure calculations. Furthermore, we used the
semi-classical Boltzmann method to examine the Seebeck
coefficient, electrical conductivity, thermal conductivity,
power factor and Fig. of merit as functions of temperature
and chemical potential. Our calculation includes the effect
of temperature on relaxation time, which is not commonly
considered in theoretical studies. T value is assumed to be a
constant, and its typical value is around 10™'# 5. Respective
estimated values of Seebeck coefficient of 239, 231, 235 and
236 pV/K suggest p-type character. The calculated values
of ZT for RhZrX (X =P, Sb, Bi) are not very high at room
temperature but at high temperature these values are notice-
able viz 0.4, 0.7, 0.38 and 0.37, respectively. The significant
intensity of the absorption coefficient that is calculated for
energies above 3 eV indicates that the compounds under
investigation have the ability to absorb both visible and ultra-
violet light. Our findings support the potential of RhZrX for
thermoelectric and optoelectronic applications.
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