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Abstract
In this work, we performed first-principles calculations based on density functional theory 
and the semi-classical Boltzmann method to investigate the structural, optoelectronic, mag-
netic, thermodynamic and thermoelectric properties of  PdAlO2,  PdCrO2 and  PdRhO2 in 
the Tetragonal phase. Our calculations have revealed that these three compounds have indi-
rect band gaps in the range of 2.14 to 2.68 eV. The thermodynamic properties are inves-
tigated using the quasi-harmonic model, where heat capacities at constant pressure and 
volume, entropy, Debye temperature, and thermal expansion coefficient are analyzed and 
discussed under both pressure and temperature effects. As a result of this study,  PdAlO2, 
 PdCrO2, and  PdRhO2 are promising materials for optoelectronic devices, especially photo-
voltaic materials in solar cells. In doing so, we computed for each compound the Seebeck 
coefficient, electrical conductivity, electronic thermal conductivity, and figure of merit in 
the temperature range from 300 to 500 K. The relaxation time and lattice thermal conduc-
tivity are calculated as well. Our results reveal that low thermal conductivity and a high 
Seebeck coefficient can be achieved at the same time. In addition, they exhibit a higher 
Seebeck for  PdAlO2 compared to  PdBO2 (B = Cr and Rh) up to 1.6 mV/K for  PdAlO2 at 
300 K. Thereby improving their thermoelectric performance which makes them attractive 
thermoelectric materials at high temperatures.

Keywords Delafossite · TB-mBJ · Seebeck coefficient · Electrical and thermal conductivity 
coefficients · Dielectric function · Thermal expansion coefficient

1 Introduction

Delafossite class of oxides that was first discovered in 1965 and it represents a family of 
ternary compounds with the general formula  ABO2, where A, and B are metallic elements. 
The most common Delafossite is  CuAlO2, which is a p-type semiconductor with high elec-
trical conductivity and transparency in the visible and near-infrared regions of the spec-
trum (Gillispie 2006; Shi et al. 2008; Chadwick et al. 2010).
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The unique properties of Delafossites make them promising materials for a wide range 
of applications, including in electronic devices, energy storage and conversion, and opto-
electronics. Delafossites are a class of materials that have recently gained attention due 
to their interesting electronic, magnetic, and optical properties (Woods-Robinson et  al. 
2020; Abdelhamid 2015). As a result, researchers have been studying these materials to 
better understand their fundamental properties and to explore their potential applications. 
Delafossite materials possess excellent high electrical conductivity, which makes them 
promising materials for use in electronic devices. Some Delafossites have been found to 
exhibit magnetic properties, which could have applications in magnetic data storage and 
other areas. Some Delafossites compounds have interesting optical properties, such as high 
transparency in the visible and near-infrared regions of the spectrum, which makes them 
potential candidates for use in solar cells and other optoelectronic devices. Moreover, they 
are known to have high thermal conductivity, which could have applications in thermal 
management for electronic devices (Akin et al. 2019).

Delafossite semiconductors exhibit a range of interesting physical and electronic proper-
ties, including high electrical conductivity, transparency in the visible region, and strong 
light absorption in the ultraviolet and blue regions of the spectrum. They also have high 
carrier mobility, which makes them promising candidates for use in high-speed electronic 
devices. Some of the potential applications of Delafossite semiconductors include transpar-
ent electrodes, photovoltaics, light-emitting diodes, and high-power electronics (Moreira 
et al. 2022). Their properties also make them attractive for use in other areas such as catal-
ysis, sensing, and energy storage.

Some theoretical investigations of Delafossites have focused on understanding their 
electronic and magnetic properties. Density functional theory (DFT) calculations have 
shown that Delafossites have a range of electronic band structures, ranging from metals to 
semiconductors depending on the specific A and B ions used. Additionally, DFT calcula-
tions have predicted that some Delafossites, such as  CuCrO2 and  CuFeO2 (Akin et al. 2019; 
Moreira et al. 2022), exhibit antiferromagnetic ordering due to the coupling of spins on the 
transition metal ions. Also, an ab initio study carried out by Ali et al. (2015) demonstrated 
the semiconductive behavior of  CuXO2 compounds (X = Al, Ga, In, B, La, Sc, Y).

Experimental studies of Delafossites included the electronic and optical properties of 
one of the most well-known Delafossites is  CuAlO2, where this oxide appears high elec-
trical conductivity and optical transparency (Zhang et al. 2019).  CuAlO2 has high carrier 
mobility and low carrier concentration, making it an excellent candidate for transparent 
conductive electrodes in optoelectronic devices. Additionally, Delafossites have been 
studied for their photovoltaic properties, with  CuInO2 and  CuGaO2 both showing promis-
ing results for solar cell applications.  PdRhO2 compound was treated experimentally by 
Kushwaha et al. (2017), where it was found to crystallize in a rhombohedral type structure, 
where the dimensions of the crystal cell were a = 3.0240 Å and c = 18.096 Å.

The use of semiconductors in electronic devices relies on the characteristics and value 
of their energy gap. Direct bandgap semiconductors possess a high likelihood of direct 
electron transitions between energy bands, resulting in efficient emission and absorption 
of light. Consequently, these semiconductors find extensive applications in fiber-optic 
communication, photovoltaic cells, and technologies that demand efficient light emission, 
including the production of bright LED lights and lasers used in displays, lighting, and 
telecommunications. They excel at converting electrical energy into light with remarkable 
efficiency. On the other hand, indirect semiconductors have limited effectiveness in appli-
cations reliant on light emission and absorption (Sâad-Essaoud et  al. 2023a). However, 
they hold great significance in electronic devices such as transistors and thermoelectric 
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devices. Due to the high demand for both types of semiconductors, these reasons motivated 
us to search for these properties in some Delafossite compounds that had not been studied 
before.

2  Computational details

In this paper, the Full-Potential Linearized Augmented Plane Wave (FP-LAPW) method 
is used within the WIEN2k code (Blaha et  al. 2020) to predict the structural, optoelec-
tronic, and thermodynamic properties of  PdAlO2,  PdCrO2, and  PdRhO2 based on den-
sity functional theory (DFT). The revised Perdew-Burke-Ernzerhof (PBE) parameteriza-
tion of the generalized gradient approximation (Perdew et al. 1996) (GGA) is used as an 
exchange–correlation functional for structural properties, while the modified Becke-John-
son exchange potential (Becke and Johnson 2006) is used for optoelectronic properties. The 
procedure entails partitioning the unit cell into a set of spherical, non-overlapping muffin 
tins and interstitial space. To obtain energy eigenvalue convergence, the wave function in 
interstitial regions was enlarged in plane wave with a cut-off of  RMT ×  KMAX = 8, where 
 RMT is a minimal muffin-tin radius and  KMAX is the magnitude of the maximal K vector 
wave in the Brillouin zone. Spheres with angular momentum up to  lmax = 10 use spherical 
harmonic expansion. The interstitial wave function is plane wave expanded, whereas the 
spheres employ spherical harmonic expansion. For Pd, Al, Cr, Rh, and O atoms, muffin-tin 
radius  RMT is 2.3, 1.8, 2.0, 2.2, and 1.6 (a.u). Valence electron configurations and core-
valence separation are given. Pd  (4d10), Al  (3s2  3p1), Cr  (3d5  4s1), Rh  (4d8  5s1), and O  (2s2 
 2p4) have valence electron electronic configurations for Brillouin zone (BZ) integration. 
We used 6  eV to discriminate valence and core states. We also set charge convergence 
to  10−3 and convergence energy to  10−5. The GIBBS2 code employs the quasi-harmonic 
model (Otero-de-la-Roza and Luaña 2011; Otero-de-la-Roza et  al. 2011) to consider the 
influence of pressure and temperature on various thermal properties. Meanwhile, the esti-
mation of thermoelectric properties is carried out using the semi-local Boltzmann transport 
theory, which is implemented in the BoltzTraP code (Madsen and Singh 2006).

3  Results and discussion

3.1  Structural and magnetic properties

Delafossites have attracted significant attention due to their interesting electronic, opti-
cal, and magnetic properties, which make them promising candidates for a wide range of 
applications such as transparent conductive electrodes, photovoltaic, and spintronic. For 
this reason, we studied  PdBO2 (B = Al, Cr and Rh) compound in tetragonal phase structure 
with R-3m space group (166) as shown in Fig. 1 (a and b). Before calculating lattice con-
stants, bulk modulus, and cohesive energy, we must determine the positions of the atoms 
that make up these compounds through full geometry optimizations. The internal positions 
of atoms have been relaxed via the total energy and force minimization system based on 
Broyden’s approach (Broyden 1970a, 1970b), which yields an appropriate relaxed structure 
if the force applied to each atom is under 0.001 Ry/Å. Table 1 compares GGA-optimized 
atom locations for each elements to theoretical values. Computing the total energy for vari-
ous volumes by applying the Murnaghan equation of state (Murnaghan 1944) to obtain the 
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volume with the lowest energy yields each unit cell’s lattice parameter "a" After that, the 
total energy for different c/a ratios in the tetragonal structure at a fixed volume is estimated 
to calculate the lattice constant "c" for all three compounds  PdAlO2,  PdCrO2, and  PdRhO2 
in the same phase. 

Table 2 summarizes the results and compares them to other accessible data; the table 
demonstrates that the GGA approximation yields satisfactory outcomes for the three 
compounds  PdAlO2,  PdCrO2 and  PdRhO2. Bulk modulus B(GPa) characterizes the 

Fig. 1  a Crystal Tetragonal structure of  PdBO2 (B = Al, Cr and Rh) compounds. b Polyhedral view along b 
and c-axis

Table 1  The atomic positions were  calculated using PBE approximations of  PdBO2 (B = Al, Cr and Rh) 
compounds

Materials Atoms GGA Other work (Shi et al. 2017)

x y z x y z

PdAlO2 (R-3m # 166) Pd 0.0000 0.0000 0.0000 0.0000 0.0000 0.5000
Al 0.5000 0.5000 0.5000 0.0000 0.0000 0.0000
O 0.7790 0. 7790 0. 7790 0.0000 0.0000 − 0.38662
O 0.2210 0.2210 0.2210 – – –

PdCrO2 (R-3m # 166) Pd 0.0000 0.0000 0.0000 0.0000 0.0000 0.5000
Cr 0.5000 0.5000 0.5000 0.0000 0.0000 0.0000
O 0.7821 0.7821 0.7821 0.0000 0.0000 − 0.38882
O 0.2179 0.2179 0.2179 – – –

PdRhO2 (R-3m # 166) Pd 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
Rh 0.5000 0.5000 0.5000 0.0000 0.0000 0.5000
O 0.7788 0.7788 0.7788 0.0000 0.0000 0.11048
O 0.2212 0.2212 0.2212 – – –
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resistance of a material to hydrostatic pressure-induced deformation. Thus, the  PdRhO2 
combination is more resistant to external pressure due to the quantity and strength of its 
bonds between atoms. This result can be confirmed by using the following formula to 
calculate the cohesive energy of the compounds.

 
E
PdBO2

tot
 is the bulk  PdBO2 compound’s energy, where  NPd,  NB, and  NO are the num-

bers of Pd, B, and O atoms in the unit cell and EPd

atom
,EB

atom
 and EO

atom
 are their isolated 

atom energies. The second compound has the greatest cohesive energy and is highly 
structurally stable.

ABO2 is a Delafossite oxide compound that exhibits a variety of interesting magnetic 
properties. Previous studies have shown that  ABO2 can exhibit ferromagnetism, antifer-
romagnetism, or spin glass behavior depending on the specific A and B cations present 
in the crystal structure. According to Fig.  2, we can easily see that the ferromagnetic 
state has lower energy than paramagnetic state, and thus the three studied compounds 
are more stable in the ferromagnetic state. Our aim here is to investigate how the three 
compounds’ magnetic stability is affected by pressure, which can result in either com-
pression or expansion of the unit cell, consequently leading to a decrease or increase in 
the lattice constant.

In Fig. 3, we have illustrated the alterations in the total and partial magnetic moments 
of the atoms concerning the volume. Notably, the magnetic moment of  PdBO2 (B = Al, Cr) 
remains unchanged despite the volume change, as shown by the horizontal straight line. 
Furthermore, the magnetic moment of the Chrome atom exhibits a significant increase 
with a rise in volume, unlike those of Palladium, Rhodium, Oxygen atoms, and the inter-
stitial zone, which display stable magnetic moment values with a rise in volume. These 
results substantiate the magnetic stability of the three examined compounds under varying 
pressure conditions.

(1)E
coh

=
(EPd

atom
+EB

atom
+2EO

atom
) −E

PdBO2
tot

NPd+NB+NO

Table 2  The calculated equilibrium lattice constants, bulk modulus, and cohesive energy for  PdBO2 
(B = Al, Cr and Rh) compounds obtained by using GGA-PBE approximations

a (Å) c(Å) B(GPa) Ecoh (eV/atom)

PdAlO2

GGA 2.8233 17.8289 191.4320 5.56
Theo (Shi et al. 2017) 2.8607 18.0958 – –
PdCrO2

GGA 2.9367 18.2625 189.9776 6.34
Theo (Shi et al. 2017) 3.0090 18.2310 – –
PdRhO2

GGA 3.0379 18.0388 209.5582 4.63
Theo (Shi et al. 2017) 3.0830 18.3068 – –
Exp (Kushwaha et al. 2017) 3.0240 18.0960
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3.2  Electronic properties

Delafossite oxides have potential applications in a wide range of fields such as energy con-
version, catalysis, and electronic devices. The study of electronic properties is crucial for 
understanding and optimizing the properties and performance of Delafossite oxides, and 
for developing new applications for these materials.

The energy band structure of the three materials under investigation was computed at 
the high-symmetry points within the first Brillouin zone. Figure 4 illustrates that the three 
compounds exhibit distinct behavior. Notably, both  PdAlO2 and  PdRhO2 demonstrate sem-
iconducting characteristics in the spin-up state, featuring indirect energy gaps of 2.28 eV 
(Γ-L) and 2.14  eV (Γ-H) respectively. Conversely, they exhibit metallic behavior in the 
spin-down state. On the other hand, the compound  PdCrO2 displays metallic behavior in 
the spin-up state, while in the spin-down state; it behaves as a semiconductor with an esti-
mated indirect energy gap of 2.68 eV (Γ-M).

The densities of states were computed using the TB-mBJ approach and afterwards 
plotted in Fig. 5.The studied compounds show two bands (conduction higher than Fermi 
level and valence below) separated by an indirect gap, where the band gaps calculated via 
TB-mBJ approximation are 2.28, 2.68, and 2.14  eV for  PdAlO2,  PdCrO2, and  PdRhO2, 
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Fig. 2  The total energy as function of the unit cell volume of  PdBO2 (B = Al, Cr, and Rh) compounds in 
paramagnetic and ferromagnetic states

Fig. 3  Total and partial magnetic moment variations as function of volume for  PdBO2 (B = Al, Cr and Rh)
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respectively, and our results are in excellent agreement with the other works (Shi et  al. 
2017). The three compounds investigated in our work were having band gaps in one spin 
direction, confirming the existence of two bands. In the spin-up direction, both  PdAlO2 and 
 PdRhO2 compounds show an overlap among both conduction and valence bands, implying 
metallic behavior. In the spin-down direction,  PdRhO2 has an indirect band gap of 2.14 eV.

To figure out how each band in a band structure spectrum is made, we look at Fig. 5’s 
total and partial density of states for the atomic orbitals. These compounds tend to be semi-
conductors because there is no state density near the Fermi level. For the three compounds 
 PdBO2 (B = Al, Cr, and Rh) in the tetragonal phase structure, the conduction band origi-
nates mainly via the dominant contribution of the Palladium atom’s "d" orbitals, with a 
weak contribution from each of Pd’s "s" and "p" orbitals. This is in contrast to the "s" and 
"p" orbitals of the Al and O atoms, which indicate a strong hybridizing in the range of 
− 7 eV to 0 eV.

3.3  Optical properties

Delafossite compounds exhibit a variety of interesting optical properties, which make them 
useful in various applications such as catalysis, photocatalysis, and optoelectronics. One of 
the most important optical properties of  ABO2 compounds is their bandgap energy, which 
determines their ability to absorb light and their optical transparency. The bandgap energy 
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Fig. 4  Band structure curves for  PdBO2 (B = Al, Cr and Rh) within the TB-mBJ approximation



 M. E. Ketfi et al.

1 3

 1013  Page 8 of 19

of  ABO2 compounds can be tuned by varying the composition and crystal structure, mak-
ing them useful for a range of applications. Another important optical is their luminescence 
behavior. Many  ABO2 compounds exhibit luminescence due to the presence of defect 
states in their crystal structure, which can be excited by light and emit light at different 
wavelengths. This property has been exploited in various applications such as solid-state 
lighting and fluorescent probes (Singh et al. 2018; Hanaor and Sorrell 2011; Zhang et al. 
2018).

We used the dielectric complex function ε(ω) to examine the real ε1(ω) and imaginary 
ε2(ω) parts, which are determined by the formula (Khan et al. 1993; Kataria et al. 2022; 
Ambrosch-Draxl and Sofo 2004; Gajdoš et al. 2006):

The real part of the dielectric function ɛ1(ω) presents the dispersion of the incident pho-
tons by the substance’s parts (Ul Haq et al. 2020) and it gives us more information about 
the electronic polarizability state of the material (Sâad-Essaoud et  al. 2023b) while the 
imaginary part of the dielectric function ɛ2(ω) means the energy absorbed by the mate-
rial. The imaginary part ɛ2(ω) is estimated using the electronic band structure by relat-
ing the momentum matrix elements between the occupied and unoccupied electronic states 
whereas the real part can be obtained from ɛ2(ω) using the Kramers–Kronig transformation 
(Telfah et al. 2021).

(2)�(�) = �1(�) + i�2(�)

Fig. 5  The calculated total and partial density of states for  PdBO2 (B = Al, Cr and Rh) within the TB-mBJ 
approximation
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Figure 6 shows the calculated real and imaginary components of the examined compounds’ 
dielectric functions along the x, y, and z directions using the TB-mBJ approximation. Through 
this figure, we can observe that the computed static dielectric constant values (the real dielec-
trics at zero frequency ɛ1(0)) show that  PdAlO2 has a greater value than the other compounds. 
In contrast to the absorption coefficient, which is available in this energy range, the spectrum 
of ɛ1(ω) increases sharply from the static dielectric constant ɛ1(0) and reaches its maximum 
value at an energy equal to 2.52, 2.26, and 5.8 eV for  PdAlO2,  PdCrO2, and  PdRhO2, respec-
tively. However, since it gradually decreases to take negative values in the range of 3–12 eV 
for all the studied compounds, where their behavior in this region turns to metallic.

Regarding the spectra of the imaginary portion ɛ2(ω) plotted in Fig. 6, we can observe that 
the optical band gaps for  PdAlO2,  PdCrO2, and  PdRhO2 are 2.5, 2.1, and 3.8 eV, respectively, 
as derived from the imaginary part of the dielectric function using the TB-mBJ approxima-
tion. The ɛ2(ω) spectra represent the absorption that may result from electronic excitation from 
valence states below the Fermi level in the conduction states, and we can note from the spectra 
that this absorption is only possible if the incident photons have an energy value higher than 
the energy gap.

Fig. 6  Optical properties of  PdBO2 (B = Al, Cr and Rh) within TB-mBJ approach
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The absorption coefficient α(ω) is connected to the extinction coefficient k(ω), by the fol-
lowing formula (Al-Reyahi et al. 2023):

where λ is the wavelength of light in the vacuum which is calculated via the dielectric 
function by the following relationship (Sâad Essaoud et al. 2022):

The absorption edge is located at around 2.28 eV for  PdAlO2, 2.68 eV for  PdCrO2 and 
2.14 eV for  PdRhO2. All three compounds respond well in the range of 3.6 to 20 eV for 
 PdAlO2, 2.7 to 47 eV for  PdCrO2 and 5.5 to 20 eV for  PdRhO2 to incident photons.

We define another parameter, which is the reflective coefficient R(� ). It characterizes 
the part of the reflected energy from the surface of the solid and can be derived from the 
refractive index (Sâad Essaoud et al. 2022) as follows:

Figure 6 shows that the zero-frequency reflectivity limit of  PdBO2 is found to be 24% 
for  PdAlO2, 21% for  PdCrO2 and 7% for  PdRhO2. High reflex peaks are observed at ener-
gies 3.9, 3.1 and 8.9 eV for the three compounds corresponding to the negative values of �1
(�).

The following formula defined optical conductivity (Sâad-Essaoud et al. 2023c):

Figure 6 shows that the optical conductivity starting from 2.28 eV, 2.68 eV and 2.14 eV 
for  PdAlO2,  PdCrO2 and  PdRhO2 respectively. As remark, the maximum of optical con-
ductivity of the compounds is at 3.2 eV for  PdAlO2, 2.4 eV for  PdCrO2 and 8.8 eV for 
 PdRhO2.

3.4  Thermodynamic properties

In order to achieve optimal efficiency for materials utilized in solar energy systems, a com-
prehensive understanding of their properties is imperative. This includes an awareness 
of how their properties are affected by temperature and pressure changes. The ability of 
materials to change their energy absorption capacity, their coefficient of thermal expansion, 
their resistance to deformation, and other qualities are crucial to investigate.

Theoretical exploration of these characteristics was carried out within a temperature 
span of 1000 units and under the influence of pressure up to 30 GPa using the quasi-har-
monic Debye model, which was applied in the GIBBS2 code (Otero-de-la-Roza and Luaña 
2011; Otero-de-la-Roza et al. 2011).

The Gibbs free energy expression is employed for investigating changes in the thermo-
dynamic properties of a solid material induced by temperature and pressure.

(3)�(�) = (4�∕�)k(�)

(4)�(�) =
2��

c

√
−R

e
(�(�)|�(�)|)

2

(5)R(�) =
|||||

(n(�) − 1)2 + k(�)2

(n(�) + 1)2 + k(�)2

|||||

(6)�(�) = −(i�∕4�)�(�)

(7)G
∗(x, V; P, T) = Estat(x, V) + PV + A

∗
vib
(x, V; T) + F

∗
el
(x, V; T)
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where A∗
vib and F∗

el
 are the respective non-equilibrium vibrational Helmholtz free ener-

gies and electronic free energies, PV stands for the hydrostatic condition,  Estat is the total 
energy. The non-equilibrium vibrational Helmholtz free energy, A∗

vib , can be expressed 
using Debye’s model in terms of the density of phonon states (the vibrational density of 
states), g(ω):

D (θ/T) stands for the Debye integral, and n denotes the number of atoms per unit vol-
ume. This expression is represented as:

At constant pressure and temperature, we minimize the Gibbs free energy G* with 
respect to volume to obtain the equilibrium state.

In order to get the formulas for various thermal quantities, such as entropy (S), the heat 
capacity at constant volume (Cv), and the coefficient of thermal expansion (α) , we must 
first solve the last equation.

The heat capacity at volume constant  Cv, which is represented by the formula (13) 
shows how much energy of one mole of a substance can absorb when the temperature rises 
by 1.0 K. We displayed the fluctuation of  PdBO2’s heat capacity (B = Al, Cr, and Rh) as a 
function of temperature in Fig. 7. Figure 7 illustrates how  Cv increases with temperature 
in exponential proportions (~  T3) at low temperatures (less than 200 K), but sets up 100 J/
molK at temperatures equal to or more than 450 K, which is in conformity with the Petit-
Dulong law (Petit and Dulong 1819).

In Fig. 7, we presented a plot of the thermal quantity, entropy, which signifies the irre-
trievable energy in a system. The results show that  PdRhO2 has a greater entropy value 
compared to the other compounds. Additionally, the three entropy curves demonstrate 
a quasi-linear increase with increasing pressure and temperature independently. This 
observation can be explained by the fact that an increase in temperature leads to a rise in 
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vibrational modes, which, in turn, increases the number of possible configurations. Con-
versely, an increase in pressure affects atomic movement, ultimately reducing vibrations.

The fraction of a substance’s volume change as the temperature varies is expressed 
by thermal expansion. A change in the substance’s volume results from increased atom 
mobility brought on by a rise in temperature. The nature of its atoms, the number of 
bonds, and the kind of its structure are the three most significant variables that affect α 

Fig. 7  Heat capacity  (CV), entropy (S), thermal expansion (α), Debye temperature (θD), and crystal conduc-
tivity (κl) of  PdBO2(B = Al, Cr, and Rh) Delafossite compounds vary with temperature and pressure
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(Otero-de-la-Roza and Luaña 2011). The fluctuation of α as a function of temperature is 
depicted in Fig. 7.

This portion of the chart shows that all compounds under study exhibit rapid tempera-
ture increases for temperatures under 200 K and gradual temperature increases for tempera-
tures more than or equal to 200 K. Additionally, we can see that the  PdCrO2 compound has 
the highest α at temperatures below 350 K, and the same compound has a greater thermal 
expansion value than the other at temperatures above 350 K. Debye temperature (θD) helps 
to know many properties of solids like melting temperature, specific heat etc., directly or 
indirectly (Ali et al. 2020). It is the most significant thermal attribute. It represents the tem-
perature that produced the most vibrational modes and is linked to a variety of mechanical 
and elastic properties (Sâad-Essaoud et al. 2023c). Figure 7 shows the calculated results for 
the temperature dependence of θD for all compounds  PdBO2 (B = Al, Cr, and Rh). When 
the temperature is raised, θD linearly decreases, with  PdAlO2 having the greatest value 
among the  PdCrO2 and  PdRhO2 compounds.

We looked at Fig. 7’s temperature-dependent changes in the crystal thermal conductiv-
ity κl for  PdBO2 (B = Al, Cr, and Rh) in order to determine the distribution of phonon con-
tributions to thermal conductivity. The Slack model formula can be used to compute the κl 
(Slack 1973):

where A is a physical constant equal to A =
2.4310−8

1−
0.514

�
+

0.228

�2

 and �
D
 , γ, V, n and m are the Debye 

temperature, Grüneision parameter, the volume per atom, the number of atoms in the prim-
itive unit cell and m is the average mass of all the atoms in the crystal respectively. The 
crystal thermal conductivity of the three studied compounds under the influence of tem-
perature as well as at different pressures showed that the vibrating atoms in the crystal lat-
tice have a significant contribution to the transfer of thermal energy at low temperatures 
(less than 100 K), and it is directly proportional to the increase in pressure, and its value for 
the compound  PdAlO2 is greater than the two other compounds at the same temperature 
and pressure. Figure 7 shows that κl for  PdBO2 (B = Al, Cr, and Rh) exponentially drops 
with increasing temperature and reaches its lowest point when the temperature is above 
500K, however at lower temperatures the thermal conductivity of  PdAlO2 compound is 
significantly higher than that of the other compounds.

3.5  Thermoelectric properties

We depend on the semi-classical Boltzmann transport theory implemented in the Boltz-
TraP code (Becke and Johnson 2006) to estimate the Seebeck coefficient (S), electrical 
conductivity (σ/τ), electronic thermal conductivity (κ/τ), and electronic specific heat 
capacity (c) of  PdBO2 compounds (B = Al, Cr, and Rh) for different temperature (300, 400, 
and 500 k) in the first step.

The Seebeck coefficient intrinsic to a material represents the proportionality between 
the voltage generated across the material’s ends, and the thermal gradient applied to it. 
When exposed to this gradient, the charge carriers, such as electrons or holes (Mousa et al. 
2022), in the material become mobile and lead to the induction of an electric current.

For all  PdBO2 (B = Al, Cr, and Rh) compounds, the fluctuation of the Seebeck coef-
ficient along the relative chemical potential to the Fermi level μ0 was depicted in Fig. 8 at 
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three different temperature levels (300, 400, and 500 K). The acquired data shows that for 
the three materials under study, the Seebeck coefficient is at its maximum at a temperature 
of 300 K. We can also see that the Seebeck coefficient of the  PdAlO2 molecule is sub-
stantially higher than that of the other two compounds, reaching a maximum value of 1.5 
mV/K at 300 K and falling to 0.7 mV/K at 500 K.

When examining thermoelectric phenomena, three extra key parameters are extremely 
important. These characteristics include the material’s electrical conductivity (σ/τ), 

Fig. 8  Changes in the Seebeck coefficient (Cv), electrical conductivity (σ/τ), thermal conductivity (κ/τ), 
electronic specific heat capacity (c), figure of merit (ZT), and power factor (PF) for  PdBO2 compounds 
(B = Al, Cr, and Rh) for various temperature values (300, 400, and 500 K) as a function of the relative 
chemical potential
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thermal conductivity (κ/τ), and electronic specific heat (c). These variables shed light on 
how the material’s electrical conductivity, thermal conductivity, and heat capacity are 
affected by the mobility of electrons. Figure 8 illustrates the findings about the variations in 
electrical conductivity as a function of the relative chemical potential at various tempera-
tures (300, 400, and 500 K). The electrical conductivity of the  PdRhO2 compound is high 
when the relative chemical potential is greater than the other studied compounds, whereas 
the electrical conductivity of the  PdAlO2 compound is higher when the relative chemical 
potential is lower. It can also be noted that the electrical conductivity has a maximum value 
at the temperature of 300 K and decreases slightly with increasing temperature for all the 
studied compounds.

The Wiedemann–Franz law establishes a direct correlation between the contributions 
of electrons to electrical and thermal conductivity. This law is expressed by the relation 
κ = LσT, where κ refers to electronic thermal conductivity, σ is electrical conductivity, T 
is temperature, and L is the Lorentz constant. As a result, the curves representing the elec-
tronic thermal conductivity (κ/τ) and electrical conductivity (σ/τ) typically exhibit compa-
rable shapes, as shown in Fig. 8.

The electron heat capacity is a way to quantify the role that free electrons play in the 
heat transport of solid materials (Ali et al. 2021a). Figure 8 illustrates how the electronic 
heat capacity (c) varies depending on the relative chemical potential at various tempera-
tures (300, 400, and 500K) in both. The findings showed that for the three examined com-
pounds, the value of electronic heat capacity (c) assumes higher values in the range of rela-
tive chemical potentials between -1.0 eV and 0 eV, and the value of the capacity rises with 
increasing temperature.  PdCrO2 has a higher electronic heat capacity (c) than the other 
compounds, in contrast to  PdAlO2, which has the lowest values, according to the displayed 
curves.

The figure of merit (ZT) factor for each compound is shown in Fig. 8 as a function of 
the chemical potential at various temperatures. This variable gauges a substance’s capacity 
to transform heat into usable electric energy. As was already mentioned, different materi-
als have different capacities for converting heat into electricity. Thermoelectric parameters 
such as the contribution of electrons to electrical and thermal conductivity and the Seebeck 
coefficient are linked to the material’s figure of merit, which can be used to theoretically 
anticipate this change. A material needs to have a high Seebeck factor, high electrical con-
ductivity, and low thermal conductivity in order to have a high ZT. In contrast to storing or 
conveying heat energy as heat, these qualities are necessary for efficiently converting heat 
energy into electricity. Figure 8 shows the ZT variation in terms of the chemical potential 
at various temperatures. It can be shown that  PdAlO2 and  PdCrO2 have higher ZT factors 
than  PdRhO2, which has a lower ZT.

The power factor ( PF =
S2�

�
 ) is a keynote parameter of transport properties (Ali et al. 

2021b), The power factor of the three studied compounds showed an increase in its value 
with the increase in temperature in both cases of spin, and its value is high next to the 
Fermi level, which confirms that these compounds have high thermoelectric efficiency 
without the need doping with charge carriers.
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4  Conclusion

Our study involved utilizing first principle calculations based on DFT to estimate the 
structural, electronic, and optical properties of Delafossite semiconductor in their tetrago-
nal phases, namely  PdAlO2,  PdCrO2, and  PdRhO2. Our investigation showed that these 
three compounds, especially  PdCrO2, have favorable cohesive energies and display similar 
semiconductor behavior while having differing energy gaps. Furthermore, our investigation 
of their optical properties demonstrated that all three compounds exhibit favorable opti-
cal behavior, with  PdAlO2 displaying the highest absorption coefficient among the com-
pounds. Overall, our findings provide valuable insights into the properties of these Delafos-
site semiconductors and their potential for use in various applications. Based on the results 
we obtained, we can conclude that  PdBO2 (B = Al, Cr and Rh) show promising potential 
for use in electro-optical fields and their applications, as their thermodynamic and elec-
tronic properties are favorable. Our findings also suggest that  PdAlO2 and  PdCrO2 may 
be suitable for use as thermoelectric materials, given their specific features, which were 
validated through the estimation of their thermoelectric properties using the semi-classical 
Boltzmann theory. Furthermore, we observed that  PdBO2 with an (Al) atom exhibits lower 
energy absorption ability and other thermal properties compared to the other compounds, 
indicating that it may be as suitable for use in photovoltaic applications. However, overall, 
our results agree with other theoretical studies, further supporting the potential use of these 
compounds in various applications.
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