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ABSTRACT: The current study used full-potential methods to examine the
ferromagnetic characteristics of CdTm2Y4(Y= S, Se) spinels; i.e., structural,
elastic, electronic, and thermoelectric characteristics of these spinels have been
explored for the first time. We used PBEsol-GGA for enthalpy of formation
calculations to explain the stability of the ferromagnetic state and calculate the
elastic constants and corresponding mechanical modules to reveal the ductile
behavior of the materials. The mBJ potential is used instead of PBEsol-GGA to
obtain more accurate and precise results of electronic and thermoelectric
characteristics. Using mBJ potential leads to complete occupation of the bands
in the materials and a clear interpretation of the density of states (DOS). The
analysis of the electronic band structure and DOS reveals the stability of the
ferromagnetic state in the analyzed materials as a result of p−d hybridization-
based exchange splitting of Tm cations in the lattice. The calculations of
thermoelectric efficiency are effective in evaluating the aptitude pertinence of the material in waste energy recovery systems and
other technological applications. The thermal parameters of these materials are also analyzed to examine their thermal stability over a
wide range of temperatures. The results of these calculations are essential for determining the suitability of the materials for use in
spintronics-based devices and thermoelectric appliances as these devices rely heavily on the material’s thermoelectric properties.

1. INTRODUCTION
The innovation of ferromagnetism, particularly chromium
spinels and europium chalcogenides, around a half-century ago
was expected1 as insulators usually exhibit ferromagnetic or
antiferromagnetic spin ordering steered through superexchange
interaction; on the other hand, ferromagnetism was believed to
be a property unique to metals. However, the Goodenough−
Kanamori−Anderson imperatives guide cases where the
superexchange interaction can result in ferromagnetic short-
range coupling among confined spins. This mechanism is
responsible for the Curie temperature TC of 130 K in
CdCr2Se4

2.2 EuO and EuS are magnetic materials exhibiting
antiferromagnetic order due to superexchange interactions
between adjacent Eu2+ ions. This superexchange is overreacted
by the direct ferromagnetic exchange between the f-electrons
of one Eu2+ ion and the d-electrons of a neighbor, resulting in a
net ferromagnetic interaction. In EuO, the ferromagnetic
exchange interaction is stronger than in EuS, leading to a
higher TC of 68 K compared to 16 K in EuS.3 Magnetic
semiconductors are used for magneto-optical effects and
colossal magneto-resistance. These properties arise due to
the magnetic moments of the localized electron (f-electrons)
interaction with the magnetic moments of itinerant electrons
(band carriers). The coupling between f-electrons and band

carriers also leads to fluctuations in the magnetization of the
material near the Curie temperature.4,5

By introducing electron doping in the form of oxygen
vacancies or by substituting Eu ions with Gd ions, the
magnitude of TC in EuO can be increased by about 50 K in
agreement with the Ruderman−Kittel−Kasuya−Yasida
(RKKY) theory. Recently, there have been proposals to utilize
EuS and similar ferromagnetic insulators’ functional overlayers,
which can induce novel topological properties through the
ferromagnetic proximity effect, particularly through the
exchange splitting of interfacial bands.6 On the other hand,
HgCr2Se4, which has a Curie temperature TC of 110 K, has
been identified as a Weyl semimetal.7 Rare-earth pyrochlores
with the composition Ln2Ti2O7 have been the subject of
extensive study due to their intriguing magnetic behavior. The
magnetic properties of these compounds can be altered over a
broad range by carefully tuning the balance between various
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factors, including single-ion anisotropy, dipole interactions,
and exchange couplings.8−12

One key feature of many rare-earth pyrochlores is the
generation of highly anisotropic spin states, which arises from
the strong crystal field experienced by the rare-earth ions
within the pyrochlore lattice. In compounds such as Dy2Ti2O7
and Ho2Ti2O7, the specific ferromagnetic coupling and spin
directions are crucial in generating spin ice properties. These
materials exhibit spin orientations that resemble the position of
hydrogen atoms in water ice, giving rise to a spin ice-like
behavior.13−19 This similarity has attracted significant attention
in the study of transition-metal-based spinels like CdFe2O4 and
ZnCr2O4 due to their geometric frustration.20,21 Still, the
existence of relatively potent spin−lattice couplings within the
transition-metal-based materials is frequently directed to a
decisive state in which structural transitions and magnetic
ordering are coupled.22,23 CdLn2S4 (Ln = Ho, Er, Tm, Yb) and
CdLn2S4 (Ln = Dy, Ho) have been registered as suitable
semiconductors with band gap equal to or greater than 2 eV
according to available experimental data.24,25

In these spinels, the cationic distribution and arrangement
contribute to the formation of magnetic sublattices resembling
pyrochlores. An appropriate choice of exchange-correlation
functional is critical in density functional theory (DFT)
calculations to probe magnetically frustrated structures26

accurately. The manipulation of magnetic materials has
found many potential applications in various fields, such as
giant-magneto-resistance (GMR) and tunnel-magneto-resist-
ance (TMR), which are utilized in magnetic sensors and
storage devices.27,28 Past theoretical studies on magnetic
materials such as CdTm2Y4 (Y = S, Se) have revealed that
using the standard exchange-correlation functional is not
appropriate for precisely exploring structural characteristics.29

This present investigation on the magnetic semiconductors
CdTm2Y4 (Y = S, Se) and the use of a superior exchange-
correlation functional (ECE) can accurately probe their
electronic and transport properties. A magnetic semiconductor
is a material for which the Fermi level falls in the middle of the
band gap for both spin-up and spin-down, while the half-
metallic semiconductor has only one set of bands where the
Fermi level falls in the middle of the band gap.30,31 Theoretical
investigations of chalcogenide spinel compounds such as
CdTm2Y4 (Y = S, Se) have received relatively less attention
(only electronic properties) in the available literature.32

Therefore, the present study fills a gap in knowledge by
examining the magnetic, electronic, and thermoelectric
characteristics of these materials using the Wien2k code with
the FP-LAPW + lo method.33 Since the electronic properties
computed in the present work are calculated using the TB-mBJ
functional, the electronic structures for the valence electrons
(including the f-electrons of Tm) are reliably computed in the
present work. The thermoelectric properties computed in the
present work show that the magnetic state of the studied
materials can be advantageous for realizing improved transport
properties that can in turn be useful for spintronic applications.
This investigation is an important step toward exploring
theoretical and experimental investigations of these materials
for potential technological applications such as spintronics.

2. COMPUTATIONAL DETAILS
The TB-mBJ potential is a modified form of the traditional
DFT exchange-correlation functional that has been shown to
give more accurate electronic structural calculations for

materials with localized states as that of the experimental
study and has been applied with full-potential-linearized
augmented plane wave + lo method in the Wien2k package
program to explore the electronic and magnetic characteristics
of CdTm2Y4 (Y = S, Se).34−36 The mathematical expressions
for the TB-mBJ potential functional are as follows
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The Trans-Bhalla improved Becke−Johnson (TB-mBJ)
functional is known for accurately reproducing experimental
band gaps of materials. TB-mBJ was employed in this study,
which allows for a computationally efficient method to
calculate electronic characteristics using a hybrid approach
combining density functional theory (DFT) and the GM
approximation. Additionally, we also include the spin−orbital
coupling (SOC) to the TB-mBJ potential for more precise
calculations of electronic properties. The linear-augmented-
plane-wave (LAPW) method has been used as a basis set in the
study, with a partition made in unit cells to nonoverlapping
muffin-tin (MT) regions and the interstitial region. This
approach ensures that the wave function behaves automatically
inside the muffin-tin region and wave-like in the interstitial
regions, providing an accurate representation of the material’s
electronic structure. This computational approach calculates
the materials’ electronic properties, including the band gap and
energy eigenvalue for magnetic particle systems.

The product of RMT and Kmax is taken at 8, where RMT
represents the smallest muffin-tin radius and kmax is the
maximum value of the reciprocal lattice. The 1000 k-points are
used for reciprocal-space sampling. This means that calcu-
lations involving the band structure and optical characteristics
are performed at these 1000 specific k-points in the Brillouin
zone. Consecutive repetitions of the self-consistent field (SCF)
of computation are performed likely until both the energy
convergence (0.0001 Ry) and charge convergence (0.00001e)
criteria are satisfied. Additionally, BoltzTrap program package
is used for precise calculations of electronic transport
properties and thermoelectric properties.37 The following
expressions are used to calculate the electrical conductivity
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Also, S and σ were calculated using T and μ
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Equations 5 and 6 are used to calculate the Seebeck
coefficient and electrical conductivity. The BoltzTraP software
assumes insignificance of phonon impact on thermal
conductivity (κl), leading to the utilization of Slack’s model38

for computation. Based on this framework, κl can be evaluated
using the subsequent expression

=l B
M V N

T

3 1/3

2 (7)

The constant B = 5.72 × 10−8 × 0.849/2(1−0.514/γ +
0.228/γ2) is defined as a fixed value. M denotes the average
atomic mass, δ is the cubic root of the average atom volume,
ΘD stands for the acoustic Debye temperature, n signifies the
atoms per unit cell count, and γ indicates an acoustic
Gruneisen constant. The Debye temperature defines the
crystal’s vibrational spectrum, while the Gruneisen constant
gauges the degree of lattice anharmonicity in a material. This
equation has found extensive application in k-calculations.39−41

The computed κl values for the given material within the
temperature range of 100−1200 K have been illustrated in the
figure, demonstrating a declining trend in κ with increasing
temperature

3. RESULTS AND DISCUSSION
3.1. Structural and Mechanical Stability. The structural

characteristics of CdTm2Y4 (Y = S, Se) compounds have been
performed. The unit cell structures of these compounds, which
belong to the spinel crystal structure, have been obtained using
the structural generated function implemented in Wien2K
code33 and shown in Figure 1. The spinel structure is described
by the Fd3̅m (227) space group.42 The atomic positions are
specified in CdTm2Y4 (Y = S, Se) as follows: Cd is located at
the atomic position (0.125, 0.125, 0.125), Tm is at position
(0.5, 0, 0), and S is found at (0.25, 0.25, 0.25) within the unit
cell.

The bulk moduli (B) and the lattice parameters of CdTm2Y4
(Y = S, Se) compounds were then optimized using the
Murnaghan equation43 and fitting the computed volumes and
energies, and these optimized values are presented in Table 1.

A material’s hardness is related to its bulk modulus B under an
applied pressure. The computer values of lattice parameters (a
(Å)) and bulk moduli for CdTm2Y4 (Y = S, Se) compounds
differ from the values reported in the existing experimental and
theoretical literature, suggesting the accuracy of the computed
results.44,45,29 The obtained results indicate that the replace-
ment of “Se” with “S” decreases B and increases a (Å).

This inverse relation between “B” and “a (Å)” is consistent
with the behavior expected in the crystal structure. When
larger ions (in this case, S2+ ions with a larger ionic radius of
0.80 Å) replace smaller ones (Se2+ ions with a smaller ionic
radius of 0.74 Å), it causes an expansion of the host lattice.
This expansion results in an increased lattice constant a46 and
reduces the crystal lattice’s stiffness, leading to a decrease in
the bulk modulus (B). The decrease in B indicates that the
material becomes more susceptible to deformations caused by
the applied pressure. The enthalpy of formation (ΔHf) for the
spinel compounds is expressed as

=H E Y l m( ) (Cd Tm ) E E nEl m n Yf tot cd Tm (8)

Here, Etot (CdlTmmYn) is used as the ground-state energy,
while ECd, ETm, and EY represent the individual atom ground-
state energies. The letters l, m, and n represent the number of
atoms per unit cell of cadmium, thulium, and sulfur/selenium,
respectively. The negative value of ΔHf for the studied spinels
(see Table 1) indicates that these spinels are thermodynami-
cally stable and further confirms the stability of the
ferromagnetic phase over the paramagnetic phase. This is
because the (ΔHf) values are obtained for the spinel
compound’s specific crystal structure and magnetic state.
Table 1 represents the positive value of total energy difference
(ΔE1 and ΔE2) obtained from ΔE1 = ENM − EFM and ΔE2 =
EAFM − EFM, where ENM, EAFM, and EFM represent the total

Figure 1. Rare-earth-based crystal structure of CdTm2Y4 (Y = S, Se).
Orange, blue, and yellow spheres represent Cd, Tm, and Y atoms.

Table 1. Calculated Lattice Constant, Bulk Modulus, Energy
Differences (ΔE1 (eV) and ΔE2 (eV)), Formation Energy,
Elastic Constant, Shear Modulus, Young’s Modulus, Pugh’s
Ratio, Poisson’s Ratio, and Anisotropy Factor for Cubic
CdTm2Y4 (Y = S, Se)

CdTm2S4 CdTm2Se4

parameters PBEsol-GGA exp. PBEsol-GGA exp.

ao (Å) 11.04 11.10a 11.54 11.56b

Bo (GPa) 68.21 54.35
ΔE1 (eV) 28.33 19.26
ΔE2 (eV) 6.84 4.96
ΔHf (eV) −2.46 −1.93 -
↑Eg (eV) 2.15 1.95
C11 (GPa) 112.66 94.31
C12 (GPa) 42.74 30.15
C44 (GPa) 74.66 34.44
B (GPa) 66.04 51.53
G (GPa) 55.59 33.47
Y (GPa) 129.26 82.55
B/G 1.19 1.54
υ 0.17 0.23
A 2.135 1.07

aRef 44. bRef 45.
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energies of the nonmagnetic, antiferromagnetic, and ferro-
magnetic states, respectively, providing clear evidence that the
ferromagnetic conditions are more stable compared to
nonmagnetic and antiferromagnetic states in the spinel
compounds under investigation (see Figure 2).

The Charpin method is used for the values of CdTm2Y4 (Y
= S, Se), elastic constants (C11, C12, and C44), and other
related parameters.33 By substituting the values of elastic
constants obtained from the Charpin method in the given
equations,47−53 the values of various parameters (bulk modulus
B, Young’s modulus E, shear modulus G, and anisotropy factor
(A)) and Poisson’s ratio (υ) for the Pugh ratio (B/G) for the
cubic spinels CdTm2S4 or CdTm2Se4 have been evaluated
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It is indeed important to ensure that the calculated elastic
constants satisfy certain conditions to probe the elastic stability
of the material as 1/3(C11 + 2C12) > 0; C44 > 0; 1/2 (C11 −
C12) > 0 and C12 < B < C11. These conditions are based on the
physical requirements that the elastic constant must satisfy for
the material to be mechanically stable and not undergo elastic
instability. Based on the results of the computations for elastic
constants of spinels CdTm2Y4 (Y = S, Se) and the application
of the abovementioned condition reveals that both spinels are
elastically stable.

The values of elastic constants are used in eq 8 to obtain the
bulk modulus and are shown in Table 1. The spinel structure’s
bulk modulus decreases when S is substituted with Se. This
decreasing trend in the bulk modulus is consistent with the
results obtained from energy minimization, as shown in Table
1. The elastic anisotropy factor (A) is a measure of the degree
of anisotropy in the crystal structure. Based on the computed
value presented in Table 1 using eq 11 reveals that the studied
spinels CdTm2S4 or CdTm2Se4 exhibit considerable deviation
from unity for the anisotropic elastic factor (A). Young’s
modulus measures a material’s stiffness or resistance to
deformation when subjected to external pressure or stress
along a specific axis. The computed value of E using eq 10 is
presented in Table 1. Young’s modulus decreases noticeably
when S is replaced with Se in the spinel structure. This
decrease in E suggests that the studied spinels CdTm2S4 or
CdTm2Se4 exhibited lower deformation stiffness than
CdTm2S4.

The shear modulus quantifies the material’s ability to
withstand shear stresses without undergoing plastic deforma-
tion. The calculated value of “G′′ is shown in Table 1 by using
eq 9. The value of “G′′ is decreased from 55.59 to 33.47 GPa
by replacing S with Se. These computed values suggest a lower
resistance to shear deformation for CdTm2Se4 as compared to
CdTm2S4. The Poisson’s ratio (υ) and Pugh ratio (B/G) are
used to interpret materials brittleness or ductility. Poisson’s
ratio is obtained by using eq 13, and eq 9 is used for Pugh
ratio. The values of υ and (B/G) for CdTm2S4 and CdTm2Se4
as presented in Table 1 are less than the critical values of 0.26
and 1.75, respectively, which suggests that both materials are
ductile. This makes them potentially useful for mechanical
device applications that require materials with good deform-
ability and toughness.

3.2. Electronic and Magnetic Properties. The electronic
structure of a material plays a crucial role in determining the
properties and potential applications in various electronic
devices. The energy gap is a key parameter for memory, smart,
and spintronics device applications, as it governs the material’s
efficiency and functionality in these devices. The energy gap
allows for controlling the flow of charge and spin in electronic
devices, enabling information storage, processing, and
manipulation functions. The energy gap and spin-polarized
band structure of the cubic FM phase of CdTm2Y4 (Y = S, Se)
were calculated using the ground-state value of the lattice
constant.

Figure 2. Volume optimization versus energy plots for (a) CdTm2S4 and (b) CdTm2Se4 compounds in ferromagnetic (FM), antiferromagnetic
(AFM), and nonmagnetic (NM) phases.
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To accurately capture the electronics features of CdTm2Y4
(Y = S, Se) compounds, Trans-Bhala improved Becke−
Johnson (TB-mBJ) potential is applied. Additionally, TB-mBJ
potential plus spin orbital coupling (SOC) are used that
provides a more precise description of the electronic structure
(see Figure 3). The spin-polarized band structure of the spinel

compounds CdTm2Y4 (Y = S, Se) and the computation of the
direct band gap values at the Γ-point of the first Brillouin zone
using the spin-up band structure have been noticed. The
calculated values of direct band gap Eg(Γ−Γ) considering the
spin-up band structure are presented in Table 1 for CdTm2Y4
(Y = S, Se). Figures 4 and 5 illustrate the density of states,

providing valuable insights into the electronic structure of the
spinel compounds CdTm2Y4.

The TDOS represents the overall distribution of the
electron state, while PDOS shows the contribution of different
atoms and atomic levels to the band structure. The existence of
Tm atoms in the lattice introduces splitting effects, resulting in
the lifting of the valence band maximum (VBM) related to
spin-up carriers toward the Fermi level. This indicates that the
spin-up electrons have a higher probability of occupying states
closer to the Fermi level. Conversely, the conduction band
minimum (CBM) is shifted away from the Fermi level toward
higher energy for spin-up carriers, indicating that it requires
more energy for spin-up electrons to transition into the
conduction band. On the other hand, the trend observed for
spin-down carriers is converse to that of spin-up carriers, as
shown in Figure 3.

The absence of energy states at the Fermi level indicates that
both CdTm2Y4 (Y = S, Se) compounds exhibit a semi-
conducting nature rather than the half-metallic nature and
suggests that there is no complete spin polarization and both
spin channels contribute to the electronic states. The PDOS
analysis, as depicted in Figures 4 and 5, provides insights into
the ferromagnetism and exchange mechanism in the
compounds. In the spin-up channel, 4f states of Tm atoms
are observed in the energy range of −2.8 to −4.6 eV. Similarly,
hybridization occurs between the 2p states of S/Se atoms and
Cd states in the energy range of 0 to −2.0 eV. These
hybridization phenomena in the spin-up channel contribute to
the materials’ overall electronic structure and magnetic
properties.

Furthermore, hybridization between the 4f states of Tm
atoms and 2p states of S/Se atoms within the conduction band
is detected in the energy range of 3−5.0 eV for the spin-down
channel as well as for the spin-up channel for the same energy
range. These hybridization effects contribute to the materials’
overall electronic properties and exchange mechanisms.

Figure 3. Electronic band structures computed for CdTm2S4 and
CdTm2Se4 for majority and minority spin channels using the mBJ and
mBJ + SOC potential.

Figure 4. Total density of states of CdTm2S4 spinel and their partial density of states of Cd, Tm, and S atoms with respect to spin-up (↑) and spin-
down (↓) channels.
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The computed magnetic moment (μT) for both spinel
compounds CdTm2Y4 (Y = S, Se) is 4 μB. This total magnetic
moment is mainly contributed by the Tm atom, indicating that
Tm plays a significant role in the overall magnetism of the
compounds. On the other hand, the contribution of Cd and Y
atoms to the total magnetic moment is relatively low. The
contribution of different atoms toward the total magnetic
moment is also calculated and presented in Table 2. The

electronic bonding interactions between their rare-earth (RE)
dopant atoms and the host lattice atoms lead to variations in
the valency of Tm and, ultimately, research in a ferromagnetic
(FM) stable state of the compound. The strong coupling
between the p state of the S/Se atom and the f state of the Tm
atom results in the creation of magnetic moments.

The value of the interstitial magnetic moment of the rare-
earth atom is the same as the total magnetic moment, revealing
that the strong ferromagnetic exchange splitting induces
magnetic effects, effectively converting the Tm atom into a
magnetic atom. The magnetic moment of S/Se and Cd atoms
is also calculated and attributed to their FM coupling with Tm
atoms.

3.3. Thermoelectric Properties. Indeed, converting waste
heat into electrical energy is a promising approach to address
the increasing demand for electrical power while utilizing
existing heat sources. Thermoelectric materials play a vital role
in converting heat directly into electricity. Worldwide are
actively engaged in intensive research to discover novel and
efficient thermoelectric materials that can meet these energy
demands.54,55 Among the various materials being investigated,

spinel chalcogens have shown great promise as potential
thermoelectric materials.

These materials are particularly attractive for thermoelectric
applications due to their small band gap.56,57 In this study, two
such chalcogen materials, CdTm2Y4 and CdTm2, have been
examined. The band gap reduction observed by replacing S
with Se indicates an improvement in their efficiency for
thermoelectric uses. The investigation of important thermo-
electric parameters, including the electrical conductivity σ,
Seebeck coefficient, power factors electronic and phononic part
of thermal conductivity, and figure of merit (ZT), has been
carried out over a wide temperature range from 0 to 800 K and
presented in Figures 6(a−c) and 7(a−c). It is worth noting
that calculating these thermoelectric properties involves certain
conditions during this study. The constant relaxation time
approximation is applied, which assumes a fixed relaxation time
for the charge carrier. As a result, the computed values of
electrical and thermal conductivities are presented in units of
(Ω.m.s)−1 and (W/Kms), respectively. To compare the
computed results with the experimental values, the calculated
values must be multiplied by the observed relaxation time.58,59

All of the TE calculations were carried out using the
semiclassical BTE within the constant relaxation time (10−14

s) approximation, as implemented in the BoltzTrap code. This
approximation is based on the assumption that the scattering
time does not vary strongly with energy. Note that such an
approximation has been successfully used in the past to predict
the thermoelectric properties of materials.60,61

The electrical conductivity represented by σ/τ (where “τ” is
the relaxation time) is associated with flow of charge carriers
indicating the forward current. At temperatures of 300 and 800
K, the electrical conductivities of CdTm2S4 and CdTm2Se4 and
are reported as 2.0, 11.1 (×104 Ω−1 m−1), and 7.5, 17.5 (×104

Ω−1 m−1), respectively. This indicates an increase in “σ” with
temperature (see Figure 6(a)). Having a high electrical
conductivity at room temperature is a key feature of
thermoelectrically useful materials. The studied compounds

Figure 5. Total density of states plot for the CdTm2Se4 spinel along with their partial density of states plots of Cd, Tm, and Se atoms with respect
to spin-up (↑) and spin-down (↓) channels.

Table 2. Total Magnetic Moments and Local Magnetic
Moments (in Terms of μB) for CdTm2S4 and CdTm2Se4

total int. Cd Tm S/Se

CdTm2S4 4.000 0.0992 0.0018 1.8829 0.0457
CdTm2Se4 4.000 0.1411 0.0036 1.7152 0.0992
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are nondegenerate semiconductors; it is evident from the band
structure that the calculated band gap values of CdTm2S4 and
CdTm2Se4 compounds in spin-up channels are 2.04 and 1.90
eV, respectively. In contrast, spin-down channels indicate a
small band gap, with a small amount of heat energy valence
electron that can surmount this band gap, and the electronic
states just above the Fermi energy level will get filled. Once
these states get occupied, then there is no empty space for
further thermally excited electrons. Because the energy bands
just above the Fermi level in the conduction band show a flat
behavior, it means the electrons have no conduction at all. In
order for conduction to occur, an electron must be excited to
the next available state, which is at the highest energy. Hence,
at higher temperatures, these electrons will get further excited
to the deep conduction band, and this is why these compounds
behave like nondegenerate semiconductors. Thermoelectric
materials possess a crucial characteristic of generating voltage
through temperature gradients. This phenomenon is directly
influenced by two significant parameters: Seebeck coefficient
(S) and thermopower. Due to the high value of electrical
conductivity, compromises are often necessary for achieving
optimal performance in these materials. In our investigation of

CdTm2S4 (see Figure 6(b)), the S value was measured as 100
μVK−1 at 300 K. As the temperature increased, the S value
increased as up to 800 K. Interestingly, a distinct variation
trend of “S” with temperature was observed in CdTm2Se4. The
variations in the Seebeck coefficient with temperature have also
been noticed in rare-earth Cd-based spinels such as CdEr2X4
(X = S, Se).62

The Seebeck coefficient is a time-independent parameter
that makes it comparable to experimental data, providing
valuable insights into the thermoelectric behavior of the
materials. The power factor (PF = S2σ) and figure of merit (ZT
= S2σT/ke) are important parameters in assessing the
thermoelectric performance of materials. The relaxation time
independence of ZT makes it comparable to experimental data,
further validating its usefulness in evaluating the efficiency of
thermoelectric materials. The power factor (PF) is a parameter
that measures the thermoelectric power generation of a
material and depends on the value of the Seebeck coefficient
(S) and electrical conductivity (σ). The PF values were
calculated as 10 and 12 (×104 W/mK2) at 300 K for CdTm2Y4
(Y = S, Se) compounds (see Figure 6c). As the temperature

Figure 6. Computed (a) electrical conductivity, (b) Seebeck
coefficients (S), and (c) power factor (PF) against temperature for
CdTm2S4 and CdTm2Se4 compounds.

Figure 7. Computed (a) electronic (κe) thermal conductivity, (b)
phononic (κl) thermal conductivity, and (c) figure of merit (ZT)
against temperature for CdTm2S4 and CdTm2Se4 compounds.
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increased to 900 K, the PF values correspondingly increased to
41 and 45 (×104 W/mK2).

Fourier’s law describes the heat flux in a thermoelectric
material using the mathematical equation =q k q

x
d
d

. In this
equation, “q” represents the rate of thermal energy flow per
unit area over time, “k” denotes the coefficient of thermal
conductivity, and q

x
d
d

represents the temperature gradient. Both
phonons and electrons influence the overall thermal con-
ductivity in semiconductors, whereas in metals, the contribu-
tion of phonons is negligible, i.e., less than 2%. Since the
interaction between electrons and phonons has a significant
impact on determining the transport characteristics, this
coupling has been incorporated into the investigation of
thermoelectric features within the spinels under study. For the
analysis of thermal conductivity, two distinct approaches have
been employed: electron-based and phonon-based methods,
denoted as κt = κe + κl. In this expression, κe signifies the
contribution arising from electron vibration, while κl represents
the thermal conductivity associated with phonon vibration.
This relationship is visualized in Figure 7(a,b), depicting the
calculated thermal conductivities attributable to electronic (κe)
and phononic (κl) mechanisms across the temperature range of
0−900 K. The thermal conductivities are represented by black
and blue curves for κl and total or overall conductivity, both of
which decrease with increasing temperature. On the other
hand, the red curve corresponds to κe thermal conductivity,
displaying an upward trend as temperature increases up to 900
K.

Both compounds show insulating behavior in spin-up
channels and metallic behavior in spin-down channels. For
better understanding, we plotted electronic thermal con-
ductivity κe and lattice thermal conductivity κl separately. Now,
it is demonstrated that κe is the dominated part as compared to
κl. For example, at T = 800 K, κe = 4, and κl = 0.25 W/Km
(refer to Figure 7a,b). In addition, κl is decreasing with
increasing temperature, while κe shows increasing behavior
fulfilling the Wiedemann−Franz law. For CdTm2Se4, the
electrical conductivity is of the order of 104 Ω−1·m−1, which is
extremely high but consistent with the band gap of our
compound. For semiconductor and half-metallic compounds,
the Wiedemann−Franz law is σk = LT, where σ is the electrical
conductivity, k is the electronic thermal conductivity, T is the
temperature, and L denotes the Lorentz number. The carrier
electrical and thermal conductivities appear to increase with an
increase in the temperature and hence follow the Wiedemann−
Franz law. The calculated values were then employed to
evaluate the figure of merit (ZT) for CdTm2Y4 spinels. Figure
7c demonstrates the variation in ZT as a function of
temperature. Both compounds exhibit an increasing trend of
ZT with temperature. At 800 K, the ZT values were measured
as 0.5 and 0.45 for CdTm2S4 and CdTm2Se4, respectively.
These calculations justify the potential utilization of the
investigated chalcogens CdTm2Y4 in thermoelectric device
applications.

4. CONCLUSIONS
Probing of physical properties of CdTm2Y4 (Y = S, Se)
compounds, extensive DFT-based studies were accomplished.
The calculations consistently confirmed the stability of the
ferromagnetic (FM) state for both compounds, which was also
supported by the enthalpy of formation. Moreover, investigat-

ing the elastic properties provides further insight into the
mechanical behavior of these compounds for device
applications. The ferromagnetic behavior was corroborated
by observing higher ground-state energy in the FM states
compared to the nonmagnetic (NM) states. The computer
values of lattice parameters (a (Å)) for CdTm2Y4 (Y = S, Se)
compounds differ from the values reported in the existing
experiment, suggesting the accuracy of the computed results.
The spin-polarized band structure of the studied spinels and
the computation of the direct band gap values at the Γ-point
indicate that both spinels have potential solar cell applications.
The interpretation of exchange interactions and hybridizations
from the calculated density of states indicates electronic spin
that plays a significant role in the ferromagnetism of these
chalcogens. The materials exhibited semiconducting magnetic
behavior characterized by multiple integral values of total
magnetic moment equal to 4μB. The favorable Seebeck
coefficient and power factor of CdTm2Y4 (Y = S, Se) at
ambient temperatures highlight their potential in the fields of
energy harvesting applications.
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