
Material Sciences Revista Mexicana de Fı́sica71051002 1–14 SEPTEMBER-OCTOBER 2025

Impact of A-site cation substitution on the properties of spinel
AY 2O4 (A = Cd, Zn): A first-principles investigation

K. Hocinea,b,∗, Y. Guermita,b, and A. Chaabaneb

aThin-film physics and advanced technologies laboratory, University of Relizane, Algeria.
e-mail: Kamel.hocine@univ-relizane.dz

bUniversity of Relizane, Algeria.

Received 18 September 2024; accepted 22 May 2025

This study presents a comprehensive first-principles investigation of the structural, electronic, magnetic, elastic, thermodynamic, and optical
properties of spinel-type compounds CdY2O4 and ZnY2O4 using density functional theory (DFT) within the full-potential linearized aug-
mented plane wave (FP-LAPW) method. Structural optimization, performed through Murnaghan equation of state fitting and internal atomic
relaxation, reveals that both compounds favor a nonmagnetic normal spinel configuration as their ground state. Electronic band structure
calculations using PBE-GGA and TB-mBJ functionals demonstrate that both ZnY2O4 and CdY2O4 are direct band gap semiconductors, with
wide band gaps ranging from 4.86 to 4.93 eV. Elastic constants confirm mechanical stability, with CdY2O4 exhibiting ductile behavior and
ZnY2O4 displaying higher stiffness but slightly brittle characteristics. Thermodynamic properties, evaluated via the quasi-harmonic Debye
model, indicate that both materials maintain structural integrity up to 1200 K and 20 GPa, with ZnY2O4 showing superior thermal stability.
Optical analyses reveal strong ultraviolet absorption, high transparency in the visible range, and low reflectivity, positioning these materials
as promising candidates for UV optoelectronic applications, including UV filters, transparent conductive coatings, and window layers in
tandem solar cells. The results highlight that cation substitution at the A-site (Cd2+ versus Zn2+) significantly influences the mechanical,
thermal, and optical properties, making CdY2O4 and ZnY2O4 attractive for next-generation photovoltaic and photonic devices.
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1. Introduction

Spinel oxides, with the general formula AB2O4, are a widely
studied class of materials due to their exceptional physical
and chemical properties. These include high thermal stabil-
ity, excellent mechanical strength, low dielectric losses, and
strong resistance to chemical degradation at elevated temper-
atures [1, 2]. Crystallographically, spinels typically adopt a
cubic structure (space groupFd3m) with a unit cell consist-
ing of eight formula units, incorporating 24 cations and 32
oxygen atoms. Depending on the distribution of the cations,
spinels can be classified as eithernormal or inverse. In a
normal spinel, divalent A2+ cations occupy one-eighth of the
tetrahedral (Td) sites, while trivalent B3+ cations fill one-half
of the octahedral (Oh) sites. Conversely, in an inverse spinel,
A2+ cations and half of the B3+ cations share the octahedral
sites, while the remaining B3+ cations occupy the tetrahe-
dral sites. Intermediate cation distributions may also arise
depending on synthesis conditions and thermodynamic sta-
bility [3,4].

Beyond their conventional applications in ceramics,
catalysis, and magnetics, spinel oxides have increasingly
drawn attention for their use in optoelectronic and photo-
voltaic devices. Their wide band gaps, chemical inertness,
and high optical transparency make them suitable candi-
dates for transparent conducting oxides (TCOs), window lay-
ers, and UV-absorbing components in multi-junction solar
cells [5–7]. Materials such as ZnAl2O4, ZnGa2O4, and Cu-

based spinels have demonstrated promising properties for
such applications due to their strong light-matter interactions
and suitable band alignments [8–10].

Zinc-based spinels, particularly ZnSc2O4 and ZnY2O4,
have been studied both theoretically and experimentally.
Ghoshet al. reported that these materials exhibit direct band
gaps of 3.9 eV and 3.4 eV, respectively, making them at-
tractive for UV-sensitive optoelectronics or as wide-band-gap
subcells in tandem photovoltaic architectures [11]. Further-
more, the experimental synthesis of ZnY2O4 using solid-
state reactions has been successfully demonstrated by Wis-
niewski et al., who also provided detailed structural anal-
ysis using X-ray diffraction and electron microscopy tech-
niques [12].

Despite these findings, the spinel CdY2O4 has remained
largely unexplored. Substituting Zn with Cd introduces im-
portant electronic and structural changes due to the larger
ionic radius of Cd2+ (0.95 Å vs. 0.74Å for Zn2+) and its
lower electronegativity. This substitution is hypothesized to
influence the crystal field environment, reduce p-d orbital
repulsion, and possibly widen the band gap. Such effects
could lead to improved light absorption in the UV region
and enhanced dielectric and elastic responses-both desirable
traits for thin-film photovoltaic devices [13–15]. Moreover,
cadmium-based oxides are recognized for their high electron
mobility and tunable band structures, further justifying their
consideration in solar energy conversion technologies [16].
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Accordingly, this study provides a detailed first-
principles investigation of the physical properties of AY2O4

(A = Cd, Zn) spinels using density functional theory (DFT).
We systematically examine and compare their structural,
magnetic, electronic, elastic, thermodynamic, and optical be-
haviors to assess the impact of A-site cation substitution. The
objective is to determine how replacing Zn with Cd influ-
ences these properties and to evaluate their suitability for ad-
vanced optoelectronic and photovoltaic applications. Cad-
mium was selected due to its heavier mass, higher polariz-
ability, and larger ionic radius (0.95̊A compared to 0.74̊A for
Zn2+), as well as its 4d orbital configuration. These charac-
teristics are expected to modify the crystal field environment
and bonding nature, potentially enhancing UV-range optical
absorption, dielectric response, and mechanical flexibility.

2. Computational Methodology

All first-principles calculations were conducted using the
full-potential linearized augmented plane wave (FP-LAPW)
method as implemented in theWIEN2K code [17–19],
within the framework of density functional theory (DFT).
The exchange-correlation effects were treated using the
Perdew-Burke-Ernzerhof (PBE) functional within the gen-
eralized gradient approximation (GGA) [20]. The plane-
wave cutoff parameter was set toKmax = 9.0/RMT, where
RMT is the smallest atomic muffin-tin radius, and the charge
density was expanded up to a Fourier cutoff ofGmax =
14 a.u.−1. A Monkhorst-Pack10 × 10 × 10 k-point mesh
was employed for Brillouin zone sampling. The energy sepa-
ration between core and valence states was set at−6Ry, and
the self-consistent field calculations were converged to within
10−6 Ry per formula unit.

Both normal and inverse spinel structures ofAY2O4

(A = Cd, Zn) were considered. The normal spinel structure
(space groupFd3̄m) was modeled withA atoms at the8a
(1/8, 1/8, 1/8) sites,Y at16d (1/2, 1/2, 1/2), andO at32e
(u, u, u), where the oxygen positional parameteru was op-
timized. The inverse spinel structure was constructed using
the orthorhombicImmaspace group, with atomic positions
specified in TableI.

Structural relaxation was performed in two steps: first,
the total energy as a function of volume was computed by
varying the volume±5% around the estimated equilibrium
value, while fully relaxing internal atomic coordinates. These
data were fitted to the Murnaghan equation of state to extract
the equilibrium lattice parametera0, bulk modulusB0, and
its pressure derivativeB′ [21].

To identify the magnetic ground state, spin-polarized and
non-spin-polarized (NM) calculations were performed. Lo-
cal magnetic moments were initialized onA andY atoms for
ferromagnetic (FM) configurations, but in all cases, the NM
state was more stable by more than0.01 eV per formula unit.

TABLE I. Calculated total and local magnetic moments (µB) for
the ferromagnetic (FM) configurations of CdY2O4 and ZnY2O4.

Compound A Y O Interstitial Total

(µB) (µB) (µB) (µB) (µB)

CdY2O4 0.000 0.00001 -0.0002 0.00014 0.00001

ZnY2O4 0.000 0.00001 -0.0002 0.00015 0.00001

To address the well-known underestimation of band gaps
by GGA, electronic structure calculations were refined us-
ing the Tran-Blaha modified Becke-Johnson (TB-mBJ) po-
tential [22]. These calculations were performed as single-
point evaluations on GGA-optimized geometries without fur-
ther relaxation, since TB-mBJ is computationally expensive
and generally has minimal impact on lattice parameters. A
comparison between GGA and TB-mBJ geometries showed
negligible differences, justifying this approach. The TB-mBJ
exchange potential was applied using theTOT XCMBJflag
in WIEN2K with the defaultc-parameter (c = 1.0). Band
structures, total density of states (TDOS), and partial den-
sity of states (PDOS) were computed for bothCdY2O4 and
ZnY2O4 using the same computational settings.

The investigation of the antiferromagnetic (AFM) state
was based on the analysis of the ferromagnetic (FM) con-
figuration. Magnetic moment calculations forCdY2O4 and
ZnY2O4 revealed that both the total and atomic magnetic
moments are negligible, with values close to zero (Table I).
As a result, the AFM state was deemed irrelevant for further
study in this work.

Elastic constants were calculated using the IRelast pack-
age [23], which applies small finite deformations to the re-
laxed structure and derives the elastic tensor from the re-
sulting stress-strain relations, from which the bulk modulus
B, shear modulusG, Young’s modulusE, Poisson’s ratio
σ, and anisotropy factorA were derived. Mechanical stabil-
ity was confirmed via the Born criteria (C11 > 0, C44 >
0, C11 − C12 > 0, and C11 + 2C12 > 0) [24], and
ductility was assessed through Pugh’s ratioB/G.

Thermodynamic properties were computed using the
quasi-harmonic Debye model as implemented in the GIBBS
program [25]. Temperature- and pressure-dependent heat ca-
pacitiesCV , CP , Debye temperatureθD, and thermal expan-
sion coefficientα were calculated in the ranges 0-1200 K and
0-20 GPa.

All optical calculations were performed with carefully
tested convergence parameters, including k-point sampling
and energy cutoffs, to ensure the reliability of the computed
dielectric functions. The optical properties were derived from
the complex dielectric functionε(ω) = ε1(ω) + iε2(ω), cal-
culated using Kramers-Kronig relations and dipole matrix el-
ements [26]. From this, the frequency-dependent refractive
index n(ω), absorption coefficientα(ω), reflectivity R(ω),
and optical conductivityσ(ω) were obtained.
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FIGURE 1. Normal and inverse spinel structures: a) Normal spinel
b) inverse spinel.

3. Results and discussion

3.1. Structural properties

The structural properties ofCdY2O4 and ZnY2O4 com-
pounds were systematically investigated in both the normal
and inverse spinel configurations using the generalized gradi-
ent approximation (GGA) with the Perdew–Burke–Ernzerhof
(PBE) functional. In spinel structures with the general for-
mula AB2O4, the O2− anions form a face-centered cubic
(FCC) lattice, while theA2+ and B3+ cations occupy the
tetrahedral (Td) and octahedral (Oh) sites, respectively [27].
In the normal spinel structure, one-eighth of the tetrahe-
dral sites are occupied byA2+ cations and half of the oc-
tahedral sites are occupied byB3+ cations, as illustrated in
Fig. 1a) [27]. Conversely, in the inverse spinel configuration,
A2+ andB3+ cations are redistributed such that they share

the octahedral sites, whileB3+ cations exclusively occupy
the tetrahedral sites, as depicted in Fig. 1b) [28,29].

These structures are formally described as
[A] Td[B2]OhO4 for normal spinels and [B]Td[AB] OhO4 for
inverse spinels [28, 29]. The optimized atomic positions for
CdY2O4 and ZnY2O4 are summarized in TableII . In the
normal spinel phase (space group Fd3̄m (227)), the Cd or
Zn atoms occupy the (1/8, 1/8, 1/8) positions, Y atoms are
located at (1/2, 1/2, 1/2), and oxygen atoms are slightly dis-
placed from the ideal positions, with specific coordinates
close to (0.263157, 0.263157, 0.263157). In the inverse
spinel structure (space group Imma (74)), a more com-
plex atomic arrangement is observed, where Cd/Zn and Y
atoms, along with O atoms, occupy multiple distinct Wyckoff
sites [30–32]. For comparison, structural data from related
compounds such as CdSc2O4 and ZnSc2O4, known to crys-
tallize in the normal spinel structure, were also considered
from previous studies [33].

For a more comprehensive understanding of these struc-
tures, we include a comparison with the structural data for
related compounds from the literature, specifically CdY2O4

and ZnY2O4 from studies [28–33] (see Supplementary Ta-
ble III ). This allows for an insightful comparison of the
atomic positions across various spinel compounds and pro-
vides a clearer picture of the structural variations.

In this study, the structural configurations of CdY2O4 and
ZnY2O4 have been thoroughly investigated in both normal
and inverse spinel forms, revealing a consistent and well-
defined atomic arrangement. The calculated atomic positions
align closely with those reported in previous literature. No-
tably, CdY2O4 exhibits slightly larger atomic displacements

TABLE II. Atomic positions of CdY2O4 and ZnY2O4 (This Work).

Compound Type Space Group Atom Atomic Position(s)

CdY2O4 Normal Fd̄3m (227) Cd (1/8, 1/8, 1/8)

Y (1/2, 1/2, 1/2)

O (0.26134, 0.26134, 0.26134)

ZnY2O4 Normal Fd̄3m (227) Zn (1/8, 1/8, 1/8)

Y (1/2, 1/2, 1/2)

O (0.26245, 0.26245, 0.26245)

CdY2O4 Inverse Imma (74) Y(1) (0, 0.75, 0.625), (0, 0.25, 0.375)

A (0, 1/2, 0), (0, 0, 0)

Y(2) (3/4, 3/7, 1/4), (3/4, 1/4, 3/4)

O(1) (0, 0.01, 0.755), (0, 0.99, 0.245), (0.51, 0.245), etc.

O(2) (0.74, 0.75, 0.755), (0, 0.99, 0.245), etc.

ZnY2O4 Inverse Imma (74) Y(1) (0, 0.75, 0.625), (0, 0.25, 0.375)

A (0, 1/2, 0), (0, 0, 0)

Y(2) (3/4, 3/7, 1/4), (3/4, 1/4, 3/4)

O(1) (0, 0.01, 0.755), (0, 0.99, 0.245), (0.51, 0.245), etc.

O(2) (0.74, 0.75, 0.755), (0, 0.99, 0.245), etc.
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TABLE III. Comparison of atomic positions for CdY2O4 and ZnY2O4.

Compound Type Space Group Atom Atomic Position(s) Reference

CdY2O4 Normal Fd̄3m (227) Cd (1/8, 1/8, 1/8) [28]

Y (1/2, 1/2, 1/2) [28]

O (0.263157, 0.263157, 0.263157) [28]

ZnY2O4 Normal Fd̄3m (227) Zn (1/8, 1/8, 1/8) [28]

Y (1/2, 1/2, 1/2) [28]

O (0.26245, 0.26245, 0.26245) This work

CdY2O4 Inverse Imma (74) Y(1) (0, 0.75, 0.625), (0, 0.25, 0.375) [30, 31]

A (0, 1/2, 0), (0, 0, 0) [30, 31]

Y(2) (3/4, 3/7, 1/4), (3/4, 1/4, 3/4) [30, 31]

O(1) (0, 0.01, 0.755), (0, 0.99, 0.245), (0.51, 0.245), etc. [30, 31]

O(2) (0.74, 0.75, 0.755), (0, 0.99, 0.245), etc. [30, 31]

ZnY2O4 Inverse Imma (74) Y(1) (0, 0.75, 0.625), (0, 0.25, 0.375) [30, 31]

A (0, 1/2, 0), (0, 0, 0) [30, 31]

Y(2) (3/4, 3/7, 1/4), (3/4, 1/4, 3/4) [30, 31]

O(1) (0, 0.01, 0.755), (0, 0.99, 0.245), (0.51, 0.245), etc. [30, 31]

O(2) (0.74, 0.75, 0.755), (0, 0.99, 0.245), etc. [30, 31]

compared to ZnY2O4, which can be attributed to the differ-
ence in ionic radii between Cd2+ and Zn2+ ions. Structural
data for CdSc2O4 and ZnSc2O4, as reported in Ref. [33],
which are known to crystallize in the normal spinel structure,
further support these observations and offer a meaningful ba-
sis for comparison.

The consistency between the present results and prior
studies reinforces the validity of the computational methodol-
ogy employed. Minor discrepancies in atomic positions may
arise from differences in computational models, temperature
conditions, or refinement techniques used in various studies.
Furthermore, total energy versus volume (E–V) curves were
computed for both ferromagnetic (FM) and non-magnetic
(NM) configurations of CdY2O4 and ZnY2O4. These curves
were fitted using the Murnaghan equation of state [34] Eq. (1)
to determine the equilibrium structural parameters.

E(V ) = E0+
B0V

B′(B′−1)

×
[
B

(
1−V0

V

)
+

(
V0

V

)B′

−1

]
. (1)

Substituting cadmium (Cd) with zinc (Zn) in the spinel oxide
CdY2O4 to form ZnY2O4 induces significant modifications
in structural parameters and thermodynamic properties, pri-
marily due to the disparity in ionic radii and bonding charac-
teristics between Cd2+ and Zn2+ ions.

In the normal spinel configuration (space group Fd3̄m),
CdY2O4 exhibits a lattice constant of 9.57̊A, whereas
ZnY2O4 has a slightly smaller lattice constant of 9.41Å.
This reduction of 0.16̊A is attributed to the smaller ionic ra-
dius of Zn2+ (0.74Å) compared to Cd2+ (0.95Å), leading

to a more compact crystal structure. Additionally, ZnY2O4

demonstrates a higher bulk modulus of 146.92 GPa, indicat-
ing greater mechanical stiffness relative to CdY2O4, which
has a bulk modulus of 127.22 GPa. The increase of approx-
imately 19.7 GPa in bulk modulus reflects the enhanced re-
sistance to volume compression in ZnY2O4. These findings
align with previously reported theoretical values for ZnY2O4,
which indicate a bulk modulus of 137.40 GPa, further validat-
ing the computational results [35].

Analysis of the total energy versus volume (E–V) curves,
as presented in Figs. 2 and 3, reveals that both CdY2O4 and
ZnY2O4 favor the non-magnetic normal spinel configuration
as the energetically most stable phase. This observation

FIGURE 2. Variation of the total energyEtot versus the unit cell
volume for CdY2O4.

Rev. Mex. Fis.71051002
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FIGURE 3. Variation of the total energyEtot versus the unit cell
volume for ZnY2O4.

aligns with the computed results summarized in Table IV,
which indicate lower total energies for the non-magnetic
configurations compared to their ferromagnetic counterparts.
The preference for the non-magnetic phase suggests that
magnetic ordering does not significantly contribute to the sta-
bilization of these compounds.

The thermodynamic stability of CdY2O4 and ZnY2O4

was evaluated through the calculation of their formation en-
ergies using first-principles total energy data. The formation
energy per atom was determined using the following expres-
sion:

∆Hf =
E

CdY2O4/ZnY2O4
0 − ECd/Zn

0 − 2EY
0 − 4EO

0

7
, (2)

whereEAY2O4 is the total DFT energy of the compound (A =
Cd, Zn), andE0A, E0Y , andE0O2 are the total energies of el-
emental Cd or Zn, Y, and O2 molecule, respectively. The fac-
tor 1/7 accounts for the number of atoms in a single formula
unit of AY2O4. Oxygen is referenced to half the energy of an
isolated O2 molecule, consistent with standard DFT conven-
tions.

The calculated formation energies per atom are presented
in Table IV. The values obtained are -9.72 eV/atom for
CdY2O4 and -9.68 eV/atom for ZnY2O4. These negative
values confirm the thermodynamic stability of both com-
pounds. For comparison, the formation energy of CdSc2O4

reported in reference [33] is -5.74 eV/atom, indicating that
both CdY2O4 and ZnY2O4 are significantly more stable in
terms of thermodynamic formation energy. This difference
may arise from the stronger bonding or electronic environ-
ment associated with the Y cation in comparison to Sc.

A direct comparison between CdY2O4 and ZnY2O4

shows that both compounds are structurally and thermody-
namically stable, with very similar formation energies, in-
dicating comparable thermodynamic feasibility. However,
ZnY2O4 displays a higher bulk modulus (146.92 GPa vs.
127.22 GPa), suggesting it is mechanically stiffer and more
resistant to compression. This reflects a typical trade-off be-
tween thermodynamic and mechanical stability when sub-
stituting larger cations (Cd2+) with smaller ones (Zn2+) at
the A-site. The more compact ZnY2O4 structure benefits
from tighter atomic packing, leading to improved mechan-
ical properties, while CdY2O4 slightly favors energy mini-
mization from a thermodynamic perspective. These insights
are important for guiding material selection in applications
where mechanical strength, thermal stability, and ease of syn-
thesis are critical.

3.2. Electronic properties

The electronic structure of AY2O4 (A = Cd, Zn) spinel
compounds was systematically investigated using density
functional theory (DFT) with both the GGA-PBE and the
more advanced Tran-Blaha modified Becke-Johnson (TB-
mBJ) exchange-correlation functionals. Band structure cal-
culations (Figs. 4 and 5) reveal that both CdY2O4 and
ZnY2O4 are direct band gap semiconductors, with the con-

TABLE IV. Calculated equilibrium lattice constant (a), bulk modulus (B), total energy (E0), and formation energy per atom (∆Hf ) for
CdY2O4 and ZnY2O4 compounds, compared with available theoretical data.

Compound Type Phase a b c/a V0 B B′ E0 ∆Hf

(Å) (Å) (Å3) (GPa) (eV) (eV/atom)

CdY2O4 Normal FM 9.57 9.57 1 220.48 127.01 4.21 -689188.95409

NM 9.57 9.57 1 220.47 127.22 4.17 -689188.95421 -9.72

Inverse FM 8.52 8.52 218.70 123.32 5.60 -689187.66495

NM 8.53 8.53 218.84 128.73 4.34 -689187.70178

CdSc2O4 [33] Normal NM 9.04 9.04 1 151.7 4.01 -5.74

ZnY2O4 Normal FM 9.42 9.42 1 210.40 131.58 4.25 -482473.87567 -9.68

NM 9.41 9.41 1 210.08 146.92 3.07 -482473.89309

Inverse FM 8.36 8.36 206.26 132.32 3.76 -482473.62793

NM 8.36 8.36 206.30 132.71 3.96 -482473.63008

ZnY2O4 [35] Normal NM 9.39 9.39 1 137.40
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FIGURE 4. The band structures of CdY2O4 calculated by a) GGA and b) TB-mBJ.

FIGURE 5. The band structures of ZnY2O4 calculated by a) GGA and b) TB-mBJ.

duction band minimum (CBM) and valence band maximum
(VBM) located at theΓ point. The calculated band gap val-
ues are 2.55 eV (GGA) and 4.93 eV (TB-mBJ) for CdY2O4,
and 2.40 eV (GGA) and 4.86 eV (TB-mBJ) for ZnY2O4 (Ta-
ble V), with the TB-mBJ functional providing a more accu-
rate description of the electronic structure due to its improved
treatment of the exchange potential. Although both com-
pounds exhibit well-defined semiconducting behavior, their
TB-mBJ-corrected band gaps are significantly wider than the
ideal range (1.1-1.6 eV) for efficient visible light absorp-
tion, rendering them unsuitable as primary absorber layers

in single-junction solar photovoltaic cells. In comparison to
commercial solar absorber materials such as silicon (1.1 eV),
CdTe (1.5 eV), and hybrid perovskites (∼1.6 eV) [36], the
large band gaps of AY2O4 highlight their limited applicabil-
ity for traditional photovoltaic devices.

Nevertheless, their wide band gaps and high optical trans-
parency (as we will see in the optical properties later) sug-
gest potential for alternative applications, including ultravio-
let (UV) light-emitting diodes (LEDs), transparent conduct-
ing oxides (TCOs), UV photodetectors, and wide-band-gap
buffer layers in tandem solar cells. A slight reduction in the

Rev. Mex. Fis.71051002
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TABLE V. Band gapEg (eV) of AY2O4 (A = Cd, Zn) calculated by
GGA and GGA+mBJ approximations.

Compounds Eg (eV) (GGA) Eg (eV) (GGA+mBJ)

CdY2O4 2.55 4.93

ZnY2O4 2.40 4.86

Other Work

ZnY2O4 3.4 [35] (TB-LMTOs)

in the band gap is observed when substituting Cd with Zn,
attributable to differences in electronic configuration, or-
bital characteristics, and bonding environments. Specifically,
Zn2+, with its more localized 3d orbitals compared to the de-
localized 4d orbitals of Cd2+, leads to reduced hybridization
with O 2p orbitals, stronger Zn-O covalency, and subtle mod-
ifications of the crystal field environment due to the smaller
ionic radius of Zn. These factors collectively influence the
splitting and energy alignment of thed-orbital states, result-
ing in a narrowed band gap in ZnY2O4 relative to CdY2O4.
Density of states (DOS) analysis (Figs. 6 and 7) further sup-
ports these findings, showing that the valence band is primar-
ily composed of O 2p and Cd/Znd states, while the conduc-
tion band is dominated by Y 4d states with minor O 2p con-
tributions. The substitutional effect of Cd by Zn also leads
to a slight reduction in the intensity and energy spread of the
d-states due to the differing spatial extent and energy levels
of the 3d versus 4d orbitals. Overall, these results highlight
the strong sensitivity of the electronic properties of AY2O4

compounds to the choice of A-site cation, underscoring the
importance of employing accurate exchange-correlation ap-

proximations for reliable electronic structure predictions and
suggesting promising opportunities for their use in advanced
optoelectronic and photonic applications.

3.3. Elastic properties

The elastic constants characterize a crystal’s ability to re-
sist external stresses and are typically determined using ap-
proaches such as the volume conservation method and the
stress-strain method [37–40]. In the present work, we ap-
plied the volume conservation method to calculate the elas-
tic constants (C11, C12, andC44) for the cubic CdY2O4 and
ZnY2O4 compounds. These constants were then utilized to
derive key mechanical parameters, including the shear mod-
ulusG, Young’s modulusE, and Poisson’s ratioσ, based on
the standard expressions [41–43]:

E =
9BG

3B + G
, (3)

C =
(C11 − C12 − 3C44)

5
, (4)

σ =
(3B − 2G)
2(3B + G)

, (5)

A =
(2C44 + C12)

C11
. (6)

Mechanical stability was verified by applying the Born
stability criteria for cubic crystals, which require that (C11 >
0, C44 > 0, C11 − C12 > 0, andC11 + 2C12 > 0) [44] (see
Table VI). Furthermore, in both materials,C11 is greater than
C44, indicating a lower resistance to shear deformation. To

FIGURE 6. Total and partial density of states for CdY2O4 with GGA a) and GGA-mBJ b).

Rev. Mex. Fis.71051002



8 K. HOCINE, Y. GUERMIT, AND A. CHAABANE

FIGURE 7. Total and partial density of states for ZnY2O4 with GGA a) and GGA-mBJ b).

To evaluate the elastic anisotropy, the anisotropy factorA
was calculated [45], with values of 0.65 for CdY2O4 and
0.36 for ZnY2O4, demonstrating that both compounds are
anisotropic, with anisotropy increasing after substituting Cd
with Zn.

The substitution of Cd by Zn leads to noticeable enhance-
ments in the elastic behavior: ZnY2O4 shows higher values
of C11 (315.95 GPa) and bulk modulusB (146.98 GPa) com-
pared to CdY2O4 (C11 = 248.96 GPa,B = 127.75 GPa), in-
dicating greater stiffness and resistance to volume compres-
sion. Additionally, bothG andE increase upon Zn substi-
tution, highlighting improved mechanical rigidity. However,
according to Pugh’s criterion [46], theB/G ratio drops from

TABLE VI. Values of the anisotropy parameterA, the elastic con-
stantsCij (GPa), the bulk modulusB (GPa), the shear modulusG
(GPa), the Young’s modulusE (GPa), and sound velocitiesvs, vl,
andvm (m/s) for the compounds AY2O4 (A = Cd, Zn).

Property CdY2O4 ZnY2O4

B (GPa) 127.75 146.98

C11 (GPa) 248.96 315.95

C12 (GPa) 67.085 39.31

C44 (GPa) 59.265 50.07

G (GPa) 71.93 85.37

E (GPa) 181.69 214.55

A 0.65 0.36

vs (m/s) 3684.07 4182.56

vl (m/s) 6496.17 7309.69

vm (m/s) 4096.29 4647.05

1.77 (CdY2O4) to 1.72 (ZnY2O4), suggesting that while
CdY2O4 behaves ductilely, ZnY2O4 becomes slightly more
brittle. This brittleness in ZnY2O4 aligns with its increased
elastic anisotropy.

The Poisson’s ratioσ was also evaluated, yielding 0.26
for CdY2O4 and 0.25 for ZnY2O4, indicating that both ma-
terials are incompressible. Furthermore, the higher bulk
modulus of ZnY2O4 implies superior hardness compared to
CdY2O4 [47]. Overall, the substitution of Cd by Zn enhances
the mechanical strength, hardness, and stiffness of the spinel
structure, though at the expense of increased anisotropy and a
modest shift toward brittleness. Further investigation of elas-
tic anisotropy through the directional dependence of Young’s
modulus, using visualization tools such asVELASor ELATE,
is planned for future work.

3.4. Thermodynamic properties

The thermodynamic behavior of the CdY2O4 and ZnY2O4

spinel compounds was thoroughly investigated using the
quasi-harmonic Debye model, implemented via theGIBBS
program [48], across a temperature range of 0–1200 K and a
pressure range of 0–20 GPa. According to dynamical princi-
ples, when the lattice temperature exceeds absolute zero, the
lattice energy fluctuates around a mean value due to random
atomic vibrations, which are quantized as phonons. These
thermal phonons significantly influence the thermal, electri-
cal, and mechanical properties of solids. The Debye quasi-
harmonic model, initially proposed by Debye [49] and con-
sistent with Dulong–Petit’s law at high temperatures [50],
successfully captures the phonon contributions to thermody-
namic properties.
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FIGURE 8. Variation of the specific heat at constant volume (Cv) with temperature at selected pressures for CdY2O4 and ZnY2O4 alloys.

FIGURE 9. Variation of the specific heat at constant pressure (Cp) with temperature at selected pressures for CdY2O4 and ZnY2O4 alloys.

FIGURE 10. Variation of the Debye temperature (θD) with temperature at selected pressures for CdY2O4 and ZnY2O4 alloys.

In this study, key thermodynamic quantities, including
the specific heat capacities at constant volume (Cv) and pres-
sure (Cp), Debye temperature (ΘD), and thermal expan-
sion coefficient (α), were calculated. As shown in Figs. 8
and 9,Cv(T ) andCp(T ) curves start from zero at 0 K and
increase rapidly with temperature, reaching approximately
300 J/mol·K around 700–800 K, consistent with the Dulong–
Petit limit [51]. Notably, whileCv tends to saturate at high
temperatures,Cp decreases under pressure above 700 K,
highlighting the effect of phonon softening under compres-
sion.

The Debye temperatures at 0 GPa were determined to
be 480 K for CdY2O4 and 575 K for ZnY2O4 (Fig. 10),
indicating that Zn substitution enhances the lattice stiffness
and thermal stability. Furthermore, the Debye temperature
decreases with rising temperature, reflecting the anharmonic
behavior typical of solid materials.

Thermal expansion behavior, depicted in Fig. 11, reveals
that at low temperatures, the thermal expansion coefficient
α increases exponentially, becoming almost linear beyond
400 K. At 500 K and 0 GPa,α values are4.2×10−5 K−1 for
CdY2O4 and 2.37× 10−5 K−1 for ZnY2O4, respectively.
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FIGURE 11. Variation of the thermal expansion coefficient (α) with temperature at selected pressures for CdY2O4 and ZnY2O4 alloys.

These results suggest that ZnY2O4 exhibits less thermal ex-
pansion and greater structural rigidity compared to CdY2O4.
Importantly, both compounds retain mechanical and thermal
stability up to 1200 K and under pressures up to 20 GPa,
making them promising candidates for applications in high-
temperature and high-pressure environments.

Overall, the substitution of Cd by Zn significantly im-
proves the thermal stability, stiffness, and resistance to ther-
mal deformation of the material, as evidenced by higher De-
bye temperatures, lower thermal expansion coefficients, and
more robust thermodynamic behavior under varying temper-
ature and pressure conditions.

3.5. Optical properties

The optical properties of solids play a critical role in materials
research. A comprehensive understanding of these properties
is essential for improving photonic devices used in optical
communication [52]. The complex dielectric function is the
key variable in calculating optical properties, as indicated in
Eq. (7):

ε (ω) = ε1 (ω) + iε2 (ω) . (7)

The real component of the dielectric function is obtained
from its imaginary part through the Kramers-Kronig rela-
tions [53]. Simultaneously, the imaginary part is calculated
using the methods described in reference [53]. The real com-
ponent, denoted asε1(ω), is evaluated using the Cauchy prin-
cipal value integralp with the following equation:

ε1 (ω) = 1 +
2
π

P

∞∫

0

ε2 (ω′) ω′

ω′2 − ω2
dω′, (8)

wherep is the principal value of the Cauchy integral andω
is the frequency. The imaginary component,ε2(ω), is deter-
mined as follows:

ε2 (ω) =
e2h

πω2m2

∑
v,c

∫

BZ

|Mcv(k)|2δ(ωcv − ω)d3k, (9)

wherek represents the irreducible wave vector in the first
Brillouin zone (BZ),Mcv(k) = 〈uck|e · ∇|uvk〉 denotes the
elements of the dipole moment matrix for direct transitions
between the valence banduvk and the conduction banduck.
e is the polarization vector defining the electric field, and
~ωcv = Ec(k)−Ev(k) corresponds to the respective transi-
tion energy. Other important optical constants, including the
refractive indexn(ω), absorption coefficientα(ω), reflectiv-
ity R(ω), and optical conductivityσ(ω), are calculated using
the functionsε1(ω) andε2(ω), based on the equations out-
lined in references [54–57].

The optical properties of CdY2O4 and ZnY2O4 spinel
compounds were comprehensively investigated based on
electronic structures calculated using the TB-mBJ potential,
with detailed results presented in Figs. 12- 17 and Tables VII
and VIII. Both materials exhibit excellent transparency in
the visible region and strong optical activity in the ultraviolet
(UV) range. Their low static dielectric constants (∼ 2.521

TABLE VII. Values of static constants of the real part of dielec-
tric constantε1(0), refractive indexn(0), and reflectivityR(0) for
CdY2O4 and ZnY2O4.

Parameters CdY2O4 ZnY2O4

ε1(0) 2.52104 2.52497

n(0) 1.58778 1.58902

R(0) 0.05159 0.05176

TABLE VIII. Positions of the peaks ofε1(ω), ε2(ω), n(ω), α(ω),
andσ(ω) for CdY2O4 and ZnY2O4 (in eV).

Function CdY2O4 Peaks (eV) ZnY2O4 Peaks (eV)

ε1(ω) 6.47, 9.00 6.70, 9.39

ε2(ω) 4.56, 6.92, 10.75 4.80, 7.16, 10.95

n(ω) 6.54, 9.07 6.79, 9.44

α(ω) 4.56, 7.67, 10.92 4.80, 7.48, 11.37

σ(ω) 4.56, 7.00, 10.70 4.80, 7.16, 11.05
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FIGURE 12. The real part of dielectric function of CdY2O4 and
ZnY2O4 compounds calculated by TB-mBJ.

FIGURE 13. The imaginary part of dielectric function of CdY2O4

and ZnY2O4 compounds calculated by TB-mBJ.

FIGURE 14. The refractive indexn(ω) of CdY2O4 and ZnY2O4

compounds calculated by TB-mBJ.

for CdY2O4 and∼ 2.525 for ZnY2O4) and refractive indices
(∼ 1.588-1.589) indicate weak polarizability and minimal
light interaction at low photon energies. These low permittiv-
ity values also reflect weak polarization under external elec-
tric fields.

FIGURE 15. The absorption coefficient of CdY2O4 and ZnY2O4

compounds calculated by TB-mBJ.

FIGURE 16. The reflectivity of CdY2O4 and ZnY2O4 compounds
calculated by TB-mBJ

FIGURE 17. The optical conductivity of CdY2O4 and ZnY2O4

compounds calculated by TB-mBJ.

Substituting Cd with Zn results in a slight increase in both
the static dielectric constant and refractive index, suggest-
ing marginally enhanced electronic polarization due to Zn’s
smaller atomic radius and stronger bonding. The real part
of the dielectric function,ε1(ω), shows a resonance peak at
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6.47 eV for CdY2O4 and shifts to 6.70 eV for ZnY2O4, in-
dicating an upward shift in resonant transition energy. At
higher photon energies (∼ 10.8-13.5 eV), ε1(ω) becomes
negative for both materials, implying a plasmonic-like re-
sponse, which correlates with peaks observed in the reflec-
tivity spectra (Fig. 16).

The imaginary part,ε2(ω), reveals absorption edges at
4.56 eV (CdY2O4) and 4.80 eV (ZnY2O4), consistent with
the electronic band gaps obtained from TB-mBJ calcula-
tions. These thresholds mark the onset of strong absorption
(α(ω) > 104 cm−1), with several sharp peaks at higher en-
ergies attributed to interband electronic transitions. The re-
fractive index,n(ω), reaches its maximum near 6.5-6.8 eV,
consistent with the dielectric behavior, while reflectivity in-
creases in the UV region due to the negative values ofε1(ω).
Optical conductivity,σ(ω), which represents the real part of
the frequency-dependent conductivity arising from photon-
induced electronic transitions, begins at the absorption edge
and peaks at∼ 10.70 eV for CdY2O4 and∼ 11.05 eV for
ZnY2O4, indicating stronger UV-driven carrier excitation in
Zn-based compounds. Although the extinction coefficient
was not plotted in this work, it will be included in future stud-
ies for a more complete optical characterization.

Overall, ZnY2O4 demonstrates slightly higher critical
points in all optical functions-absorption, conductivity, and
dielectric response-compared to CdY2O4. This reflects
stiffer electronic transitions and a wider band gap, attributed
to Zn’s stronger interatomic interactions. The substitution
of Cd with Zn therefore shifts optical responses to higher
photon energies, enhances excitation thresholds, and main-
tains excellent UV absorption alongside visible transparency.

These features make both materials promising for UV opto-
electronic applications, with ZnY2O4 being particularly well-
suited for deep-UV technologies such as UV filters, transpar-
ent conductive coatings, UV-protective layers, window layers
in tandem solar cells, and UV photodetectors.

4. Conclusion

In this work, a detailed first-principles study of the spinel
compounds CdY2O4 and ZnY2O4 was carried out using
the FP-LAPW method with the GGA-PBE and TB-mBJ
exchange-correlation functionals. Structural optimizations
confirmed the nonmagnetic ground state and the stability
of the normal spinel phase for both materials. Electronic
structure calculations revealed that both compounds are di-
rect band gap semiconductors, with wide band gaps suit-
able for UV applications but not for conventional single-
junction solar absorbers. Mechanical analysis demonstrated
that Zn substitution improves stiffness and hardness at the
cost of increased brittleness and anisotropy. Thermodynamic
properties, evaluated using the quasi-harmonic Debye model,
showed excellent thermal stability up to high temperatures
and pressures, with ZnY2O4 offering enhanced robustness.
Optical property analyses indicated strong ultraviolet absorp-
tion, high transparency in the visible range, and low reflec-
tivity, making these spinels highly suitable for UV optoelec-
tronic devices. Overall, the findings suggest that CdY2O4

and ZnY2O4 possess a combination of desirable optical, me-
chanical, and thermal properties, highlighting their potential
for use in photovoltaic technologies and advanced optoelec-
tronic applications operating across the UV-visible spectrum.
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