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1 | INTRODUCTION

Abstract

The structural, electronic, and vibrational properties of two leading representatives
of the Zn-based spinel oxides class, normal ZnX,0, (X = Al, Ga, In) and inverse
Zn,MO, (M = Si, Ge, Sn) crystals, were investigated. In particular, density functional
theory (DFT) was combined with different exchange-correlation functionals: B3LYP,
HSEQ6, PBEO, and PBESol. Our calculations showed good agreement with the avail-
able experimental data, showing a mean percentage error close to 3% for structural
parameters. For the electronic structure, the obtained HSEO6 band-gap values over-
come previous theoretical results, exhibiting a mean percentage error smaller than
10.0%. In particular, the vibrational properties identify the significant differences
between normal and inverse spinel configurations, offering compelling evidence of a
structure-property relationship for the investigated materials. Therefore, the com-
bined results confirm that the range-separated HSEO6 hybrid functional performs the
best in spinel oxides. Despite some points that cannot be directly compared to exper-
imental results, we expect that future experimental work can confirm our predictions,
thus opening a new avenue for understanding the structural, electronic, and vibra-

tional properties in spinel oxides.

KEYWORDS

DFT, electronic structure, hybrid functional, Zn-based spinel oxides

The Zn-based spinel class of oxides, ZnB,O,4, in which B represents different cations and O is oxygen, has a cubic symmetry with a space group
Fd-3m. The spinels comprise of a wide variety of compounds, which are commonly divided into two kinds of structures: normal and inverse struc-
tures. For the normal structure, the Zn atoms occupy 1/8 of the tetrahedral sites, whereas the B-site cation occupies half of the octahedral sites.
On the other hand, for the inverse structure, the tetrahedral voids are filled by the Zn cations, whereas the octahedral voids are occupied by both

Zn and B cations, alternating between [ZnO,] tetrahedral and [ZnOg]/[BO¢] octahedral sites in the crystal lattice.*=!
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1671 zinc gallate (ZnGa,0.),>® and zinc indate (ZnIn,04)"**! compounds are normal spinels

[11]

From this point of view, zinc aluminate (ZnAl,O4),
and belong to this fascinating material family. In contrast, zinc silicate (Zn,SiOy), zinc germinate (anGeO4),[12] and zinc stannate
(Zn,5n0,)13 14 generally crystallize into a cubic inverse spinel crystal structure.

Spinel oxide compounds form an extensive range of ceramic compounds with excellent interesting mechanical, electrical, optical, magnetic, elas-
tic, and structural properties.[15'18] Many AB,0, spinels exemplified by zinc aluminate (ZnAl,Q,) crystallize in the cubic spinel structure, belonging to
the Fd-3m space group. ZnAl,O,4 shows an attractive ceramic in electrical, electronic, and magnetic properties and can be used for sensors, lumines-
cent and catalytic applications.’>*?2Y) However, the luminescence behavior of ZnAl,O, nanoparticles will be more specific due to the change of
energy band-gap and defects in the size of particles.?2?%! Fortunately, ZnAl,O. is currently an alternative material for hydrogen generation.”!

ZnGay0, is also an AB,O, spinel-type crystal structure, has received extensive attention from researchers as a good luminescent material
matrix, and shows various emission colors when doped with different transition metal ions or rare-earth ions, such as Cr3* [24-27] Furthermore,
the correlation between microwave dielectric properties, changes in the crystal structure, and cation distribution of Cr-doped ZnGa,0O4 have been
systematically investigated.?®! Besides, pure and In-doped ZnGa,O., has been reported for its promising photo-induced applications.-2%:3%

On the other hand, inverse spinel, such as the Zn,SiOg4,tructure, is an extremely versatile and very attractive host matrix for phosphors
because of its excellent optical property on the microstructure, morphology, and binding energy. These applications have stimulated many investi-
gations on the spectroscopic properties of transition metal and rare-earth ions-doped Zn,SiO4 phosphors.®*=3%! In particular, the doped Zn,SiO,4
phosphors are widely applied in luminescence thermometry, electroluminescent devices, fluorescent lamps, plasma display panels, white light-
emitting diodes, cathode ray tubes, and optoelectronic devices.®¢

Germanium-based composites, such as zinc orthogermanate (Zn,GeO,), have been reported for potential applications in light-emitting
devices, photocatalysis, and lithium-ion batteries, in which Zn,GeO,4 materials can be doped with rare-earth ions or transition metal ions to show
excellent properties. In addition, as an essential wide band-gap photocatalyst, Zn,GeO4 has demonstrated superior activities for water splitting,
degradation of pollutants, and photoreduction of CO,.27~5%! Moreover, the ability to modulate in vitro inflammatory mediators and in vivo acute
inflammation of Mn-doped Zn,GeO,, was evaluated for the first time by V. Y. Suzuki et al.>!

Zinc stannate (Zn,SnQy) is an n-type transparent conducting oxide and was investigated as a transparent conducting oxide in electro-optical
devices, owning to its optical transparency and electrical conductivity.®? Its composition has higher electron mobility (10-30 cm? V1 second™1),
a wide optical band-gap of approximately 3.6 eV, and a relatively low refractive index of ~2.0 in the visible spectrum. Chemically, it is stable with
regard to the acid, base solution, and polar organic solvents.®>°* Because of its outstanding electrical and optical properties, lead researchers use

[57.58] [59-62

it as gas sensors,”! Li-ion batteries °! dye-sensitized solar cells, ! In addition, Zn,SnO. has excellent potential for

[63]

and photocatalysis.
synthesis in different morphologies.

It has recently become possible to compute an essential number of electronic and structural parameters of solids with high accuracy from
first-principle calculations.’*® These kinds of developments in computer simulations have opened up many interesting and exciting possibilities in
condensed matter studies. Moreover, several studies on the electrical and optical properties of spinel compounds have been reported, which are
of particular interest from the viewpoint of experimental and theoretical techiniques.[6>~¢7!

The calculations of the electronic band profile of Zn-based spinel compounds have been studied using local density approximation (LDA) and
generalized gradient approximation (GGA).[17:68:69] Despite these research efforts, many inquiries remain unclear. These facts have inspired us to
perform a more comprehensive investigation concerning the structural and electronic properties of this Zn class of materials in their cubic phase
to explore their promising applications.

Furthermore, to optimize the use of spinel structure metal oxide, mainly adjusted by modification of Al, Ga, In, Si, Ge, or Sn metals, it is essen-
tial to understand the physical and chemical properties of these materials. Understanding the optical, electronic, and structural properties of spinel
oxide is a crucial step not only for the understanding of surface-related phenomena and processes such as gas sensing, thin-film growth, and catal-
ysis but also for the understanding of the oxide-oxide interfaces and metal-oxide properties.

In this paper, the search is highlighted with current progress on first-principles calculations performed for Zn-based spinel compounds for
exploring the effect of changing B from ZnX,04 to x = Al, Ga, In and from Zn,MQO,4 to M = Si, Ge, Sn in terms of structural stability in cubic phase
and its corresponding electronic and vibrational properties. We use the optimized crystalline structures to investigate the band structures and
density of states (DOS) to explore the electronic structure of these compounds, providing a comprehensive overview and an accurate approxima-

tion for addressing practical technological applications of wide band-gap compounds.

2 | COMPUTATIONAL DETAILS

Quantum mechanical calculations in the framework of the density functional theory (DFT) were carried out using four B3LYP,7%7% HSEQ6, 72
PBEO,”® and PBESol"47%! hybrid (DFT/HF, HF = Hartree-Fock) functionals implemented in the CRYSTAL17 code.”®! Here, ZNny,MOQy, in which M
is composed of Si, Ge, and Sn atoms, is depicted as an inverse spinel represented in Figure 1A,B. However, ZnX,0,4, where X is composed of Al,

Ga, and In atoms, were simulated in a normal spinel configuration considering the primitive unit cell of the Fd-3m cubic symmetry, containing
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FIGURE 1 Conventional and primitive Fd-3m TG e

crystallographic unit cell for (A-C) Zn,MO,4 (M = Si, Ge, Sn) & 2

inverse spinel materials and (B-D) ZnX,04 (X = Al, Ga, In)
normal spinel materials. The green, orange, blue, and red

balls represent Zn, X, M, and O atoms, respectively. The

green, orange, and blue polyhedral represent the [ZnO,],
[ZnOg], [XOg), and [MOg] clusters, respectively

Conventional (a) Conventional (b)

Inverse Spinel Normal Spinel

Primitive(c) Primitive(d)

14-atom units, as shown in Figure 1C, and a conventional unit cell, as shown in Figure 1D. In this case, the normal spinel unit cell is composed of
tetrahedral [ZnO,4] and octahedral [XOg] (X = Al, Ga, In) clusters, while the inverse spinel unit cell contains tetrahedral [ZnO4] and mixed [ZnOg]/
[MOg] (M = Si, Ge, Sn) clusters.

For all materials, Zn,MQO,4 and ZnX,0,4, atomic positions, and unit cell parameters were relaxed as a function of the Total Energy system. The
convergence criteria for mono- and bielectronic integrals were both set to 108 Hartree. In contrast, the root-mean square (RMS) gradient, RMS
displacement, maximum gradient, and maximum displacement were set to 3 x 1074, 1.2 x 1073, 4.5 x 10~ and 1.8 x 1072 a.u., respectively.
Regarding the density matrix diagonalization, the reciprocal space net was described by a dense mesh consisting of a shrinking factor set to
4 x 4 x 4, corresponding to 8 k-points for ZnX,04 and 18 k-points Zn,MO,4 under the Monkhorst-Pack method.”” The accuracy in evaluating
the Coulomb and exchange series was controlled by five thresholds, for which the adopted values are 107%,107%,10°8,10°8, and 10~ *. In all cal-
culations, Zn,1”8 AL Ga,18% §i18Y and Gel®2) atoms were described by the standard all-electron 86-411d31G, 85-11G*, 86-4111d41G,
66-21G*, and 9-7631(511d)G basis sets, respectively, as well as for the O atoms described by Gaussian basis sets of Triple-Zeta Valence with
Polarization.®®® The In®®# and Sn'®! atoms were described using pseudopotential basis sets. The band structures were calculated for 80 K points
along the I" (0; 0; 0), L (%, %, %), and X (%, O, %) high-symmetry points of the Brillouin zone. Diagrams of the density of state (DOS) were obtained

to analyze the corresponding electronic structure.

3 | RESULTS
3.1 | Structural parameters

At ambient pressure, ZnX,0,4 are ternary compounds that belong to the Fd-3m (227) space group with AB,O4 stoichiometry (Figure 1A). The
A cations are tetrahedrally coordinated, whereas the B cations in [BOg] are octahedral. The Zn atoms are located at tetrahedral sites (8a in
Wyckoff notation, point symmetry), whereas X (X = Al, Ga, and In) atoms are situated at octahedral sites (16d in Wyckoff notation point symme-
try) and the O atoms at positions (u,u,u) (32e in Wyckoff notation point symmetry) of a face-centered cubic structure.’®® The [AO,] tetrahedral
units are comprised of the A cation at the center and four oxygen atoms in the nonadjacent corners, and no sides are in contact one with another.
The [XOg] octahedral units are structured from an X cation at the center and surrounded by six oxygen atoms, with two each along each
dimensional axis.

On the other hand, octahedral units share a single edge with an adjacent octahedral unit. However, for the Zn,MQO, inverse spinel structure,
the tetrahedral voids are occupied by the M atoms, and the octahedral voids are occupied by both Zn and M atoms (Figure 1B). The spinel crystal
structure is characterized only by the lattice parameter (a) and the internal parameter (u).

To assess the validity of the different exchange-correlation functionals to simulate structural properties, we calculated the mean percentage
error for lattice parameters and for unit cell volume to evaluate the agreement with experimental results, as presented in Figure 2A. In particular,
it was observed that PBEO hybrid functional showed the smallest deviations from the experimental results among the investigated functionals,
followed by PBESOL, HSE06, and B3LYP.
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FIGURE 2 A Calculated mean percentage error for the lattice parameters and unit cell volume using density functional theory (DFT) and the
hybrid functional of the ZnX,0,4 (X = Al, Ga, In) and Zn,MO,4 (M = Si, Ge, Sn) materials. B, Comparison between calculated percentage error for
the lattice parameters using hybrid functional (this work) and previously reported values using local/semilocal formalisms

From an experimental and theoretical point of view, ZnAl,O4, ZnGa,0,4, and Zn,SnO,4 have been extensively reported in the literature, help-
ing in the comparison between the hybrid functional results and other theoretical works using the local (LDA) and non-local (GGA) functionals, as
shown in Figure 2B. In this case, the experimental lattice parameters were reported as a = 8.086 A for ZnAl,Oy; a = 8.330 A for ZnGaZO4[87]; and
a = 8.681 A for Zn,Sn04. It was generally observed that hybrid functionals more accurately reproduced the structural parameters for ZnAl,Oy,
ZnGayQy4, and Zn,SnO,4 materials in comparison to local/semilocal formalisms, indicating that such a kind of exchange-correlation treatment is
indicated more for the reproduction of the spinel materials.

Although these hybrid functionals have shown greater efficacy to simulate the lattice parameters (a = b = c¢), the obtained errors are less than
0.2% for PBEO, PBESOL, and HSEOQ6. Therefore, there is good agreement between our hybrid functional results for these spinels and previous
experimental data. Although the PBEO and PBESOL functionals have shown good and acceptable structural parameters, these functionals exhibit
discrepant band-gap energy value when compared to the experimental results. In contrast, the HSEO6 functional describes the structural parame-
ters (a = b = ¢) as the band-gap energy with the best average accuracy to the experimental Zn-based spinel oxides. More details of the electronic
properties are shown in Section 3.2.

The lattice parameters, unit cell volume, internal parameter, and bond distance results from the DFT benchmark for spinel materials using the
HSEOQ6 hybrid functional are shown in Table 1.

The optimization of the structural parameters was performed using the selected atomic basis with the HSEO6 hybrid functional, as described
in Table 1. We found that the lattice parameter increases with the X atomic group (Al, Ga, and In) and M (Si, Ge, and Sn). In addition, the u internal
parameter values for the oxygen atoms showed good agreement for the experimental model, as well as for other calculation models. However,
Zn,Si04 and Zn,GeO,4 with the Fd-3m space group have not been reported before by theoretical or experimental data.

The Zn for the normal spinel ([A?*][B%*],0,, i = 0) was located in the tetrahedral sites, while trivalent cations (Al, Ga, and In) were presented in octa-
hedral sites. On the other hand, four-valent cations (Si, Ge, and Sn) in the inverse spinel ([A2*][AZ*B*]O,, i = 1) occupy the octahedral sites, whereas the
divalent cation (Zn) was equally distributed to the tetrahedral and octahedral sites. As depicted in Table 1, the Zn-O bond length in the tetrahedral struc-
ture is about 1.95 to 2.04 A. It is possible to observe increasing ionic radii in the sequence 0.53 A (Al) < 0.60 A (Ga) < 0.80 A (In), while the bond length
was increased in the octahedral site by about 1.91 to 2.16 A, following the order of ZnIn,O,4 > ZnGay,O4 > ZnAl,O4. Besides, the zinc cation in inverse
spinel can occupy both octahedral and tetrahedron sites, and a change in bond length occurs, while the same tendency is not observed for the normal spi-
nel. However, it was possible to note that the increase of the ionic radii in the inverse spinel materials is 0.40 A (Si), 0.53 A (Ge), and 0.69 A (Sn); then,
the bond length was increased in the octahedral site by about 1.75 to 2.05 A, following the order of Zn,SNO4 > Zn,GeO4 > Zn,SiO4.

3.2 | Electronic properties

In order to investigate the electronic structure of normal and inverse Zn-based spinel oxide structures, theoretical results for band structure and
DOS profiles were analyzed. First, we will discuss the effect among the exchange-correlation functionals in the band-gap values in ZnX,0,4
(X = Al, Ga, In) and Zn;MO4 (M = Si, Ge, Sn) materials. For the ZnAl,O4 normal spinel conventional exchange-correlation functionals (B3LYP,
PBEO, HSEO6, and PBESOL) were noted to suggest band-gap values of around 4.29 to 7.00 eV. The results overestimate the experimental band-
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TABLE 1 Results for lattice parameter (A), volume (A3), internal parameter u, and bond distances (dz-o and dg-o) in (A) for the HSEQ6 hybrid
functional
Spinel compounds Lattice parameter (a=b = ¢) Volume u dzn-0 ds.o Reference
ZnAl,O4 8.107 532.82 0.264 1.958 1.917 This work
Others works 8.091 529.67 0.27 1.97 1.920 [69]
8.086 528.69 0.260 1.940 1.920 [87]
8.091 529.67 0.265 1.966 1.906 [88]
8.020 515.84 0.263 1.929 1.901 [89]
8.079 527.31 = = = [90]
ZnGay04 8.359 584.06 0.261 1.983 1.994 This work
Others works 8.341 580.30 0.259 1.949 2.004 [89]
8.289 569.51 0.260 1.950 1.987 [91]
8.330 578.00 0.261 1.97 1.990 [87]
8.603 636.72 0.261 2.032 2.057 [68]
ZnlInyO4 8.900 704.97 0.257 2.039 2.162 This work
Others works 9.092 751.58 0.255 2.055 2.224 [68]
8.868 967.39 0.380 - — [92]
8.869 697.62 0.254 = = [93]
8.929 712.074 0.255 = = [17]
9.076 747.62 0.255 = = [94]
Zn,SiO4 8.108 533.01 0.207 2.131 O=242 1.750 O=24a This work
2.026 Opeax 1.8790ux2
1.942 T_pgb -
2.039 -
T-2xb -
Others work 8.075 526.53 0.243 = = [95]
Zn,GeOy4 8.342 580.51 0.243 2.142 1.859 This work
O(-2x2 O-2x2
2.049 1.965
O(-axa O(-axa
1.954 -
Ti=2xb -
2.039 -
T=2xb -
Others work 8.354 583.02 0.386 = = [96]
8.349 582.16 = = = [97]
Zn,Sn04 8.701 658.73 0.241 2.164 2.046 This work
O-2¢2 O(-21a
2.100 2.102
Of=axa Of=ax2
1.997 -
T=2xb -
2.038 -
T-2xb -
8.76 672.22 - 2.098 2.041 [98]
2.041 —
8.62 640.50 0.241 - - [99]
Others work 8. 650 647.21 — — — [100,101]
8.658 649.01 = = — [52]
8.681 654.19 = = - [14]
8.587 633.20 = = = [102]
8.805 682.72 = = = [102]
8.657 648.88 = = = [13,92]

Note: a and b refer to octahedral (O) and tetrahedral (T) coordinates, respectively; the value in parenthesis refers to the multiplicity of bond length.
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gap energy from 2.31 up to 15.76% for HSEQ6, B3LYP, and PBEO functionals, respectively, except for PBESOL, which is 29% lower than the
experimental band-gap energy. The band-gap energy for the ZnGa,0O,4 was calculated to be around 2.83 to 5.37 eV, and it was noted that HSEQé,
B3LYP, and PBEO functionals overestimate the experimental band-gap energy by 1.36 to 16.27%. In contrast, PBESOL underestimates the experi-
mental band-gap energy by 38.65%. However, no experimental data have been reported for ZnIn,O,4, thus making a more in-depth comparison
between theoretical and experimental band-gap energy difficult. In addition, a band-gap value for Zn,SiO4 was calculated in the region between
2.28 and 4.38 eV for the inverse spinel. All functionals underestimate the experimental band-gap energy by 2.51% to 47.66%, except for the
B3LYP functional, which overestimates the experimental band-gap energy by 0.54%. Moreover, the band-gap values for Zn,SnO,4 were calculated
to be around 1.04 to 3.60 eV. It was noted that all functionals underestimate the experimental band-gap energy by 10.26% to 68.66%, except for
the PBEO functional, which overestimates the experimental band-gap energy by 8.22%. However, no experimental result has been reported for
Zn,GeQy,, therefore making a more profound analysis between theoretical and experimental band-gap energies impossible.

Figure 3 shows the mean error percentage calculated for the HSEO6 hybrid functional successfully predicting the semiconductor behavior for
all spinel oxides. This functional has shown better proximity concerning the experimental results, and therefore, it was selected for use in the elec-
tronic and vibrational properties.

It is essential to clarify that experimental measurements for band-gap energies of the Znln,O,4 and Zn,GeO,4 materials have not been reported
to date. However, the electronic properties in such materials suggest a semiconductor behavior following the electronic results reported for other
spinel oxides. In particular, the band-gap energies for such materials are predicted to be around 1.83 to 4.28 eV for ZnIn,O4 and 1.47 to 4.12 eV
for Zn,GeOQy, respectively.

The electronic structure for ZnX,04 (X = Al, Ga, and In) in the normal spinel structure has been previously reported using DFT/GGA and LDA,
where such results showed that ZnAl,O4 and Znln,O4 have I'-T" direct band-gaps of 3.49 and 1.00 eV, respectively,'®® while ZnGa,0,4 has been
cited with a K-T" indirect band-gap of 1.96 eV.%®! Furthermore, a DFT/LDA calculation for the ZnAl,O4 normal spinel was reported with a I-I"
direct band-gap of 4.25 eV. These results underestimate the experimental band-gap energy by 36.03% for ZnAl,O,4 (experimental band-gap
6.05 eV11%%) and 48.26% for ZnGay04 (experimental bang-gap 4.62 eVP)). However, for the ZnGay04 and Znln,O,4 materials simulated by the
DFT/LDA approach, the band-gap results were cited as indirect band-gaps at I'-K direction with 2.82 and 1.71 ev.[7]

Figure 4A-C represents the band structure and the total and projected DOS for ZnX,0, (X = Al, Ga, and In) normal spinel, while Figure 4D-F
shows the same results for the ZnM,0O,4 (M = Si, Ge, and Sn) inverse spinel.

The valence band maximum (VBM) and conduction band minimum (CBM) for ZnAl,O, are located at the I" point; therefore, the calculated
direct band-gap is 6.19 eV (Figure 4a). This value is only 0.14 eV (2.3%) greater than the experimental value (6.05 V), whereas ZnGa,0, and
Znln,0O4 have an indirect (L-I") band-gap of 4.68 and 3.61 eV, respectively (see Figure 4B,C). The experimental band-gap for ZnGa,Q, is about
4.62 eV Itis possible to estimate the band-gap energy for Zn,SiO4, Zn,GeO,4, and Zn,SnO,4 from Figure 4D-F. Such materials have an L-I" indi-
rect band-gap (see Figure 4D,E), while Zn,SnO,4 has a I'-I" direct band-gap (Figure 4F). Unfortunately, no experimental band-gap energy for the
ZnGe,0O4 was found in the literature; therefore, this estimation remains purely theoretical, while the band-gap energies of 4.36 eVt and
3.33 eV1% were experimentally found for Zn,SiO4 and Zn,SnOy, respectively.

An analysis of the atomic orbital valence has indicated that the upper VBM is predominantly formed from oxygen (2py, 2p,, and 2p,) atomic orbitals,
and 4s mainly form the bottom of the CBM, 4p (x, y, and z), and 4d (xz, xy, yz, 2 x2—y2) states from the Zn atom. In the case of ZnAl,O,, 3s and 3p states
from Al atoms are hybridized with the O 2p states and Zn 4s, 4p states. In the CBM, the replacement of Al by Ga and In brings contributions from 4s, 4p



OLIVEIRA ET AL. QUANTUM WI LEY. 7 of 13

CHEMISTRY

Al Ga
| Zn Zn
14 I > o 14 — o0
p— | 1 N —1 =
12 -/ \ Lot 12 A/ﬁﬁ\? Total
10 10 %ﬁ@%&
S 89 1 S 8 Q 1
3 / \F $° > V
? 6 | S ? 6 -/ \«
S c
wol [ | oo, ] 1
Egap= 619 €V
) ] ) Eap= 4.68 eV
o_EFermI __________________________ . Y O_E_Ea![n_i_ ] !
E
-4 T T —4 T T
r L X L ) 500 1000 1500 r L X L ] 500 1000 1500
Kpoints DOS(unit. arbits) Kpoints DOS (unit. arbits)
16 16
——1In —Si
Zn Zn
14 g o 144 1 —o0
12 _/‘% — Total - >J\/V — Total
_——_/ \
T =\
s 3 >
5 T e TS
g 6 2 g
w 2
4 g e i
A Eg.,= 4.25 eV
24 sap=3.61 8V 2 ap
0 EFermi \J ° EFermi \
1 — R
R =4 = ——
-2 -'? -2 _% g
i
-4 T T -4 T
r L X L 14 500 1000 1500 r L X L P 500 1000
K DOS (arb. units) Kpoints DOS (arb. units)
points
16 16
Ge :"
| J Zn J J )
14 = 14 °
12 i —— Total 12 1 — Total
N NS==
wl—"1 L——] ol—] ~—
= & / }-"o%
s s..\/j% s ~
56 L ] 5 o = : =l
2 5
w4 4 4 -P
i
2 i . 2 i
Egap= 3.44 eV Egap= 2.95 eV
Beow | L1 ! ol Brom | | i
e————— %
-2 §=¢ ) -2 %é 1 l =
— S
-4 i -4 T T

x
-
5

1000 r L X L
Kpoints

1000

500 500
DOS (arb. units) DOS (arb. units)

Kpoints

FIGURE 4 Calculated HSEO6 band structures and the projected DOS on atoms for (A) ZnAl,Qg,, (B) ZnGa, Oy, (C) Znin,O4 normal spinel and
(D) Zn,SiOy, (E) Zn,GeQy, and (F) Zn,SnO4 inverse spinel

of Ga atoms and, subsequently, 5s, 5p of In atoms. On the other hand, 3d from Ga and 4d from In atoms contributed to the VBM in ZnGa,O,4 and
Znln,O4, respectively. Thus, an inspection of the DOS profiles for ZnX,04 (X = Al, Ga, and In) shows that a new electronic structure between the VBM
and CBM originates from 3d Al and 4d In states (Figures 4A-C). The band-gap energy decreases in ZnX,O4 when X moves down the group
(ZnAl,04 > ZnGa,O4 > Znlny,Oy), which is associated with the valence atomic states of Ga and In atoms. In addition, Figure 4D-F depicts similar results
for Zn,MO,4 (M = Si, Ge, and Sn) inverse spinels with band-gap energy following the Zn,SiO,4 > Zn,GeO,4 > Zn,SnO,4 sequence,
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In terms of optical applications, the band-gaps energy in these structures offers attractive effects. In this context, the spinel-based metal
oxide semiconductors are promising candidates for technological applications once the hole or electron carrier is provided to adjust the carrier
type and concentration to effectively control the optical, electrical, and magnetic properties of new semiconductor materials. For instance, the
band-gap energy range of ZnGa,0O,4 (normal) and Zn,SnO4, (inverse), examples of metal oxide spinel class, can reduce or improve its efficiency for
catalysis, luminescent, and other photo-induced properties to exhibit superior performance on technological devices. Furthermore, the obtained
band-gap values (Figure 4) indicate that investigated Zn-based spinel oxides are wide band-gap materials. This class of materials contains wide-
spread candidates for electronic applications, mainly associated with the high-voltage, high-temperature, and high-frequency electronic
devices.[*%71%8 Fyrthermore, wide band-gap materials can be applied as UV optoelectronics and UV-transparent devices, emerging as a potential

candidate for applications in different fields.[10%110!

3.3 | Vibrational properties

According to group theory, cubic spinels with space group O], Fd-3m (227), have the following phonon modes at the T point (Raman + infrared):

I'=A14(R) +Eg(R) + F1g +3F24(R) + 2A, + 2E, + 5F 1, (IR) + 2F3,

with Aqg, Eg, and g being the Raman-active modes, whereas Fy, are the active vibrational modes in the infrared spectra. The E(g ) and F(sg,
2 1w 2u) Modes are doubly and triply degenerated, respectively, and one triply degenerated F;, corresponds to acoustic modes. The three
Raman-actives F,; modes are labeled Fyq (1), Foq (2), and Fyg (3), where Fyq (1) is associated with the lowest Raman shift, and Fy, (3) indicates the
Raman mode with the highest wavenumber.!**! Because the spinel structure has an inversion symmetry element, the active modes are mutually
exclusive. Thus, the vibrational modes are either infrared (IR) or Raman active but not both.

Furthermore, the irreducible representations to describe the normal modes of the vibrational modes associated with each atomic species in
their Wyckoff positions are:

8a[T]: F25(R) +F1u(IR)
16d[M]: Agy +Ey + 2F 1 (IR) + Fay

32e[X]: A1g(R) + Eg(R) + F1g + 2F 4 (R) + Apy + Ey + 2F 14 (IR) + Fay,

where R and IR correspond to Raman- and infrared-active modes, respectively.

Table 2 summarizes the calculated and experimental Raman modes. Hence, only five modes A4, + Eg + 3F,, should be observed in the Raman
spectra of normal spinels. In addition, good agreement was found between calculated and experimentally measured Raman mode frequencies.
The data generally and favorably compare (within 2-4) with the values from our calculations. The most significant difference, which occurred in
the Eg mode, is about 2.7% for ZnAl,O4, and ZnGa,04 showed a discrepancy of about 0.5% to 3.2% in error mode frequencies compared to the
experimental results.

Analyzing the obtained Raman wavenumbers in the normal spinel oxides, it was possible to examine the role of X cations on vibrational prop-
erties. For ZnAl,O,, the low-frequency motions (197 cm™?) are connected to Zn and Al ions, while the phonon modes with higher frequencies
(above 700 cm™Y) are attributed to the stretching vibrations on the oxygen tetrahedral. On the other hand, the frequencies observed at
~518 cm™! are characteristic of the stretching vibrations of the oxygen atom in the octahedral environment.[1*4!

In the case of ZnGa,O,, frequencies below 393 cm™! are dominated by the motion of Zn and Ga atoms, while the motion of O ions domi-
nates higher frequencies, as in ZnAl,O,4 The main difference between the two compounds is because Ga atoms are heavier than Al atoms. Thus,
we have found good agreement between the calculated phonon spectrum and experimental frequencies for all materials.

Experimental frequencies for Znln,O4 materials have not been reported yet. However, according to the group theory calculations and sym-
metry for Zn and In crystals with a spinel-type cubic structure, we can identify five (176, 386, 436, 579, and 645 cm™?) theoretical Raman-active
vibrational modes for ZnIn,O4. Aiming to predict the Raman spectrum for ZnIn,O,4 material, Figure 5 illustrates the theoretical Raman spectrum
obtained with CRYSTAL17,17¢! where two high-intensity bands centered at 386 and 645 cm™! are present in theoretical Raman spectrum, which
correspond to intense peaks in the Raman E; and A;; modes, respectively.

Table 3 summarizes the experimental and theoretical results for the Raman modes of Zn,SnO4_Experimentally, two and three of the expected
five Raman-active modes were also found. Other modes were also found at 107 and 148 cm™2. The inverse spinel structure of Zn,SnO, following

the total number of active and inactive infrared reflection and Raman modes are:
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TABLE 2 Calculated Raman
frequencies from the HSEO6 functional Modes
and experimental Raman active modes Spinel compounds Foe E; Foge Foe Asg Reference
(cm™) for normal spinel oxides ZnAlL,0, 201 430 518 669 789 This work
Others works 196 417 509 658 758 [111]
197 442 520 665 785 [112]
= 411 510 661 = [113,114]
= 420 509 659 = [115]
ZnGay04 192 393 483 627 729 This work
Others works — — 462 606 706 [89]
186 395 488 618 717 [116]
= 638 467 611 714 [116]
FIGURE 5 Theoretical Raman spectra predicted for Znln,O4 80
material ZnIn204
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TABLE 3 Calculated Raman frequencies from the HSEO6 functional and experimental Raman-active modes (cm™2) for inverse spinel oxides

Modes

Spinel compounds A, Bog Bs; Big Bsgz A By By Bz By Ag Bz Ag By Ag References

Zn,Sn0, 169 1698 175 276 289 328 374 424 453 462 499 521 557 625 665  This work
Other works Fog E Fog Fog A

= = = 541 673 [121]

= = = 528 668 [118,120]

= = 437 526 667 [122]

381 467 527 556 667 [123]

148 226 375 435 526 667 [124]

107 224 = = 528 668 [124]

I= 1Aig + 1Eg +3F2g +7F1,

where 1A, 1E,, and 3F,; represent the five first-order active Raman modes, while 7F,, represents the infrared modes. As one IR mode is inac-
tive, there are six IR active infrared modes (F4,) for zinc stannate with a cubic inverse nondefective Zn,SnO,4 spinel structure. The phonon mode
located at 526 to 582 cm™ corresponds to the F,¢ symmetric bending of oxygen atoms in the M — O bonds of the [MOg] octahedra (M = Zn or
Sn). In addition, the intense Raman band at about 667 cm™! is assigned to the Aqg symmetric stretching vibration of the Zn — O bonds in the

[ZnO.,] tetrahedra of inverse Zn,SnO, spinel. The data are in accordance with the values reported in the literature.!*17-120!
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Nevertheless, five Raman modes (Fyq (1), Eg, F2g (2), F2g (3), and Aqg) for the Zn,SnO, inverse spinel structure present changes because of the
inversion degree; therefore, the symmetry and the normal mode number are increased. This evidence supports a breaking in the degeneracy by
the transformation of the F,; mode into (B, + Eg) and Eg into (Aqg + B1g) modes. Therefore, we consider that the E; and A;; modes are trans-
formed into A; mode, whereas the F; (1), Fog (2), and Fyg (3) modes become By, Bog, B3z modes, respectively, as reported in references.[6312°]
Besides, P. R. Graves et al and C. Haas!*2%127) have stated that many subgroups originated from a reduction in the Oy, higher symmetry. Such a
loss of symmetry can be associated with the lattice defects or ordering of the metallic ions on their sites.

The experimental Raman spectrum for cubic Zn,SiO4 and Zn,GeQ4 structures have not been reported so far. In this context, the theoretical
Raman spectrum for both Zn,SiO4 and Zn,GeQ,4 structures were calculated, as reported in Figure 6. The corresponding representation for the
inverse cubic symmetry is composed of 15 (169, 195, 202, 328, 345, 373, 390, 409, 422, 519, 556, 624, 672, 706, 767 cm~? for Zn,Si04 and
172, 188, 189, 315, 332, 370, 377, 386, 432, 491, 524, 575, 620, 666, and 721 cm~t for Zn,GeQ,) theoretical Raman-active modes predicted by
group theory. However, the obtained theoretical Raman spectrum indicates the presence of four and five more intense bands for Zn,GeO4 and
Zn,Si0g4, respectively, which can be associated with the accommodation of Ge and Si atoms along with octahedral sites of inverse spinel
structure.

3.4 | Cohesive Energy

The computer-aided materials design is strictly associated with the analysis of structural, electronic, vibrational, and energetics properties of
investigated candidates.[*?8-13% Here, in order to investigate the thermodynamic stability of investigated Zn-based spinels, the cohesive energy
(Econ) was calculated as:

N
Econ= Ebulk(anMyO4) - ZE,‘,
a

where Ey is the total energy for Zn,M, O, oxide, E; is the total energy for each atom (i) belonging to the crystal unit cell, and N is the number of
atoms in the unit cell.

For the normal spinel structure, the calculated values at the HSEO6 level of theory follow the order —1.29 eV atom™! (ZnAl,O.,) <
—2.15 eV atom™?! (ZnGa,0,) < —2.67 eV atom™! (ZnIn,0O,4). On the other hand, for the inverse Zn-based spinels, the E.p, order was calculated as
—1.17 eV atom™? (Zn,GeO,) < —1.20 eV atom™1 (Zn,Sn0,) < —1.43 eV atom™? (Zn,SiO,). At first glance, it was observed that all investigated Zn-
based spinel oxides exhibit negative E., values, indicating a thermodynamic stability with regard to their containing atoms. In addition, the
obtained results indicate larger E.o, values for normal spinels, indicating that the inversion of Zn cations induces a structural disorder for inverse
spinels addressed to the cation accommodation in both tetrahedral and octahedral sites of the spinel structure.

Furthermore, it was noted that, when moving from Al to In, the E.4, increases for normal spinels, indicating an increased stability associated
with the accommodation of Al, Ga, and In cations along the octahedral sites. On the other hand, moving from Si to Ge, the Eo, reduces for the
inverse spinel, confirming the role of Zn cation distribution in the structural stability. In this case, the bigger the B-site cation (Sn > Ge > Si), the
smaller the E.., becomes, indicating a structural competition for octahedral sites.

Zn,Sio, Zn,Ge0O,

N A I\ A

Intensity (a. u.)

T T T T T T T
0 100 200 300 400 500 600 700 800
FIGURE 6 Theoretical Raman spectra predicted for Zn,SiO4 and

Raman shift (cm™) Zn,SiO,4 materials
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Therefore, the combination of stability, structural, electronic, and vibrational properties of Zn-based spinel oxides can be addressed to the

physical and chemical features of M cations (M = Al, Ga, In, Si, Ge, Sn) as ionic radii, site accommodation, and valence orbitals.

4 | CONCLUSION

In summary, we have performed first-principles calculations to study structural, electronic, and vibrational properties for the normal ZnX,0,4
(X = Al, Ga, and In) and inverse Zn,MO,4 (M = Si, Ge, and Sn) cubic spinel materials. Furthermore, the role of exchange-correlation treatment for
the prediction of spinel properties was investigated comparing HSE06, PBEO, B3LYP, and PBESol functionals. Indeed, hybrid DFT/HF functionals
are better for all investigated properties of the investigated spinel oxides, with HSEO6 being the formalism with the best performance, overcoming
previous theoretical studies. Moreover, the systematic exchange-correlation functional investigation validates the mightiness of hybrid DFT/HF
treatment to successfully predict the spinel properties. In this context, the role of cation replacement on the main properties of spinel oxides was
discussed through site accommodation, ionic radii, and structural disorders that govern the electronic structure and vibrational features of normal
and inverse spinel structures. We hope that this work can stimulate future developments in the line of the spinel materials with unique

properties.
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