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Abstract

Halide double perovskites offer wide compositional
flexibility and are being explored for energy-related
applications. In this work, the structural,
electronic, optical, and thermoelectric properties
of LioAgSbXs (X = F, Cl, Br, I) were investigated
using density functional theory (DFT) within
the WIEN2k package. Structural optimization
shows a systematic increase in lattice parameter
from F - I, accompanied by a decrease in bulk
modulus, indicating higher compressibility for the
heavier-halide compounds. Electronic-structure
calculations within PBE-GGA identify all
compositions as indirect-gap semiconductors,
with band gaps decreasing across the series: 1.599
eV (F), 1.389 eV (Cl), 0.509 eV (Br), and 0.307
eV (I). Density-of-states analysis indicates that
the valence band is dominated mainly by Ag
and halogen states, while the conduction band
is largely governed by Li and Sb contributions.
Optical spectra derived from the calculated
electronic structure (dielectric function and related
optical constants) show strong optical activity and
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absorption spanning the visible-to-UV range, with
the response shifting to lower photon energies
for heavier halides. @ Thermoelectric transport
coefficients were evaluated using BoltzTraP within
the constant relaxation-time framework (o/7, k¢/T,
S, and S%0/7), and the reported ZT trend indicates
that Li;AgSbClg exhibits the most favorable and
temperature-stable thermoelectric performance
in the presented dataset (Z7' ~ 1), whereas the
I-based compound shows a pronounced reduction at
elevated temperature. The Seebeck trends indicate
p-type behavior for LiAgSbFs and LioAgSbBrg
and n-type behavior for LioAgSbCls and Li;AgSblg
under the adopted transport conditions.

Keywords: double perovskites, electronic properties,
thermoelectric properties, optoelectronics.

1 Introduction

Perovskites have become central to materials research,
particularly for solar-energy conversion, because they
can be prepared by relatively simple routes and show
strong optoelectronic response. Halide perovskites
are now explored in solar cells, LEDs, coatings, and
memory devices. A key attraction is their tolerance
to certain defects while maintaining useful electronic
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and optical performance. Many compositions show
strong light absorption and efficient carrier transport,
and the efficiency of metal-halide perovskite solar cells
has continued to improve [1-3].

Double perovskites extend the conventional perovskite
framework (ABX3) by replacing the single divalent
B-site cation with two different cations, typically
a monovalent ion (B*) and a trivalent ion (B3*),
giving the general formula A;B'B"X¢ [4]. The
structure is built from corner-sharing BXs octahedra,
and the B’/B” sublattice can adopt an ordered
arrangement.  Because their properties depend
strongly on composition, double perovskites are
frequently assessed using density functional theory
(DFT), including structure, electronic bands, optical
response, and thermoelectric indicators. Recent
interest has also focused on inorganic Bi-based double
perovskites such as CspAgBiCls and CsyAgBiBrs,
where the band-gap values motivate study but may be
less favorable for certain optoelectronic applications [5,
6].

Motivated by these developments, we focus here
on LiyAgSbXe (X = F, Cl, Br, I). Previous work
on LipAgSbXs with X = Cl, Br, and I reported
indirect semiconducting gaps of 1.40 eV (Cl), 1.00
eV (Br), and 040 eV (I), along with strong
absorption and thermoelectric trends linked to low
thermal conductivity and a high power factor at
low temperature [7]. In this project, we provide a
systematic study of the structural, electronic, optical,
and thermoelectric properties of Lio AgSbXe across the
full halide series (X = F, Cl, Br, I) using the FP-LAPW
method implemented in the WIEN2k package.

2 Computational Methodology

All calculations were carried out within density
functional theory (DFT) using the all-electron
full-potential linearized augmented plane-wave
(FP-LAPW) method as implemented in the WIEN2k
package [11]. In this approach, the unit cell is
divided into non-overlapping mulffin-tin spheres
centered on the atoms and an interstitial region.
The wave functions are expanded into atomic-like
functions inside the spheres and in plane waves
in the interstitial region, which allows an accurate
treatment of bonding and electronic structure
without shape approximations to the potential. The
exchange-correlation energy was treated using
the Perdew-Burke-Ernzerhof generalized gradient
approximation (PBE-GGA) throughout this work.
Self-consistent field (SCF) cycles were iterated until

the total energy converged to 10~ Ry and the charge
density converged to 10~* e. These thresholds were
adopted to ensure that the structural trends and
derived electronic/optical/transport quantities were
numerically stable.

3 Results and Discussion

In the double perovskite halides Li,AgSbXs (X = F,
Cl, Br, I), the A site is occupied by Lit, whereas
the B site is occupied by two different cations (Ag
and Sb). Each B-site cation is coordinated by six
halide anions (F~, ClI7, Br—, I7), forming BXg
octahedra. These octahedra are connected through
corner sharing, which builds the three-dimensional
double-perovskite framework. To accommodate
ionic-size effects and maintain structural stability,
octahedral tilting may occur. On the B sublattice,
Ag and Sb are arranged in an ordered rock-salt
(NaCl-type) pattern. The compounds investigated
crystallize in the cubic structure with space group
Fm-3m (No. 225). Structural details are listed in
Table 1. Each compound reaches its lowest energy (Eo)
at the equilibrium volume, corresponding to the most
stable configuration. As the halogen changes from F
to I, the equilibrium volume increases, and the total
energy becomes more negative, consistent with the
larger size of I. The lattice parameter a( increases from
F to1, following the Shannon radii trend [8]. The larger
ap of LioAgSblg relative to the other three compounds
is attributed to the larger size of I. The lower bulk
modulus of the I-based compound supports the inverse
relation between lattice constant and bulk modulus:
as the lattice constant increases, bonding weakens and
compressibility increases, resulting in a smaller bulk
modulus [7]. Structural parameters obtained using
the Birch—-Murnaghan equation of state are listed in
Table 1.

To assess thermodynamic stability, the formation
energy (AH;) was calculated using the following
expression:

AHf = ETotal(LimAnganO)
— mELj — mEAg — nESb — OEX

Here, the elemental energies of Li, Ag, Sb, and
X (ELi, Eag, Esp, Ex) are subtracted from the total
energy of the compound (FEry). The calculated
formation energies are negative for these double
perovskites, indicating that the compounds are
thermodynamically stable.
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Figure 1. Band structures of (a) LioAgSbFs, (b) LioAgSbCls, (¢) LiaAgSbBrg, and (d) Li; AgSblg.

Table 1. Lattice parameter (ag), ground-state volume (V), bulk modulus (B), pressure derivative of bulk modulus (BP),
ground-state energy (E(), and formation energy AH; .

ao ap VO B AH
Compound (A) (Bohr) (Bohr) (GPA) Br Fo (RY) ev/ atgm
LioAgSbFs  9.18 17.31 1298.37 47.32  4.8084 -24830.94  -32.29
Li;AgSbClg 1050 20.31 2094.056 2841 39513 -29170.62  -25.07
LioAgSbBrg 10.70  20.33 210048 27.278 4.7660 -29170.61 -29
LioAgSblg 1194 2256  2873.72 20.312 55910 -109060.9  -1.189

LigAngX@‘ (X = F, Cl,

Br, I) exhibits an
indirect semiconducting band gap, because the
conduction-band minimum lies above the Fermi level
and the valence-band maximum lies below it, and
these extrema occur at different k-points (X — L), as
shown in Figure 1. From the present calculations, the

band gaps of LioAgSbFg, LioAgSbCls, Lio AgSbBre,
and LipAgSblg are 1.599, 1.389, 0.509, and 0.307 €V,
respectively. The band gap decreases systematically
from F to I, which is consistent with the increasing
ionic radius of the halide ion: larger halide ions
increase orbital overlap and reduce the gap. This
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Figure 2. TDOS of (a) Li;AgSbFs, (b) LiaAgSbClg, (c) LioAgSbBrg, and (d) LiaAgSblg, and PDOS of (e) Li;AgSbFg, (f)
Lio AgSbCls, (g) LioAgSbBrg, and (h) Li; AgSblg.
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Figure 3. Optical spectra of LioAgSbXs (X = F, Cl, Br, I): (a) e1(w), (b) e2(w), (c) reflectivity, (d) optical conductivity, (e)
energy-loss function, (f) refractive index, and (g) absorption coefficient.

halide substitution therefore modifies the band gap
and, consequently, influences the optical response
and transport behavior, which is relevant for solar-cell
applications [9].

The density of states (DOS) describes the number of
available electronic states as a function of energy and
helps in interpreting electronic transport and bonding
features. The total DOS (TDOS) of Li;AgSbXe (X
= F Cl, Br, I) was calculated using the PBE-GGA
functional and is plotted versus energy in Figure 2. The
dashed line marks the Fermi level, fixed at 0 eV, which
separates the valence-band and conduction-band
regions. In all cases, the DOS does not cross the
Fermi level, confirming the semiconducting nature
of these compounds. The TDOS shows the overall
contribution of all atoms to the valence and conduction
regions, whereas the partial density of states (PDOS)

resolves the orbital contributions of individual atoms.

From the TDOS and PDOS results, the valence band
is mainly formed by Ag and the halogen atoms (F, CI,
Br, and I). In the conduction band, particularly within
the 2—4 eV energy range above the Fermi level, the
larger contributions come from Li and Sb states. The
halogen atoms also show some participation in this
region, but their contribution is comparatively smaller.
This can be clearly seen in Figure 2(e-h). In the
PDOS, Ag-d and halogen p states contribute strongly
to the valence band, whereas Li-s and Sb-p states
contribute strongly to the conduction band. When the
halogen is changed from F to I, the separation between
valence and conduction-band features narrows, and
the DOS shifts closer to the Fermi level, consistent
with the reduced band gap and in agreement with
the band-structure trends [7].

Optical properties describe how a material responds
to electromagnetic radiation and are therefore relevant
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for optoelectronic and solar-energy applications. For
LioAgSbXe (X = F, Cl, Br, I), the optical response
is presented in terms of the complex dielectric
function, e(w) = e1(w) + ie2(w), and the derived
optical constants (Figure 3). The real part ¢;(w)
(Figure 3(a)) reflects the polarization response, while
the imaginary part e3(w) (Figure 3(b)) represents
interband absorption. In the low-energy region,
the I-based compound exhibits the largest dielectric
response (a pronounced maximum around ~1-2
eV), whereas the F-based compound shows the
smallest overall magnitude, consistent with the
stronger low-energy optical activity of the heavier
halide. The same trend is reflected in the reflectivity
(Figure 3(c)), LioAgSbls starts with the highest
low-energy reflectivity and rises strongly again toward
the high-energy end of the plotted range (approaching
~0.6-0.65 near 14 eV), while the other compositions
remain lower. Importantly, reflectivity here is plotted
as a fraction (not percent). Overall, the systematic
shift of optical onset features to lower photon energy
from F — I is consistent with the decreasing band gap
across the series, i.e., heavier halides support stronger
response at lower photon energies [10].

The optical conductivity (Figure 3(d)) shows where
interband transitions contribute most strongly to
the optical response; the dominant structures occur
broadly in the mid-energy range (~7-11 eV), with
Lio AgSbls showing strong intensity at comparatively
lower energies than LioAgSbFs. The energy-loss
function L(w) (Figure 3(e)), which highlights
plasmon-like loss features, remains relatively small for
Cl/Br/I over most of the range but shows a pronounced
high-energy resonance for the F-based compound near
~12-13 eV; this should be stated explicitly because
it is a distinctive feature of the plotted spectra. The
refractive index n(w) (Figure 3(f)) is highest at low
photon energies for Lip AgSbls (approaching ~3.5-3.8
near ~1 eV), while Li;AgSbFg is the lowest (~1.6-2
in the same region), and all compositions decrease
gradually with energy as dispersion weakens. Finally,
the absorption (Figure 3(g)) increases with photon
energy for all compounds, with Lip AgSbls exhibiting
the strongest low-energy absorption and Li; AgSbFg
the weakest, consistent with the band-gap trend. Thus,
overall optical characteristics suggest the suitability of
these materials for optoelectronic applications.

Thermoelectric transport for Li;AgSbXs (X = E, Cl,
Br, I) was evaluated using Boltzmann transport
theory (BoltzTraP) within the constant relaxation-time
approximation, so the conductivity and electronic

thermal conductivity are presented in the scaled
forms o/7 and k./7. Figure 4(a) shows that o/
increases with temperature for all compositions,
consistent with thermally activated transport in
semiconducting systems. LiyAgSbBrg exhibits the
largest o /7 throughout the range (reaching ~ 8.5 x
10180 Im~1s7! at the upper end of the plotted
temperatures), while Li;AgSbCls remains much
smaller and close to the baseline. The Seebeck
coefficient in Figure 4(b) is positive for Lio AgSbFg
and Li;AgSbBrg and negative for Li;AgSbClg and
LioAgSblg, indicating p-type and n-type tendencies,
respectively, under the chemical-potential conditions
used in the calculation. In all cases, |S| decreases
with temperature, with very large magnitudes at low
temperature (order 103 /V/K on the plotted scale) that
relax toward smaller values at higher temperature.

Figure 4(c) shows that the electronic thermal
conductivity term increases with temperature for
all compositions, and the ordering largely follows
o/T. LipAgSbBrg is the highest, while Lip AgSbClg
remains the lowest. The power factor in Figure 4(d),
plotted as PF = S%¢/7, is strongly enhanced for
LioAgSbBrg and rises steeply with temperature,
whereas LipAgSbls shows a more moderate PF that
increases up to mid-T and then slightly decreases
at higher temperature. LisAgSbFg rises slowly,
and LipAgSbCls stays comparatively small. The
combined effect appears in the figure of merit,
Figure 4(e), LioAgSbClg maintains the highest and
most stable ZT (near ~0.95-1.0 over the plotted
range), followed by LipAgSbFs (gradual decrease
toward ~0.9). LiyAgSbBrs drops from ~0.9 at
low temperature toward ~0.75 at high temperature,
while LisAgSblg shows a pronounced degradation
with temperature, falling to ~0.1 by ~800-850 K.
Overall, the figure shows that halide substitution
strongly tunes o/7, k./7, PE and ZT, with Cl
giving the most temperature-stable ZT in this dataset
and I showing the weakest high-temperature ZT
behavior. It should be noted that the calculated
ZT values include only the electronic contribution
to thermal conductivity; therefore, they represent
upper-limit estimates. Additionally, these materials
possess a higher ZT value than several other reported
similar double perovskites, such as Csy;AgBiClg
(0.72), CsyAgBiBrg (0.71) [12], CspAgSbClg (0.72),
and CsyAgSbBrg (0.73) [13], InyAgSbCls (0.75),
Iny AgSbBrg (0.77), and Iny AgSbls (0.76) at 300 K [10].
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Figure 4. (a) Electrical conductivity, (b) Seebeck coefficient (S), (c) thermal conductivity, (d) power factor, and (e) Figure
of merit (ZT) for Li;AgSbXs (X = F, Cl, Br, I).

4 Conclusion

In this work, the structural, electronic, optical,
and thermoelectric properties of LipAgSbXg (X =
F, Cl, Br, I) double perovskites were investigated
using DFT within the WIEN2k package. Structural
optimization was performed using PBE-GGA, and
the equilibrium lattice parameter, bulk modulus,
and its pressure derivative were obtained by fitting
the Birch-Murnaghan equation of state; the lattice
parameter increases from F — I while the bulk modulus
decreases, indicating higher compressibility for the
heavier-halide compounds.  Electronic-structure
calculations (PBE-GGA) show that all compositions
are indirect-gap semiconductors, with the band gap
decreasing across the series: LipAgSbFg (1.599 V),
LisAgSbClg (1.389 eV), LipAgSbBrs (0.509 V), and
LisAgSbls (0.307 €V); TDOS/PDOS analysis indicates
that the valence band is dominated by Ag and
halogen states, whereas the conduction band is mainly
contributed by Li and Sb (with Ag-d/halogen-p
character in the valence region and Li-s/Sb-p character
in the conduction region). Optical spectra derived
from the PBE-GGA electronic structure (dielectric
function, reflectivity, optical conductivity, energy-loss
function, refractive index, and absorption) indicate
strong optical activity with absorption extending
from the visible into the UV range, with the I-based

compound showing the largest low-energy dielectric
and refractive response in the presented dataset.
Thermoelectric transport coefficients computed using
BoltzTraP (reported as o/, k¢/7, S, and S%c /) show
clear halide-dependent trends; the plotted ZT behavior
identifies LioAgSbClg as the most temperature-stable
and highest-performing composition (remaining
near ~1 over the shown range), while LipAgSblg
exhibits a pronounced reduction of ZT at elevated
temperature. The Seebeck trends indicate p-type
behavior for LioAgSbF¢ and Lis AgSbBrg, and n-type
behavior for Li;AgSbClg and LipAgSbls, within the
conditions used in the transport calculations. These
results highlight their strong potential for practical
applications in optoelectronic and energy-conversion
devices, warranting further experimental validation
and device-level exploration.
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