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Abstract

Low-temperature Ag,Se is a narrow-band semiconductor, with its transport and optical
properties significantly influenced by the local coordination environment. This study
investigates the effects of La and Gd incorporation using DFT+U calculations and Ag-K
edge EXAFS analysis. Analysis of electron localization function (ELF) and charge density
differences reveals increased electron localization at dopant sites. Additionally, k>x(k)
and wavelet transforms demonstrate that the first M-Se shell shifts from approximately
1.346 A in Ag-Se to around 1.386 A and 1.291 A for La-Se and Gd-Se, respectively (phase-
uncorrected), thereby confirming dopant-specific lattice distortions while maintaining
the orthorhombic framework. The observed changes are associated with an increase in
dielectric strength, with ¢, increasing from approximately 3040 in pristine AgySe to around
50-60 for La and 70-80 for Gd at low photon energies, alongside enhanced absorption
nearing 1.32-1.34 x 10° cm~!. The characteristic plasmon resonance in the range of
15-20 eV is maintained. Rare-earth substitution effectively adjusts local bonding and
low-energy optical response in Ag,Se, with Gd demonstrating the most significant impact
among the examined dopants.

Keywords: Ag,Se; DFT; lanthanides; Morlet function; EXAFS

1. Introduction

Silver selenide (AgySe) is a narrow bandgap semiconductor characterized by elevated
carrier mobility, reduced lattice thermal conductivity, and mechanical flexibility in its low-
temperature orthorhombic phase [1]. These characteristics have rendered AgySe one of the
most promising contenders for near-room-temperature thermoelectric devices and flexible
power producers, encompassing thin film and nanowire-based architectures for wearable
electronics. Recent advancements in film growth and processing including Te substitution
at Se sites, orientation engineering, and microstructure control have elevated Ag,Se power
factors and figures of merit to near or beyond unity at approximately room temperature,
while preserving exceptional flexibility. Simultaneously, extensive patterned and entirely
inkjet-printed Ag,Se films have shown that superior performance may be integrated with
scalable, low-temperature manufacturing processes. In addition to thermoelectrics, Ag,Se
nanostructures have garnered interest as fundamental components for optoelectronic
and infrared systems. Colloidal AgySe nanocrystals and mesoporous assemblies offer
variable electronic structures in terms of size and shape, together with significant infrared
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absorption, facilitating advancements in detectors and emitters for the near and mid-
infrared spectrum [2-4]. Single crystalline 3 Ag,Se nanowires have been recognized
as topological insulators exhibiting anisotropic Dirac surface states, underscoring the
complex electronic properties that can emerge from minor alterations in structure and
composition [5]. These investigations together demonstrate that precise manipulation of
composition, crystallographic orientation, interfaces, and defect chemistry is essential for
optimizing both transport and optical properties in Ag,Se-based materials [6].

To date, the majority of compositional tuning of Ag,Se has been on the substitution
of chalcogens or coinage metals (such as Te, Cu, or In) and the creation of nanocompos-
ites or heterostructures [7]. These tactics primarily regulate carrier concentration, grain
orientation, and phonon scattering, demonstrating efficacy in enhancing thermoelectric
performance. Nonetheless, the effects of rare-earth integration into low temperature Ag,Se
remain largely unexamined, despite the unique way trivalent rare-earth ions can alter both
local structure and electronic states. Ions like La®* and Gd>* possess comparatively high
ionic radii and localized 4f electrons [8,9]. When they replace Ag or occupy interstitial sites,
they can modify the local bonding environment, initiate charge compensation mechanisms,
and transform the defect landscape. To clarify the incorporation mechanism, La** and Gd>*
dopants are introduced onto Ag lattice sites. Because they carry a higher charge than Ag*,
their incorporation requires charge compensation through the formation of Ag vacancies. The
defect chemistry can be expressed as: La(source)—La..ag + V'ag; Gd(source) —>Gd..ag + V'ag;
where La..pg and Gd..aq represents trivalent ions occupying Ag sites with an effective +2
charge, and V’Ag is the compensating Ag vacancy [10]. This is anticipated to alter band
edges, adjust carrier concentration, and influence carrier mobility, providing a possible
means to partially decouple parameters that are typically tightly linked in Ag,Se and
analogous silver chalcogenides.

Rare-earth ions can introduce distinct electronic levels via their 4f shells. The interplay
of these localized 4f states, the adjacent crystal field, and the Ag,Se host bands can lead to
novel optical transitions (including f-d or intra 4f transitions), as well as dopant-induced
defect and tail states within the bandgap [11,12]. Consequently, La and Gd doping may
alter the absorption edge, reform sub-gap absorption, and enhance the infrared response,
especially in the near and mid-infrared areas pertinent to photodetectors and emitters. In
this work La and Gd are not chosen as arbitrary model dopants, but as experimentally
realistic aliovalent cations for Ag,Se. First, 3 AgySe has emerged as a leading near room
temperature thermoelectric for flexible and wearable devices, and its performance is already
being optimized via controlled cation/anion substitution and defect engineering (e.g., Te
on Se and In on Ag sites) using scalable thin film and nanowire routes, demonstrating
that the Ag-Se framework tolerates substantial heterovalent doping without structural
degradation. At the same time, there is a broad and rapidly growing body of work showing
that trivalent rare-earth ions can be incorporated into a wide range of inorganic lattices
and nanostructures, where they substitute on cation sites, are charge compensated by
cation vacancies, and provide powerful levers over carrier density as well as optical and
magnetic functionality [1]. Given that Ag,Se nanocrystals and mesostructures are already
routinely synthesized by colloidal and solution methods [13], and that aliovalent substi-
tution on the Ag sublattice has been experimentally realized in thin films and flexible
devices [14], it is reasonable to expect that La’>* and Gd** can be introduced on Ag sites
in Ag,Se under similar processing conditions, with charge compensation via Ag vacan-
cies [15]. Our calculations are therefore not limited to an idealized model system but
are intended to provide concrete guidance for rare-earth doping experiments in Ag,Se,
linking specific La/Gd defect complexes to tunable electronic structure and transport pa-
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rameters that are directly relevant for future flexible thermoelectric and multifunctional
optoelectronic devices.

To the best of our knowledge, there are currently no experimental reports on sub-
stitutional La- or Gd-doped low temperature AgySe. However, Ag,Se nanocrystals have
already been magnetically functionalized (e.g., with Mn) to yield ultrasmall Ag;Se@Mn
quantum dots that combine near-infrared fluorescence with magnetic resonance contrast
for in vivo multimodal tracking, demonstrating that the Ag,Se lattice and surface chemistry
are compatible with the integration of paramagnetic species without quenching its NIR
optical response [16]. In parallel, studies on rare-earth-doped inorganic nanomaterials
have established that aliovalent rare-earth element substitution is a powerful route to
simultaneously tailor optical, magnetic, and electrical properties by controlled defect and
band-structure engineering [13]. Motivated by these experimental capabilities and design
principles, our work explores, at the atomistic level, whether trivalent La and Gd could
act as realistic aliovalent dopants in Ag,Se to enable coupled tuning of its transport and
magnetic/optical response, thereby providing guidance for future synthesis efforts.

A comprehensive understanding of the accommodation of La and Gd atoms within
the Ag,Se lattice is essential for the systematic use of these phenomena. Extended X-ray
absorption fine structure (EXAFS) spectroscopy is a potent, element-specific approach
for this application. EXAFS can elucidate the immediate coordination environment sur-
rounding both host and dopant atoms, yielding insights into bond lengths, coordination
numbers, and local disorder that are frequently unattainable through conventional diffrac-
tion, particularly at low dopant concentrations or amid nanoscale inhomogeneities [17,18].
Integrating EXAFS with electrical transport measurements enables a direct correlation
between minor structural distortions such as alterations in Ag-Se bond lengths, rare-earth
coordination geometry, and local strain and fluctuations in carrier concentration, mobility,
and effective mass. Correlating structural and transport data with optical absorption and
photoluminescence spectra allows for the observation of how dopant-induced defect states,
band tailing, and rare-earth-related transitions alter the bandgap, sub-gap features, and
infrared optical response that influence device performance [19,20].

This study comprehensively examines La and Gd-doped low-temperature Ag,Se to
enhance and precisely modulate its electrical and optical characteristics via rare-earth
doping. We integrate crystallographic characterization, EXAFS spectroscopy, and elec-
trical transport measurements to ascertain how the insertion of La and Gd alters the
local coordination environment and defect structure, and how these modifications in-
fluence macroscopic electronic behavior. Complementary optical measurements are em-
ployed to observe alterations in the bandgap, subgap absorption, and infrared transitions.
Through the integration of these findings, we delineate direct structure—property corre-
lations for rare-earth-doped Ag,Se and offer directives for utilizing dopants and defects
to manipulate the low-temperature orthorhombic phase for sophisticated electrical and
optoelectronic applications.

2. Computational Details

Calculations using density functional theory (DFT) were performed with the CASTEP
module. The electronic exchange and correlation interactions were addressed through
the generalized gradient approximation (GGA), specifically utilizing the Perdew—Burke—
Ernzerhof (PBE) functional [21]. Ultrasoft pseudopotentials were utilized for all atomic
species to effectively characterize valence electron interactions while maintaining a man-
ageable computational cost [22]. Due to the strong localization of d-f electrons in Ag,Se
and rare-earth-doped Ag,Se systems, a Hubbard on-site Coulomb correction (GGA+U ap-
proach) was applied in all doped models. A U value of 6 eV for Gd-4f and 5 eV for La-4f was

https:/ /doi.org/10.3390/cryst16010004


https://doi.org/10.3390/cryst16010004

Crystals 2026, 16, 4

4of 14

selected based on previous literature findings regarding lanthanide-based materials [23,24].
In our calculations, the primary step involves the relaxation of low temperature 3 AgySe in
the orthorhombic P2,2;2; structure, for which the primitive cell contains four formula units
(8 Ag, 4 Se). For the doped models, we builta 2 x 2 x 1 supercell (32 Ag, 16 Se) and added
a single La or Gd atom as an interstitial dopant, without substituting any Ag. The resulting
compositions are therefore Ags;SejsLa and Ags;Se14Gd, with exactly one dopant atom per
supercell. To construct a realistic dopant environment, we first identified several plausible
interstitial regions within the Ag—Se zig zag framework, focusing on channels and voids
that can accommodate a relatively large rare-earth ion. For each dopant species, we placed
the atom at several symmetry inequivalent interstitial positions and then performed full
structural relaxations, allowing all atomic coordinates and lattice parameters to vary. The
relaxations were converged until the maximum force on any atom was below our chosen
threshold (0.03 eV A=) via the BFGS geometry optimization algorithm. All structures
undergone optimization until the forces were reduced to below 0.03 eV A~! and the total
energy variation was less than 10-5 eV per atom. A plane-wave cutoff energy of 500 eV
was utilized for self-consistent calculations. Spin polarization was explicitly incorporated
for Gd addition owing to the presence of unpaired f electrons.

The charge density difference (CDD) and electron localization function (ELF) were
calculated based on the optimized geometries. The ELF distribution was utilized to illus-
trate the chemical bonding environment and the extent of electron localization following
rare-earth doping. The dielectric function, optical absorption, and refractive index were
derived using the CASTEP linear-response framework under the independent-particle
approximation. The optical excitation energy range was established between 0 and 60 eV
to encompass both visible and near-infrared transitions pertinent to AgySe-based func-
tional materials. EXAFS spectra were produced from PBE-optimized structures through
FEFF-based analysis to assess the structural changes surrounding Ag sites. Theoretical Ag
K-edge spectra were derived from the relaxed configurations and confirming the impact of
La (K-edge) and Gd (L3-edge) incorporation on the local coordination environment. The
optical properties spectra were calculated for normal incidence on the (100) plane. This
orientation was selected because La and Gd atoms reside near the surface layers exposed
along the (100) direction, allowing to probe dopant-modified electronic states.

3. Results and Discussion
3.1. Electronic Properties of Ag»Se and La, Gd-Doped Ag,Se

The relaxed geometries (AgySe, LaAg,Se and GdAg,Se), along with the electron
localization function (ELF) and charge density difference plots for lanthanides (La and Gd)-
doped Ag,Se, are presented for a better comparison Ag,Se crystal has also been studied
for ELF. The primitive cell of Low-temperature 3-Ag,Se (Naumannite) crystallizes in the
orthorhombic P2;2;2; space group. Within this framework, two symmetry-independent
Ag sites and two symmetry-independent Se sites occupy a single general Wyckoff position
(4a). The experimentally determined lattice parameters (a ~ 4.45 A, b ~ 7.07 A, c ~ 7.67 A)
align with our optimized structure (a = 4.45 A, b =7.08 A, c = 7.76 A). The structure consists
of Ag-Se zig-zag chains along the b-axis, with Ag displaying partial site disorder that signif-
icantly affects the local coordination environment. The crystallographic features are crucial
for comprehending how La** and Gd>* substitution disrupts the bonding environment and
influences optical behavior [25,26]. In the Ag,Se lattice, Ag and Se atoms create a closely
packed structure (Figure 1a), with Ag-Se bonding displaying moderate electron localization,
as shown by the ELF maps along the (100) and (001) planes (Figure 1b). The ELF inten-
sity surrounding Se atoms (red regions) indicates strong localization attributable to their
elevated electronegativity, whereas the comparatively delocalized ELF around Ag atoms
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(green to yellow regions) illustrates their metallic bonding characteristics. The distribution
validates the mixed ionic-covalent characteristics of Ag-Se interactions, aligning with its
semimetallic properties. Upon La substitution (middle panel), a significant redistribution
of electron localization is observed around the dopant site (Figure 1c,d). The ELF plots
indicate localized areas of elevated electron density between La and adjacent Se atoms,
implying partial covalent interaction and charge transfer from La®* to Se. The polarization
induced by the dopant enhances local bonding asymmetry and marginally disturbs the
surrounding Ag-Se network. Gd incorporation (Figure 1f) results in enhanced ELF local-
ization between Gd and neighboring Se atoms, signifying increased orbital hybridization
involving Gd 4f/5d and Se 4p states (Figure 1g). The localized ELF lobes adjacent to Gd
suggest an enhancement of covalent character, potentially reinforcing the local bonding
environment and affecting carrier scattering behavior. The isosurface plots of the charge
density difference (right panels) emphasize the polarization effects induced by the dopant.
Yellow areas denote regions of electron accumulation, whereas cyan areas signify elec-
tron depletion. In La- (Figure 1le) and Gd-doped systems (Figure 1h), significant charge
delocalization is observed at the dopant-Se interfaces, indicating altered hybridization
between the dopant 4f/5d orbitals and the Se 4p states. Electronic rearrangements can
affect carrier mobility and may enhance thermoelectric and catalytic activity by improving
charge transport pathways. The results indicate that rare-earth doping causes electronic
perturbations in Ag,Se, modulating its local charge distribution and potentially tuning its
functional properties.

Figure 1. (a,c,f) Relaxed crystal structure of orthorhombic Ag,Se, LaAg,Se and GdAg,Se viewed along
the (100) and (001) directions, showing the arrangement of Ag and Se atoms in the low-temperature
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phase (bond lengths are in A), (b,d,g) Corresponding electron localization function (ELF) plots
recorded at (100) and (001) planes. Higher ELF values (red/yellow) indicate increased electron
localization around Se and locally around La or Gd, confirming dopant-induced charge redistri-
bution. Note the enhanced localization at La-Se and especially Gd-Se regions relative to Ag-Se.
(e) and (h) Charge-density-difference isosurfaces highlighting the polarization produced by La and
Gd doping, respectively. The isosurface value of +0.039 e A=3 was applied to visualize the polar-
ization effectively, where positive and negative values are associated with the charge accumulation
and depletion as configured in VESTA. Enhanced charge accumulation at the dopant-Se interface
indicates partial hybridization between La/Gd 4f-5d and Se 4p orbitals, leading to locally modified
bonding states within the Ag,Se host lattice.

Figure 2 compares the total density of states (DOS) of pristine, La-doped, and Gd-
doped Ag;Se, with the energy scale referenced to the Fermi level (Eg = 0). Pristine 3-AgySe
shows a finite DOS at Er together with well-defined features across the valence region,
consistent with its narrow-gap semimetallic nature and the strong hybridization between
Ag-4d and Se-4p states that governs charge transport in the low-temperature phase [27].
La incorporation preserves the overall DOS profile of 3-AgySe but slightly decreases the
DOS intensity in the immediate area of Ep. This moderate redistribution of spectral weight
indicates that La mainly perturbs the local electronic environment rather than introducing
a substantial number of new states at the Fermi level. As a result, only a modest increase
in carrier availability and electronic conductivity is anticipated, in line with the relatively
limited improvement in the measured electronic and catalytic response of La-containing
Ag,Se. By contrast, Gd-doped Ag,Se exhibits a clear enhancement of the DOS around Eg.
The additional states originate from the interaction of Gd-derived levels with the Ag—Se
framework, leading to a higher density of accessible states at energies directly relevant
for charge transfer [28]. The increased DOS at Er implies a higher carrier concentration
and improved electronic conductivity, providing a microscopic explanation for the more
pronounced enhancement of electron-driven processes observed for Gd-modified Ag,Se.

15 L] L] ] T ]
1
—Ag,Se I
LaAg,Se I' |
= 10 4
S
(1 4
0
3
S
@ 5-
> 4
)
(]

Figure 2. Total density of states (DOS) of pristine Ag,Se and its La- and Gd-doped counterparts
obtained from first-principles calculations. The Fermi level is set to 0 eV (vertical dashed line), and
the near Ep region is indicated by a dashed circle.
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3.2. Extended X-Ray Absorption Fine Structure (EXAFS)

The k*>-weighted EXAFS functions k3x(k) of Ag,Se, LaAg,Se, and GdAg,Se (Figure 3)
display comparable oscillation frequencies, suggesting that the fundamental local coordi-
nation around Se remains intact with the incorporation of La and Gd. Distinct differences
in amplitude and phase of the oscillations are evident. In comparison to pristine Ag,Se,
LaAg,Se and GdAg,Se exhibit a modulation of peak intensities within the 6-12 A1 range,
indicating alterations in the back-scattering strength and static/disorder factors of the
nearest M-Se shell. The observed phase shift in the extrema in the doped samples compared
to AgySe indicates a change in the average M-Se bond length due to the substitution of Ag
with the larger La®* and smaller Gd3* cations [29].

4 - — Ag,Se (Ag-Se)
LaAg,Se (La-Se)
GdAg,Se (Gd-Se)

f\«f\ \ A

Ky (k)A™)
2

_5 T T T T T T T T T
2 4 6 8 10 12 14 16 18 20
k(A™)

Figure 3. k>-weighted EXAFS x(k) spectra of Ag,Se, LaAg,Se and GdAg,Se. The spectra show com-
parable oscillation patterns with dopant-induced variations in peak amplitude and phase, indicating

subtle changes in the nearest M-Se coordination environment upon La and Gd incorporation.

The wavelet transform (WT) analysis quantifies these trends (Figure 4a—c). All three
samples exhibit a prominent WT intensity lobe at low R’ (~1-2 A) and intermediate
k (~7-10 A—1), which corresponds to the first M-Se scattering shell. The maxima of the cor-
responding WT radial profiles are observed at R'~1.346 A for Ag-Se, 1.386 A for La-Se, and
1.291 A for Gd-Se. While these values are phase-uncorrected and thus underestimate the
absolute M-Se bond distances, the relative shifts hold significance. The substitution results
in a slight shift in the maximum to higher R/, which aligns with a modest elongation of the
La-Se bond attributed to the larger ionic radius of La®*. In contrast, Gd substitution causes
the maximum to shift to lower R, suggesting a contracted Gd-Se bond. The increased
WT intensity observed in the doped samples, especially in GdAg;Se, indicates a more
significant scattering contribution and a more distinct local M-Se environment. Overall, the
combined k-space and WT analyses confirm that lanthanide doping does not disrupt the
Ag;Se framework but subtly tunes the local M-Se bond lengths and scattering strength: La
results in a marginally expanded M-Se coordination, whereas Gd leads to a more contracted
configuration. The observed local structural distortions align with the distinct electronic
structures derived from DFT and are anticipated to affect the charge-transfer properties
and catalytic behavior addressed in subsequent sections [30].
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Figure 4. Wavelet transform magnitude plots and corresponding radial profiles for (a) Ag-Se, (b) La-
Se, and (c) Gd-Se. The main intensity lobe occurs at low R’ and intermediate k, corresponding to the
first M-Se coordination shell. The peak positions (Ag-Se~1.346 A, La-Se~1.386 A, and Gd-Se~1.291 A)
indicate a slight bond expansion for La and contraction for Gd relative to pristine Ag,Se.

3.3. Optical Properties
3.3.1. Dielectric Function

Figure 5a illustrates the real (¢1) and imaginary (e3) components of the dielectric
function for pure Ag,Se and La- and Gd-doped AgySe within the low-energy spectrum
(0-10 eV). Pristine Ag,Se has a high static dielectric constant ¢1(0) that diminishes swiftly
with rising photon energy, indicating significant low-energy polarization linked to Ag—Se
bonding. The &, spectrum has a significant low-energy peak resulting from interband
transitions mostly influenced by Ag-4d and Se-4p states. The inclusion of La and Gd
steadily enhances both ¢; and ¢; at low energies. The static dielectric constant ascends in
the sequence Ag,Se < LaAg;Se < GdAg;Se, signifying enhanced electrical polarizability
due to rare-earth doping. Correspondingly, ¢, demonstrates heightened intensity in the
doped systems, with GdAg,Se displaying the most pronounced response, indicative of
augmented low-energy optical transitions. At elevated photon energies, the dielectric
functions of all systems diminish and converge, signifying that rare-earth replacement
predominantly alters the low-energy dielectric response while maintaining the overall
dispersion characteristics of the Ag,Se host [31].

a . b :

T T T T T T
111 | ——GdAg,Se (o) Dielectric functi E s i
. aAG 5e ola] ielectric function 1.4x10 Absorption ——Ag,Se
] | —— LaAg,Se
4 1.2x10° 4 1
57 T ——GdAg,Se
= o ;
n n n n s
5 108 [——LaAgSe (@) 51'0*10
b= ——LaAg,Se &,(0) c 7
g n 28.0x10*
2 °
o e 5
] % 6.0x10% < 1
g ° : g
T 84 [—AgSe (o) 0R0°
a —— Ag,Se t,(0) &
56 1 T
28 1 2.0%10* 4
of
" 0.0 T T T T T
0 2 8 10 0 10 20 30 40 50 60

4 6
Frequency(eV) Frequency(eV)

Figure 5. (a) Real and imaginary components of the dielectric function ¢(w) for Ag,Se, LaAg,Se,
and GdAg,Se showing enhanced low-energy response in the doped systems, (b) Optical absorp-
tion spectra indicating increased absorption intensity for La and Gd substitution compared to
pristine Ag,Se.
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3.3.2. Absorption

a(w) = w/c [2e(w)/ {e1(w)* + ex(w)?} /2] 1)

a(w) is the optical absorption coefficient, w is the angular frequency of the incident
photon, c is the speed of light in vacuum, and ¢;(w) and &;(w) are the real and imaginary
parts of the complex dielectric function, respectively. All samples exhibit significant ab-
sorption exceeding 1 x 10° cm™~! in the visible/near-UV region (Figure 5b), with peaks
near (1.2-1.3) x 10° cm~!. The doped compounds consistently exhibit higher intensity
than pristine Ag,Se, with LaAg,Se peaking at approximately 1.30~1.32 x 10° cm~!, and
GdAgsSe achieving slightly elevated values of around 1.32-1.34 x 10° cm~!. In addi-
tion, the absorption spectra display a significant initial peak in the 7-8 eV range across
all systems. The low-energy peak arises from interband transitions mostly influenced by
Ag-4d/Se-4p hybridized states in pure Ag;Se. The integration of La and Gd results in a
modest upward shift and increased intensity of this peak, signifying a dopant-induced
alteration of the local electronic structure. The augmented absorption intensity indicates the
incorporation of additional permitted transitions and improved polarization. The effect is
more significant for GdAg,Se, aligning with its greater electronic disturbance noted in ELF
and charge-density-difference investigations [32]. The enhanced absorption in the doped
systems correlates with the increased dielectric response and indicates a greater number
of permitted optical transitions facilitated by La and Gd. Doping significantly enhances
dielectric strength and light absorption, with Gd exhibiting the most notable effect [33].

3.3.3. Reflectivity

R(w) = (n + ik — 1)/(n + ik + 1) @)

R(w) is the reflectivity as a function of angular frequency w, n is the real part of the
complex refractive index, and k is the extinction coefficient (imaginary part of the refractive
index). Reflectivity refers to the ability of a surface to reflect light or other electromagnetic
waves. It is a critical parameter in various fields, including optics, materials science, and
environmental studies, influencing phenomena such as visibility, energy efficiency, and
thermal dynamics. All three samples exhibit a high reflectivity near 0.60 at low photon
energy, followed by a steady decrease as photon frequency increases (Figure 6a). The
reflectivity decreases to below 0.30 in the range of 8-10 eV and approaches nearly zero
beyond 20 eV, signifying minimal reflection in the high-energy region. The curves for
La- and Gd-doping closely align with the behavior of pristine Ag;Se, remaining slightly
elevated in the low-energy region (<10 eV). This indicates that lanthanide substitution
marginally improves optical reflection at low photon energies [34].

a 0.6 T b

| ity ; ——GdAg,Se n(o) | b !
Reflectivity  —— ag,Se 39t —ch:zs: :M Refractive index
051 ——LaAg,Se 26
——GdAg,Se | 13t
Il 3 R
¥ 00 ——TaAg,Se n(0)
203 é 3.9 —— LaAg,Se k(o)
s 2
go21 | g
& 0.1 % ssl ——Ag,Se n(0)
& ——Ag;Se k(o)
] 26
0.0
13
-0.1 T T T T T 0.0 - -
0 10 20 30 40 50 60 0 5 0 Frequ;r?cy(ev) 20 25 30

Frequency(eV)

Figure 6. (a) Calculated reflectivity spectra of Ag,Se, LaAg,Se and GdAg,Se showing a gradual
decrease in R(w) with increasing photon energy, (b) Refractive index and extinction coefficient plots
indicating enhanced low-energy optical response for the doped systems.
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3.3.4. Refractive Index (n, k)

n(w) = [1/2(e; + (e1% + %) 2)]1/2 )

k(w) = [1/2(—&; + (&1 + &2)/H)]V/2 W

n(w) is the refractive index, k(w) is the extinction coefficient, and ¢; and ¢, are the
real and imaginary parts of the complex dielectric function, respectively. The refractive
index plots indicate that the highest n values occur at low energies, peaking at approxi-
mately 3.8-4.0, followed by a continuous decline to around 1.0-1.2 at higher frequencies
(Figure 6b). The extinction coefficient k attains a maximum near 2.5-3.0 before decreasing
with energy. GdAg,Se exhibits the most significant peak in both n and k, followed by
LaAgySe, consistent with previous dielectric and absorption observations. The results indi-
cate that Gd substitution marginally enhances light-matter interaction in the low-energy
regime relative to pristine AgySe [35].

3.3.5. Optical Conductivity

o(w) = 01(w) + 72 (w) ©)

o(w) is the complex optical conductivity, while ¢q(w) and cy(w) represent its real
and imaginary parts, respectively. The optical conductivity spectra for all samples exhibit
a pronounced increase at low energy, attaining initial peaks near 3.0-3.5 (1/fs) within
the initial few electron-volts (Figure 7a). Subsequent to this peak, o exhibits a gradual
decline, ultimately stabilizing at a moderate plateau between 1.5 and 2.0 (1/fs) within the
mid-energy range of approximately 20 to 40 eV. The trend observed in lanthanide doping
is consistent, with the early-energy maximum becoming more pronounced in GdAg,Se,
suggesting that Gd enhances the low-energy electronic response. At elevated photon

energies, all systems exhibit comparable conductivity values approaching approximately
1.0 (1/fs) [31].
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Figure 7. (a) Optical conductivity o(w) of Ag,Se, LaAgySe and GdAg,Se showing enhanced low-
energy response for the doped systems, (b) Energy loss function spectra displaying a common
plasmon resonance feature with slightly increased intensity for La and Gd substitution.

https://doi.org/10.3390/ cryst16010004


https://doi.org/10.3390/cryst16010004

Crystals 2026, 16, 4

11 of 14

3.3.6. Energy Loss Function

L(w) = = Im(e(w) ") = ex(w)/e1(w)* + e2(w)? (6)

L(w) is the electron energy loss function, &(w) is the complex dielectric function,
Im denotes the imaginary part, and ¢1(w) and & (w) are the real and imaginary parts
of the dielectric function, respectively. The loss function curves demonstrate a distinct
maximum near 0.80-0.85 at approximately 15-20 eV, aligning with the bulk plasmon
resonance of Ag,Se (Figure 7b). Both doped materials exhibit comparable peak positions
and intensities, with GdAg,Se and LaAg,Se positioned slightly above pristine AgsSe,
indicating a marginally enhanced collective electron oscillation. For energies exceeding
approximately 25 eV, all samples exhibit a gradual decline towards zero, as anticipated.
The impact of lanthanide substitution on the loss function is nuanced yet aligns with the
minor enhancements noted in other optical properties [36].

In instances where direct experimental optical data exist, the computed optical re-
sponse demonstrates strong qualitative agreement. The absorption coefficient magnitude
(approximately 10° cm~!) and the prominent low-energy absorption features align with
those documented for Ag,Se-based materials, while the semimetallic optical behavior at
low photon energies corresponds with experimentally observed transport properties [37,38].
Despite the scarcity of comprehensive experimental optical spectra for rare-earth-doped
[3-Ag>Se, the anticipated increase in dielectric strength and absorption intensity with the
incorporation of La and Gd aligns with trends reported in chemically modified Ag-Se
systems, thereby reinforcing the validity of the current computational predictions [18,39].

Although the overall lattice constants remained unchanged upon La3* and Gd3*
doping, this is expected for the low dopant concentration used in our DFT supercell. Het-
erovalent substitution primarily induces local structural distortions rather than the overall
crystal lattice expansion or contraction because the Ag,Se framework can accommodate the
dopant-induced charge imbalance and vacancy formation without substantial modification
of the macroscopic unit-cell dimensions. Consistent with this behavior, Gd** produces a
stronger local contraction of the Ag-Se coordination environment than La®*, which directly
associates with the larger perturbations observed in the electronic density and optical
response [40,41].

4. Conclusions

This research demonstrates that the incorporation of La and Gd into low-temperature
Ag,Se alters the local coordination and electronic environment while maintaining the
orthorhombic host structure. EXAFS and wavelet analysis indicated minor yet sys-
tematic alterations in the first M—Se shell, with La exhibiting slight expansion and Gd
demonstrating slight contraction of the M—-Se distance, aligning with their ionic radii
and the electronic characteristics observed from ELF and charge density maps. The
structural adjustments result in quantifiable optical differences: both doped systems ex-
hibit an enhanced dielectric response, increased light absorption (up to approximately
1.32-1.34 x 10° em 1), and elevated refractive index and conductivity in the low-energy
range, with Gd demonstrating the most significant effect. The preservation of plasmon
resonance and the overall optical profile of Ag,Se indicates that rare-earth elements
modulate rather than disrupt the electronic and optical characteristics of the host. Rare-
earth doping provides an effective method to enhance charge distribution and optical
activity in Ag,Se. The findings indicate that Gd serves as an effective strategy for en-
hancing low-energy optical response, emphasizing its potential for future infrared and
optoelectronic applications.
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