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Spin-orbit coupling driven
electronic phase transition and
multifunctional response in lead-

free K;WClg double perovskite for
spintronic and energy applications

M. Abdelgaber®2~, Elkenany Brens Elkenany?, K. Bouferrache**, M. A. Ghebouli*$,
M. Fatmi*, Murat Yaylaci’%°, Aseel Smerat'?, R. Dhahri® & A. M. Abdelghany':1?

A comprehensive first-principles study reveals a spin-orbit coupling (SOC)-driven electronic phase
transition in the lead-free double perovskite K,WCls. The material exhibits a robust non-relativistic
half-metallic ferromagnetic state. The inclusion of SOC strongly reconstructs the electronic states

near the Fermi level: GGA + U+SOC predicts a magnetic-semiconducting state with a global band gap
of approximately 1.572 eV, whereas TB-mBJ + SOC yields a metallic state. This method-dependent
relativistic response reflects a close competition among exchange splitting, on-site electronic
correlation, and SOC in the W-5d manifold. This transition arises from strong relativistic effects
associated with W 5d orbitals, enabling tunable electronic behavior relevant for spintronic applications.
In addition to its electronic versatility, K;WCls demonstrates excellent mechanical and dynamical
stability. The compound also exhibits significant spin-dependent optical and thermoelectric responses,
including high ultraviolet absorption, spin-dependent dielectric behavior, and notable spin-resolved
Seebeck coefficients. The estimated thermoelectric figure of merit increases with temperature and

can be substantially enhanced through chemical-potential optimization, although the reported values
remain dependent on the constant-relaxation-time and Slack-model approximations. These combined
features highlight K,WClg as a promising multifunctional material for spin-dependent thermoelectric,
spintronic, and optoelectronic applications, while experimental validation and more advanced many-
body and scattering calculations remain necessary.

Keywords K,WClg, Half-metal, Spintronics, GGA + U, Spin-orbit coupling, Thermoelectric, Phonon, Optical
properties, Magnetic properties

Perovskite and double perovskite oxides and halides have attracted enormous scientific interest over the past
two decades owing to their remarkable versatility and the wide range of functional properties they can exhibit.
The general double perovskite formula A,BB’Xs accommodates a rich chemical diversity: the A-site can host
monovalent alkali metals, the B and B’ sites can accommodate transition metals with distinct valence states,
and the X anion can be an oxide, fluoride, chloride, or bromide!~. This compositional flexibility translates into a
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broad landscape of physical behaviors, ranging from ferromagnetism and half-metallicity to superconductivity,
multiferroicity, and strong spin-orbit coupling effects®!. Among the halide-based double perovskites, chloride
systems of the type A,MXs (M=transition metal, X=Cl) have gained renewed attention in the context of
lead-free photovoltaics and spintronic device design. The replacement of toxic lead-based perovskites with
environmentally benign alternatives while preserving desirable electronic properties is a central challenge
of contemporary materials research>. Tungsten-based halides are particularly attractive in this regard: the
d? electronic configuration of W** favors partially filled t,g bands that are susceptible to strong exchange
splitting, and the large spin-orbit coupling of W (A ~2000 cm™) can induce qualitative changes in the electronic
topology”8. K,WCls belongs to the antifluorite-derived structure family and crystallizes in Fm-3 m. In this
structure, isolated WCls>~ octahedra are surrounded by eight K* cations in a face-centered cubic arrangement.
The compound is isostructural with several well-studied members of the A,MX, family, including K,PtCls,
K,ReCls, and K,OsCls>1°. Despite the relative simplicity of its crystal structure, K,WCls potentially harbors
complex physics arising from the interplay of Coulomb correlations on the W 5d shell, crystal-field splitting
of the WCls octahedron, and spin-orbit coupling!"'2. From a theoretical standpoint, (DFT) within (GGA)
often underestimates correlation effects in transition metal compounds, leading to incorrect ground states. The
GGA +U method, which supplements the DFT exchange-correlation functional with an on-site Hubbard U
correction on the d manifold, has proven highly effective in correcting this deficiency'*!%. Moreover, for heavy
elements such as tungsten, the inclusion of spin-orbit coupling as a relativistic correction is indispensable for
accurate band structure and optical property calculations'>!°. Several experimental and theoretical studies have
been devoted to related A,MXs compounds. Navas et al'”. investigated the structural and optical properties
of K,SnCls and related tin halides. Filip et alls, explored the electronic structure of vacancy-ordered double
perovskites using hybrid functionals. Baranowski and Plochocka!°reviewed exciton physics in metal halide
perovskites. Saini et al?’. performed first-principles calculations on K,OsXs (X=Cl, Br) and reported half-
metallic behavior. More recently, Ahmad et al?!. studied the optoelectronic properties of K,WBrs using DFT + U,
while Hussain et al?2. investigated K,MoCls and found similar half-metallic character. Recent comparative
investigations of K;MXs (M=Re, W, Ru, Os; X=Cl or Br) have further demonstrated strongly composition-
dependent half-metallic, semiconducting, and optical behavior®24. K,0sCls provides a relevant benchmark,
combining a magnetic moment of approximately 1.99 uB, a minority-spin gap of approximately 0.8 eV, strong
ultraviolet absorption, and a Seebeck coefficient of approximately 180 pV K at 900 K*°, whereas Cs,WCls
exhibits pressure-tunable NIR-II emission®®. By contrast, Sn-based chloride double perovskites mainly display
semiconducting optoelectronic and thermoelectric responses®”?%. Nonetheless, a systematic and complete first-
principles investigation of K,WCls encompassing elastic, electronic, magnetic, optical, thermoelectric, phonon,
and thermodynamic properties within a unified computational framework is still lacking in the literature.
Accordingly, the novelty of the present study lies in demonstrating that SOC strongly reconstructs the near-
Fermi electronic states of K;WCls. GGA + U+SOC predicts a magnetic-semiconducting state, whereas TB-
mBJ +SOC yields a metallic solution, revealing a method-dependent competition among exchange splitting,
Coulomb correlation, and relativistic SOC. Recent first-principles investigations have further demonstrated the
potential of chemically diverse magnetic materials for combined spintronic, optoelectronic, and thermoelectric
applications. Total-energy comparisons among competing magnetic configurations have been employed to
establish the magnetic stability and antiferromagnetic ordering of CaCr,Sb,, while Co,YGe (Y=Mn, Fe)
full-Heusler alloys have been investigated in terms of half-metallic ferromagnetism, exchange interactions,
mechanical stability, and thermal behavior?*°. The modified Becke-Johnson potential has also been applied to
SnX,04 (X=Mg, Zn) spinels to improve the description of their electronic band gaps and optical responses®!.
Moreover, combined structural, mechanical, electronic, and thermoelectric analyses have been reported for
MgSc,Te, and MgY,Te, spinels”. Multifunctional half-metallic, magneto-optical, and thermoelectric behavior
has recently been predicted for EuZn,X, (X=P, As), RELi,X, (RE=Ce, Pr; X =P, As), and UCu,P,/UCu,As, Zintl
compounds**-3. These investigations provide a broader scientific context for evaluating the coupled magnetic,
electronic, optical, mechanical, and transport properties of K, WClg, while its lead-free halide composition and
strong W-5d spin-orbit coupling distinguish it from Heusler, spinel, and Zintl material families.

Computational method

First-principles calculations were performed within density functional theory using the full-potential linearized
augmented plane-wave (FP-LAPW) method implemented in WIEN2k 21.1%. In this all-electron scheme,
wave functions are expanded in atomic-like functions inside non-overlapping muffin-tin (MT) spheres and
in plane waves in the interstitial region, without shape approximations to the potential or charge density>”.
Exchange-correlation effects were treated using the PBE form of the generalized gradient approximation®.
Correlation within the W-5d shell was included through GGA +U using the Liechtenstein formulation with
the around-mean-field double-counting correction’. The reference calculations used U=6.0 eV and J=0.7 eV,
consistent with related W compounds?!?2, while U=4, 5, 6, 7, and 8 eV was additionally tested at fixed J=0.7 eV
to assess the robustness of the electronic and magnetic states. Spin-orbit coupling (SOC) was introduced in a
second-variational step, giving the GGA + U+SOC description*"*2, Spin-polarized Tran-Blaha modified Becke-
Johnson calculations were also carried out with and without SOC as an independent benchmark. The MT radii
were 2.50, 2.00, and 2.15 bohr for K, W, and Cl, respectively. Brillouin-zone integrations used a I'-centered
10x 10x 10 Monkhorst-Pack grid for self-consistency®® and a 16x 16x 16 mesh for the density of states and
optical spectra. Convergence thresholds were 107 Ry in energy and 10™* e in charge. Numerical stability was
checked for k-point meshes from 6x6x6 to 14x 14 x 14, RMTxKmax=7-9, and Gmax=12-16 bohr™. The
total energies at RMTxKmax =7, 8, and 9 were —40279.67502510, —40279.69279350, and —40279.69629716 Ry,
corresponding to deviations of 289.421120 and 47.669723 meV per formula unit for the two smaller bases relative
to RMTxKmax=9. For Gmax=12, 14, and 16 bohr™, the energies were —40279.69629230, —40279.69629712,
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and —40279.69628140 Ry; the deviation at Gmax = 12 was only 0.148302 meV per formula unit, below the 1 meV
criterion. Therefore, 10x 10x 10, RMTxKmax =9, and Gmax =12 bohr™" were adopted. The magnetic moment
remained 2.00001 uB throughout these tests. Structural optimization was obtained by fitting the energy-volume
data to the Murnaghan equation of state’, from which the equilibrium lattice parameter, bulk modulus, and
pressure derivative were extracted. The cubic elastic constants C,;, Ci,, and Cas were determined from small
symmetry-adapted strains using the stress-strain procedure available through the WIEN2k/ELK interface?>4,
and mechanical stability was assessed using the Born criteria?’+*8. Optical properties were calculated within the
random-phase approximation using the WIEN2k OPTIC module**’. The imaginary dielectric function &,(w)
was evaluated from interband momentum matrix elements, &;(w) was recovered through the Kramers-Kronig
relation, and the resulting complex dielectric function was used to obtain n(w), k(w), a(w), R(w), and the energy-
loss function L(w)>!. Thermoelectric transport was evaluated with BoltzTraP within the semiclassical Boltzmann
equation and constant-relaxation-time approximation®?. The GGA + U+SOC bands were used to calculate the
Seebeck coeflicient S, electrical conductivity /7, and electronic thermal conductivity ke/t as functions of carrier
energy at 300, 600, and 900 K. A relaxation time 1=1x10""* s was assumed to estimate absolute conductivities.
The lattice thermal conductivity kl was estimated with the Slack model using temperature-dependent volumes
and Debye temperatures from the GIBBS quasi-harmonic Debye analysis, while the Griineisen parameter was
obtained from the Slater approximation. The overall thermoelectric performance was estimated from ZT = S*0T/
(ke + «l). Lattice dynamics were investigated using the finite-displacement method through PHONON and
PHONOPY interfaced with WIEN2k>3-5¢,

Results and discussion

K,WCl; crystallizes in the cubic Fm-3 m (No. 225) space group, which is the antifluorite-type structure adopted
by most A,MXs compoundsg. In this structure, W atoms occupy the 4a Wyckoff position (0, 0, 0), K atoms sit
at 8¢ (0.75, 0.25, 0.25), and Cl atoms are located at 24e (0.50, 0, 0.2579), forming regular WCls octahedra that
are well-separated by K* cations. The total energy was calculated as a function of volume over a range of +10%
around the experimental value and fitted to the Murnaghan equation of state’. Figure 1 shows the energy-
volume (E-V) curve for K;WCls, which displays the characteristic parabolic shape expected for a mechanically
stable compound. The minimum of the curve defines the equilibrium volume from which the optimized lattice
parameter and bulk modulus are extracted. The results are summarized in Table 1.

The calculated lattice constant a =9.84 A agrees very well with the experimental single-crystal X-ray
diffraction value of 9.822 A reported for cubic K,WCls at 293 K 57%, as well as with theoretical results for
related isostructural compounds®!%?2. The deviation between the calculated and experimental values is only
approximately 0.18%, confirming the reliability of the present structural optimization. The experimental study
also confirms the cubic Fm-3m (No. 225) structure, with a unit-cell volume of 947.6 A* and Z=4%". The B=48.06
GPa with B’ = 4.48 indicates moderate compressibility, consistent with the open halide framework. These
structural parameters serve as the starting point for all subsequent property calculations.

The three independent elastic constants Ci1, Ci2, and Cas of cubic K;WCls were computed using the stress-
strain method and are presented in Table 2 together with the derived mechanical moduli, acoustic wave velocities,
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Fig. 1. Calculated total energy versus unit cell volume for K,WCl.
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Compound | Space group | a(A) | bulk modulus | B> | Atom | Wyckoff | x Y z
w 4a 0 0 0
K,WCls Fm-3 m (225) | 9.84 |48.06 448 | K 8c 0.75 |1 0.25 | 0.25
Cl 24e 0.50 | 0 0.2579

Table 1. Calculated structural parameters and atomic positions of the K,WCls compound.

Property Voigt Reuss Hill

Elastic Constants Ci11=95.867 GPa | Cy, =24.177 GPa | C44 = 17.285 GPa
Bulk modulus B (GPa) 48.074 48.074 48.074

Shear modulus G (GPa) 24.709 21.800 23.255

Young’s modulus E (GPa) 63.285 56.813 60.077

Poisson’s ratio v 0.281 0.303 0.292

Transverse wave velocity (m/s) 2666.746

Longitudinal wave velocity (m/s) | 4917.668

Average wave velocity (m/s) 2975.592
Debye temperature 6D (K) 296.079

Table 2. Elastic constants, mechanical properties, acoustic wave velocities, and Debye temperature of K;WCle.

Method Majority-spin/electronic behavior | Minority-spin/global gap (eV) | M, , (uB/f.u.) | Calculated state
GGA+U, (U=6) eV | Metallic spin-up channel 4.279 (spin-down) 2.00001 Half-metallic FM
TB-mBJ Metallic spin-up channel 3.053 (spin-down) 2.00 Half-metallic FM

GGA +U+SOC Global semiconducting gap 1.572 1.90822 Magnetic semiconductor
TB-mBJ+SOC Bands cross (EF) 0 1.93730 Metallic FM

Table 3. Comparison of the electronic and magnetic properties obtained using the different approximations.

and Debye temperature. The mechanical stability of a cubic crystal requires satisfaction of the Born criteria:
Ci1>0,Cy4s> 0, Cy — Ci2 > 0, and Cyy + 2 Cyz > 077, All four conditions are fulfilled (C, = 95.867 GPa, Cy, =
24.177 GPa, C44 = 17.285 GPa), confirming that the compound is mechanically stable. The bulk modulus derived
from the Voigt-Reuss-Hill (VRH) averages (BH=48.074 GPa) is in excellent agreement with the equation-of-
state value, providing an internal consistency check. The shear modulus GH =23.255 GPa and Young’s modulus
EH =60.077 GPa reflect the moderate rigidity of the halide framework. The Poisson’s ratio vH=0.292 is close
to 0.30, which is characteristic of central-force solids and suggests predominantly ionic bonding with a non-
negligible covalent contribution from the W-Cl bonds®®. The Pugh ratio B/G=2.07 exceeds the critical value
of 1.75, classifying K,WCls as a ductile material®®. The Debye temperature calculated from the average sound
velocity (8D =296.079 K) provides a useful measure of the characteristic phonon frequency scale. This relatively
modest value reflects the heavy atomic masses of W and CI and the soft nature of the W-CI bond, and it is
consistent with the phonon density of states discussed in Sect. 3.6. The transverse, longitudinal, and average
acoustic velocities are 2666.746, 4917.668, and 2975.592 m/s, respectively, confirming the moderate acoustic
stiffness of the compound.

The electronic properties of K,WCls were calculated within the GGA + U and GGA + U+SOC frameworks.
The results are summarized in Table 3, and the spin-polarized band structures computed along the high-
symmetry path W-L-I'-X-K in the Brillouin zone are presented in Fig. 2. The Spin-polarized electronic band
structures of K,WCls along the high-symmetry path W-L-I'-X-K in the Brillouin zone, calculated using (a,
b) GGA+U and (¢, d) GGA+U+SOC for spin-up (1) and spin-down (|) channels. The Fermi level is set to
zero. The majority-spin and minority-spin W-t2g-derived bands are explicitly identified by arrows in the non-
relativistic GGA + U panels, while the relativistic panels indicate the SOC-mixed W-t2g-derived states near the
Fermi level. As explicitly labeled in Fig. 2, the majority-spin W-t2g manifold forms the bands crossing the Fermi
level, whereas the minority-spin W-t2g manifold is shifted toward the conduction region and defines the lower
edge of the minority-spin gap. In the GGA + U+SOC panels, the labeled states should be regarded as SOC-mixed
W-t2g-derived states because the relativistic eigenfunctions are no longer separable into independent pure-spin
channels.

Within GGA + U, the spin-up channel of K;WCls is metallic, with bands crossing the Fermi level, while the
spin-down channel opens a band gap of 3.07 eV. This coexistence of metallic behavior in one spin channel with
semiconducting behavior in the other defines the half-metallic ferromagnetic (HMF) state®®¢!. Half-metals are
of paramount interest for spintronics because they theoretically provide 100% spin-polarized carriers at the
Fermi level, which maximizes the efficiency of spin injection and magnetoresistance in device applications®2.
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Fig. 2. Spin-polarized electronic band structures of K,WCls. for spin-up (1) and spin-down () channels.

The half-metallic character of K,WCls is driven by the strong exchange splitting of the W 5d (t,g) manifold: the
majority-spin t,g bands are pushed below the Fermi level and hybridize with Cl 3p states, while the minority-
spin t,g bands are shifted above the Fermi level by the combined action of exchange splitting and the Hubbard U
correction. As summarized in Table 3, both non-relativistic approaches predict the same qualitative half-metallic
phase, whereas the inclusion of SOC leads to a method-dependent relativistic electronic state.

The orbital-resolved analysis indicates that the electronic reconstruction near the Fermi level is governed
mainly by the W-t2g states rather than the higher-lying W-eg manifold. In the octahedral crystal field, the W-5d
states split into lower-energy t2g and higher-energy e.g. components. The partially occupied t2g states form
the band edges and the metallic majority-spin channel, whereas the e.g. states contribute predominantly at
higher conduction-band energies. The Cl-3p states hybridize strongly with the W-t2g manifold and therefore
participate indirectly in the SOC-induced redistribution of the near-Fermi electronic states. To determine
whether this result depends on the selected Hubbard parameter, systematic calculations were performed for
U=4,5,6,7,and 8 eV, with J=0.7 eV fixed. All five calculations converged to the same qualitative half-metallic
state. The majority-spin channel remained metallic throughout the examined range, whereas the minority-spin
gap increased systematically from 3.822 eV at U=4 eV to 4.048, 4.279, 4.504, and 4.750 eV for U=5, 6, 7,
and 8 eV, respectively. The total magnetic moment remained essentially unchanged at 2.00001 uB per formula
unit for all examined values of U. By contrast, the local W moment increased gradually from 1.58877 uB at
U=4¢€V to 1.76237 uB at U=8 eV. The preservation of the metallic majority-spin channel, finite minority-spin
gap, and integer total magnetic moment over the entire U=4-8 eV interval demonstrates that the predicted non-
relativistic half-metallicity is robust and is not an artifact of choosing U=6 eV. The corresponding evolution of
the minority-spin gap and magnetic moments is summarized in Table 4.

To identify the most stable magnetic configuration, independent self-consistent calculations were performed
for the non-magnetic (NM), ferromagnetic (FM), and a representative antiferromagnetic (AFM) state. For each
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(eV) | Spin-up character | Spin-down gap (eV) (pBS (uB) Calculated state
4 Metallic 3.822 2.00001 | 1.58877 | Half-metallic FM
5 Metallic 4.048 2.00001 | 1.63188 | Half-metallic FM
6 Metallic 4.279 2.00001 | 1.67465 | Half-metallic FM
7 Metallic 4.504 2.00001 | 1.71203 | Half-metallic FM
8 Metallic 4.750 2.00001 | 1.76237 | Half-metallic FM

Table 4. Dependence of the calculated electronic and magnetic properties of K,WCls on the Hubbard
parameter, with J=0.7 eV.

Magnetic configuration | Equilibrium energy (Ry/f.u.) | AE relative to FM (meV/f.u.) | Relative stability

FM —40279.681414 0 Lowest-energy configuration
AFM —40279.676017 73.43 Metastable

NM —40279.648743 444.52 Less stable

Table 5. Relative stability of the investigated magnetic configurations of K,WCls.

PF,
T (K) |« (Wm™K?) |ZTat (E) | ZT, | Optimal (u-E) (eV) | (Wm™K?)x 10

max

300 2.363 0.016 0.367 | -1.129 5.1
600 1.034 0.083 1.961 | -1.216 9.31
900 0.598 0.241 3.713 | +0.353 1.084

Table 6. Estimated thermoelectric parameters of K,WCls at the intrinsic Fermi level and at the optimal
chemical potential.

configuration, the total energy was calculated as a function of volume and fitted using the same equation-of-
state procedure. The equilibrium energy extracted from each fit was adopted as the stability criterion, with the
configuration exhibiting the lowest equilibrium total energy identified as the magnetic ground state among the
investigated collinear arrangements. To further examine the stability of the magnetic solution against competing
collinear configurations, the total energies of the non-magnetic (NM), ferromagnetic (FM), and a representative
antiferromagnetic (AFM) state were compared using equation-of-state fits. The equilibrium energies per formula
unit were —40279.681414, —40279.676017 and —40279.648743 for the FM, AFM, and NM configurations,
respectively. The AFM and NM states lie approximately 73.43 and 444.52 meV per formula unit above the FM
state. Therefore, among the explicitly examined collinear magnetic configurations, the FM state is energetically
favored. These relative energies and the resulting stability order are summarized in Table 6.

The Spin-polarized electronic band structures of K,WCls along the high-symmetry path W-L-T-X-K
in the Brillouin zone, calculated using (a, b) TB-mB]J and (c, d) TB-mBJ+SOC for the positive and negative
spin projections. The horizontal dashed line represents the Fermi level at 0 eV. The arrows indicate the W-t2g-
derived states closest to the Fermi level and illustrate their reconstruction following the inclusion of SOC. As
shown in Fig. 3, TB-mBJ preserves the non-relativistic half-metallic state, with a metallic spin-up channel and
a finite spin-down gap. By contrast, TB-mBJ+SOC produces bands crossing the Fermi level, demonstrating
a pronounced SOC-induced reconstruction of the near-Fermi W-t2g-derived states. Because the relativistic
eigenfunctions contain mixed spin components, the TB-mBJ+SOC panels should be interpreted as spin-
projected representations rather than as completely independent pure-spin channels.

The electronic structure was further examined using the spin-polarized TB-mB] potential. TB-mB] reproduces
the qualitative half-metallic character obtained with GGA + U: the spin-up channel remains metallic, while the
spin-down channel exhibits a gap of 3.053 eV. Although this value is smaller than the GGA + U minority-spin
gap of 4.279 eV obtained at U=6 eV, both approximations predict the same non-relativistic electronic phase.
This independent calculation therefore supports the robustness of the half-metallic ground-state description.

Taken together, the systematic U-dependence study and the independent TB-mBJ calculation show that
the predicted non-relativistic half-metallic state is not an artifact of the single choice U=6 eV. The metallic
majority-spin channel and finite minority-spin gap are preserved throughout the investigated U=4-8 eV
range and are reproduced qualitatively by TB-mB]J. However, the comparison between GGA + U+SOC and TB-
mBJ+SOC shows that the precise relativistic electronic phase remains sensitive to the treatment of exchange
and correlation. Hybrid-functional + SOC or GW calculations would provide a more advanced quantitative
benchmark, but these computationally demanding treatments were not performed in the present work. Because
only one representative AFM arrangement was investigated, the present energy comparison provides only one
independent FM-AFM energy difference and is therefore insufficient to determine three independent exchange
parameters ], J,, and ],. A reliable Heisenberg-model mapping would require several linearly independent AFM
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Fig. 3. Spin-polarized electronic band structures of K,WCls for the positive and negative spin projections.

configurations constructed within an appropriate magnetic supercell. Consequently, underdetermined exchange
constants and a Curie temperature derived from an incomplete magnetic mapping are not reported. It should
also be emphasized that the present comparison establishes only the relative energetic stability of the explicitly
investigated collinear NM, FM, and representative AFM configurations. Magnetic anisotropy energies, non-
collinear magnetic states, finite-temperature spin fluctuations, and the Curie temperature were not evaluated.
Therefore, the present results support an FM ground state among the examined configurations, but they do not
by themselves demonstrate long-range ferromagnetic stability at a specific operating temperature. A complete
finite-temperature magnetic characterization would require additional independent magnetic configurations,
exchange-parameter mapping, magnetic-anisotropy calculations, and statistical spin simulations. The total
magnetic moment obtained without SOC is approximately 2.00 puB per formula unit, an integer value consistent
with the predicted half-metallic state. The dominant magnetic contribution is associated with the W 5d states,
whereas only a small moment is induced on the Cl atoms through W-5d-ClI-3p hybridization. The inclusion
of SOC within the GGA +U+SOC approach substantially reconstructs the electronic states near the Fermi
level. Unlike the non-relativistic half-metallic solution, the converged GGA + U+SOC calculation produces a
global band gap of approximately 1.572 eV and a total magnetic moment of 1.90822 uB per formula unit. The
reduction of the magnetic moment from approximately 2.00 to 1.90822 uB reflects SOC-induced mixing of the
spin components and the consequent loss of perfect integer spin polarization. According to this approximation,
K,WCls is therefore classified as a magnetic semiconductor rather than a half-metal. A complementary TB-
mBJ +SOC calculation produces finite electronic states at the Fermi level and consequently predicts a metallic
state. The corresponding total magnetic moment is 1.93730 uB per formula unit. The comparison demonstrates
that both relativistic treatments predict pronounced SOC-induced reconstruction and a reduction of the ideal
integer magnetic moment, although the precise metallic or semiconducting character of the near-Fermi bands
remains sensitive to the treatment of exchange and correlation. This sensitivity reflects a close competition
among W-5d exchange splitting, on-site Coulomb interaction, and relativistic SOC. A direct inspection of the
relativistic TB-mBJ + SOC band structure confirms that two W-5d-derived bands cross the Fermi level. Because
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SOC produces spinor eigenstates containing mixed spin components, the relativistic spin-up and spin-down
band-energy files are identical and should not be interpreted as two independent pure-spin band structures.
This behavior provides direct evidence that SOC mixes the original majority- and minority-spin states and
reconstructs the partially occupied W-t2g-derived bands nearest to EE.

A quantitative analysis of the spin-projected TB-mBJ] + SOC density of states was also performed at the Fermi
level. Linear interpolation gives N1(EF)=~0.6813 and N | (EF) = 0.0237 states eV — 1 per formula unit. The DOS
spin polarization was evaluated using:

N; (Ep) - N, (Ep)
Ppos (Bp) = N, (B + N, (Ep)

yielding PDOS(EF) = 93.3%. The W-5d contributions at the Fermi level are approximately 0.2996 and 0.0130
states eV — 1 for the positive and negative spin projections, respectively, confirming that the relativistic metallic
states remain strongly dominated by W-5d orbitals. The finite minority-spin contribution demonstrates that
SOC suppresses perfect 100% spin polarization, although a highly spin-polarized DOS is retained in the TB-
mBJ+SOC metallic solution. The quantity PDOS(EF) characterizes the spin polarization of the density of
states and should not be confused with the transport-current polarization, which additionally depends on spin-
dependent carrier velocities and relaxation times. A rigorous current-polarization calculation would therefore
require a spin-resolved transport treatment beyond the present DOS analysis. The total and partial densities of
states shown in Figs. 4 and 5 provide further insight into the electronic structure. In the non-relativistic GGA + U
calculation, the valence-band region contains strongly hybridized W 5d and Cl 3p states. The states crossing the
Fermi level in the metallic channel are predominantly derived from the partially occupied W 5d t2 manifold.
The K-derived states contribute negligibly around the Fermi energy and occur mainly in deeper valence or
higher conduction-energy regions.
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Fig. 4. Total density of states (TDOS) of K,WCls computed using GGA + U (upper) and GGA + U+SOC
(lower) for both spin channels. The vertical dashed line marks the Fermi level at 0 eV.
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Fig. 5. Partial density of states (PDOS) of K,WCls computed using GGA + U and GGA + U+SOC, showing
contributions from K, W, and Cl atoms for spin-up and spin-down channels. The Fermi level is at 0 eV.

The GGA +U+SOC atom-resolved DOS exhibits a clear depletion of electronic states around the Fermi
level, consistent with the calculated global gap of approximately 1.572 eV. The upper valence-band region is
principally formed by Cl-derived states hybridized with W-5d states, while the lower conduction-band edge is
predominantly associated with W-derived states. K makes only a negligible contribution to both band edges.
Because SOC mixes the two spin components, the positive and negative portions of the relativistic DOS should
be interpreted as spin-projected contributions rather than as completely independent spin-up and spin-down
channels. In contrast, the TB-mBJ + SOC electronic structure retains finite states at the Fermi level, confirming
its metallic classification. Accordingly, the comparison between the GGA + U+SOC and TB-mBJ + SOC results
reveals a method-dependent near-Fermi electronic phase. Hybrid-functional calculations combined with SOC
or a many-body treatment could provide further clarification, but such calculations are beyond the scope of
the present all-electron investigation. Because the present WIEN2k calculations employ the physical SOC
interaction at its full strength, an artificial scaling study using A = 0-1 was not performed. Consequently, a critical
SOC scaling parameter and the mathematical order of the electronic transition are not assigned. The comparison
between calculations without SOC and with full SOC instead establishes that the relativistic interaction causes
a substantial reconstruction of the W-t2g-dominated states. The different electronic phases predicted by
GGA +U+SOC and TB-mBJ + SOC further show that the detailed position of the near-Fermi bands is sensitive
to the treatment of exchange and correlation. Therefore, the relativistic electronic phase should be regarded
as method-dependent until it is verified by hybrid-functional + SOC, many-body calculations, or experimental
spectroscopy. From a device perspective, the predicted spin-polarized electronic structure and pronounced
SOC response provide only an initial indication of possible spintronic functionality. Recent experimental work
on chiral antiferromagnetic devices has demonstrated that electrical manipulation of magnetic order requires
an appropriate device heterostructure, efficient spin-orbit torque generation, controlled magnetic anisotropy,
and sufficiently low switching-current densities®*%. Therefore, the present bulk calculations do not establish
electrical magnetic switching in K,WCls. Experimental thin-film growth, magnetic-anisotropy measurements,

Scientific Reports |

(2026) 16:31505 | https://doi.org/10.1038/s41598-026-70096-2 nature portfolio


https://www.nature.com/scientificreports

www.nature.com/scientificreports

interface engineering, and current-induced switching studies would be required before applications in spin
valves, magnetic tunnel junctions, or spin-orbit-torque devices could be assessed.

The optical properties of K, WCls were investigated by computing the frequency-dependent complex dielectric
function e(w) = &,(w) + ie2(w) and the derived spectra. Figure 6 shows the optical absorption coefficient a(w)
for spin-up and spin-down channels. In the GGA + U case, the spin-up channel exhibits absorption onset near
0 eV consistent with its metallic character, whereas the spin-down channel shows a threshold around 3.07 eV,
corresponding to the half-metallic gap. Several absorption peaks appear at higher energies (4-9 eV), attributable
to interband transitions from the W 5d-Cl 3p bonding states to the antibonding and conduction band states®.
The inclusion of SOC in GGA +U+SOC modifies the absorption profile notably: the spin-down threshold
disappears, and the spectral weight redistributes over a broader energy range due to band mixing. The high
absorption coefficients (a~10° cm™) in the UV range indicate that K,WCls can effectively absorb high-energy
photons, a property relevant for UV photodetection.

The distinct absorption behavior of the two spin channels can be directly understood from their corresponding
electronic structures. In the non-relativistic GGA + U description, the majority-spin channel contains partially
occupied W-t2g-derived bands crossing the Fermi level. Consequently, low-energy electronic transitions
are allowed and the absorption spectrum begins close to zero photon energy. In contrast, the minority-spin
channel possesses a finite band gap, so photon absorption requires transitions from the occupied Cl-3p/W-t2g-
hybridized valence states to the unoccupied W-5d-derived conduction states. This produces a delayed optical
onset near the calculated minority-spin gap. After the inclusion of SOC, the original majority- and minority-
spin states become mixed, and the independent pure-spin absorption edges are no longer strictly preserved.
The SOC-induced reconstruction of the W-t2g-dominated states modifies the available initial and final states,
leading to shifts, broadening, and redistribution of the absorption intensity between the spin-projected spectra.
Thus, the low-energy absorption response is controlled primarily by the metallic or gapped character of the
near-Fermi electronic states, whereas the intense ultraviolet absorption originates from the larger joint density of
Cl-3p and W-5d states participating in higher-energy interband transitions. To provide a more detailed physical
interpretation of the optical response, the main absorption features were correlated with the calculated band
structures and orbital-resolved densities of states. The low-energy optical response is primarily associated with
transitions from occupied Cl-3p/W-t2g hybridized states near the upper valence region toward unoccupied
W-5d-derived states. The structures appearing in the intermediate-energy range of approximately 4-7 eV are
mainly attributed to transitions from Cl-3p-dominated valence states to the W-t2gt and W-ege conduction
manifolds. The more intense ultraviolet features above approximately 7-9 eV involve transitions from deeper
Cl-3p bonding states toward higher-energy W-5d antibonding states. The changes in peak intensity and spectral
position after the inclusion of SOC reflect the relativistic redistribution and mixing of the W-5d electronic states.
These assignments are based on the correspondence between the energy ranges of the band structure, PDOS,
and optical spectra and should therefore be regarded as qualitative orbital-level interpretations. A rigorous
identification of individual band-to-band transitions and the specific k-points contributing to each optical peak
would require a dedicated decomposition of the optical transition matrix elements or a k-resolved joint-density-
of-states analysis. The real and imaginary parts of the dielectric function are presented in Fig. 7. The static
dielectric constant &,(0) in the spin-up channel (GGA + U) is large and positive, exceeding 20, consistent with the
metallic screening. In the spin-down channel, €,(0) = 5.8 is more moderate and reflects the dielectric response of
the semiconductor. Multiple oscillations in €;(w) corresponding to resonances in &,(w) are visible in the 3-10 eV
range®®. The resonant structures in €,(w) are associated with the corresponding interband-transition peaks in
€2(w). In particular, the dielectric response in the 3-7 eV region mainly originates from transitions involving the
upper Cl-3p/W-t2g hybridized valence states and the low-lying W-5d conduction states, whereas the higher-
energy dielectric features are associated with transitions toward the W-ege and higher antibonding manifolds.
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Fig. 6. Optical absorption spectra of K,WCls calculated using GGA + U and GGA + U+SOC.
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Fig. 7. Real part &,(w) of the complex dielectric function of K,WCls calculated using GGA + U and
GGA +U+SOC.

The SOC-induced shifts and broadening of these structures are consistent with the reconstruction of the W-5d
states observed in the relativistic electronic structure.

Figure 8 presents the refractive index n(w) and R(w). The zero-frequency refractive index n(0) is approximately
1.9 for the spin-down channel, within the range typical of wide-gap halides. The reflectivity spectrum shows a
broad plateau above 50% for energies exceeding 8 eV in both channels, indicating strong reflection in the deep
UV regime. The spin-dependent differences in n(w) and R(w) suggest potential applications of K;WCls in spin-
sensitive optical coatings and photonic devices®”*8. More cautiously, the differences between the spin-projected
optical spectra indicate a potentially spin-dependent optical response. However, this result alone does not
establish a magneto-optical Kerr or Faraday effect, because these phenomena require the calculation of the off-
diagonal components of the dielectric tensor. Therefore, the present results are interpreted as evidence of spin-
dependent optical transitions rather than as a direct prediction of a specific magneto-optical device response.

The energy loss function L(w) =—Im[1/e(w)], displayed in Fig. 9, exhibits prominent plasmon peaks around
10-12 eV for both spin channels and both computational methods. These peaks correspond to collective
oscillations of the valence electron density and mark the onset of high transparency in the material®. The
plasmon energy is slightly shifted and broadened by SOC effects, consistent with the redistribution of spectral
weight observed in the dielectric function.

The calculated optical-conductivity spectrum follows the main structures of the absorptive dielectric
response, confirming that the dominant conductivity features originate from interband transitions involving CI-
3p and W-5d states. The optical conductivity increases substantially in the ultraviolet region, where the strongest
absorption features occur. It should be noted that the present optical calculations include interband contributions
only, and no intraband or Drude contribution was added. Consequently, the low-frequency response of the
metallic channel should not be interpreted as a complete description of its free-carrier optical conductivity.
Furthermore, the optical properties were evaluated within the independent-particle RPA framework, which
does not explicitly include electron-hole interactions. Excitonic effects and the exciton binding energy were
therefore not calculated, and the predicted absorption edges should be interpreted as single-particle optical
thresholds. A quantitative description of excitonic peaks would require calculations based on the Bethe-Salpeter
equation or an equivalent many-body treatment. The translation of favorable optical spectra into a practical
optoelectronic device additionally depends on defect passivation, carrier injection, interfacial energy alignment,
film quality, and operational stability. For example, ligand coordination and defect control in CsPbl; quantum
dots have enabled highly efficient pure-red light-emitting diodes by simultaneously improving their structural,
optical, and electrical characteristics’®’!. This device-level example illustrates the importance of materials and
interface engineering in halide optoelectronics. Nevertheless, the present calculations for K,WCls concern bulk
absorption and dielectric properties only; they do not evaluate photoluminescence quantum yield, radiative
recombination, carrier injection, electroluminescence efficiency, or complete device architecture. Accordingly,
UV photodetection and related optoelectronic applications should be regarded as prospective applications
requiring experimental validation.

The thermoelectric performance of K,WCls was assessed through the spin-resolved Seebeck coeflicient S(E),
electrical conductivity per relaxation time o/1(E), and electronic thermal conductivity per relaxation time ke/T(E)
as functions of the reduced energy (E-E;) at three temperatures: 300 K, 600 K, and 900 K. All thermoelectric
calculations were performed within the GGA + U+SOC framework, which All transport calculations were
performed using the GGA + U+SOC electronic structure as a consistent relativistic input, using the BoltzTraP
code®. The BoltzTraP calculations were performed within the constant relaxation time approximation (CRTA).
In this approximation, the carrier relaxation time is assumed to be independent of energy, temperature, carrier
concentration, and spin channel. Therefore, the calculated o/t and ke/t quantities should be interpreted
primarily as band-structure-dependent transport functions rather than absolute experimentally measurable
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Fig. 9. Energy loss function L(w) of K;WCls calculated using GGA + U and GGA + U+SOC.
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Fig. 11. Electrical conductivity per relaxation time (o/1) of K;WCls obtained within GGA + U+SOC.

conductivities. In real samples, electron-phonon, impurity, defect, grain-boundary, and spin-dependent
scattering may produce a temperature- and energy-dependent relaxation time. A complete treatment would
require deformation-potential theory or explicit electron-phonon scattering calculations, which are beyond the
scope of the present study. Figure 10 shows the spin-dependent Seebeck coefficient as a function of (E-Ep).
The Seebeck coefficient displays large positive and negative values on either side of the Fermi level, reaching
magnitudes of several hundred uV/K at optimal doping levels. The spin-up and spin-down channels exhibit
distinct peak positions and magnitudes, reflecting their different electronic structures near the Fermi level’2. At
300 K, the spin-down channel shows a particularly sharp peak below the Fermi level consistent with the remnant
of the half-metallic gap edge. As temperature increases to 600 K and 900 K, thermal broadening reduces the peak
values and shifts the optimal doping level, a typical behavior governed by the Mott relation”®. More cautiously,
the calculated results demonstrate a spin-dependent Seebeck response rather than the spin-Seebeck effect
itself. A direct prediction of the spin-Seebeck effect would require an explicit treatment of thermally generated
spin currents, magnon transport, spin-dependent scattering times, and interfacial spin-to-charge conversion.
Accordingly, the present results are interpreted as evidence of spin-dependent thermoelectric transport.

The electrical conductivity per relaxation time o/t (Fig. 11) increases monotonically as the energy moves
away from the Fermi level in both spin channels, reflecting the increasing density of transport-active states. The
spin-up channel has a higher o/t due to its metallic character, while the spin-down channel shows a conductivity
minimum near the band gap edge. The strong spin asymmetry in o/t implies a large spin polarization of the
electrical conductivity, which is directly relevant for spin-filtering device concepts’.

The electronic thermal conductivity per relaxation time xe/t (Fig. 12) follows the Wiedemann-Franz relation
qualitatively, increasing with the number of conducting channels. The spin-down channel shows a notable dip
in ke/T around the Fermi level at low temperatures, which could be exploited to achieve a large figure of merit
ZT=S%0T/k in appropriately doped samples. The combination of large Seebeck coeflicient, moderate electrical
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Fig. 12. Electronic thermal conductivity per relaxation time (ke/t) of K,WCls obtained within GGA + U+SOC.

conductivity, and low thermal conductivity near the band edge in the spin-down channel suggests that n-type
doped K,WCls is a promising candidate for spin-dependent thermoelectric energy conversion”>”6.

To estimate the absolute electrical and electronic thermal conductivities, a representative relaxation time
of T=1x10""* s was adopted, so that 0 = (0/7)t and ke = (ke/T)T. The lattice thermal conductivity k; was
independently estimated using the Slack model’”:

o _ AMODBS
L=y 2rnes

where M is the average atomic mass, n=9 is the number of atoms per formula unit, 8 is the cubic root of the
volume per atom, and y=2.043 is the Griineisen parameter obtained from the GIBBS analysis using the Slater
approximation. The estimated «; values are approximately 2.363, 1.034, and 0.598 W m™* K™ at 300, 600, and
900 K, respectively. The strong decrease of k; with temperature reflects enhanced phonon scattering and thermal
softening of the halide lattice. The total thermoelectric figure of merit was subsequently estimated using ZT =
(SZO‘T)/Ktot. At the intrinsic Fermi level, the estimated ZT values are approximately 0.016, 0.083, and 0.241 at
300, 600, and 900 K, respectively. The corresponding power factors are approximately 3.67x 1074, 1.27x 1073,
and 3.12x107* W m™' K2 These results indicate that the undoped material exhibits modest thermoelectric
performance at room temperature, followed by a substantial improvement at elevated temperature. A search
over the considered chemical-potential range reveals estimated maximum ZT values of approximately 0.367,
1.961, and 3.713 at 300, 600, and 900 K, respectively. The corresponding optimal chemical-potential shifts are
approximately — 1.129, —1.216, and +0.353 eV relative to the intrinsic Fermi level. The negative shifts obtained
at 300 and 600 K indicate that p-type carrier optimization is favorable in these temperature ranges, whereas
the positive shift at 900 K suggests that an n-type regime may become advantageous at high temperature. The
maximum calculated power factors are approximately 5.10x 1073, 9.31x 1073, and 1.084x 1072 W m™ K2 at
300, 600, and 900 K, respectively. The chemical potentials that maximize the power factor do not necessarily
coincide with those that maximize ZT because the latter additionally depends on both electronic and lattice
thermal conductivities.

The pronounced improvement obtained away from the intrinsic Fermi level indicates that carrier-
concentration optimization may substantially enhance the thermoelectric response. Possible approaches include
controlled electron or hole doping, aliovalent substitution, vacancy engineering, alloying, and nanostructuring.
Carrier doping can shift the chemical potential toward favorable transport regions, whereas alloying and
nanostructuring may further reduce 1 through enhanced phonon scattering. Nevertheless, these modifications
may also affect carrier mobility, magnetic ordering, structural stability, and the SOC-sensitive electronic phase.
The reported ZT values should therefore be regarded as model-dependent theoretical estimates rather than
definitive experimental predictions. In particular, the large optimal values are sensitive to the assumed constant
relaxation time, the rigid-band approximation used to represent doping, and the Slack-model estimate of k.
More accurate quantitative predictions would require carrier-concentration-dependent scattering times, explicit
defect calculations, and lattice thermal conductivity obtained from third-order interatomic force constants and
the phonon Boltzmann transport equation.

The phonon dispersion curves and phonon density of states of K,WCls are presented in Fig. 13 along the
high-symmetry directions of the cubic (W-L-I-X-Z-W). The unit cell of K,WCls contains 9 atoms (1 W, 2 K,
6Cl), giving rise to 27 phonon branches: 3 acoustic and 24 optical modes. The complete absence of imaginary
(negative) phonon frequencies throughout the entire Brillouin zone unambiguously confirms the dynamic
stability of K;WCls in its cubic Fm-3 m structure at zero temperature78.
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A factor-group analysis was additionally performed to classify the zone-center vibrational modes. For the
cubic Fm 3m structure, the complete vibrational representation at the I' point can be written as.

Typ = Agg + Eg + 2T 5 + Tpg + 4T + T,

One of the T,  representations corresponds to the triply degenerate acoustic modes. The optical representation
is therefore.

Topt = Ajg + Eg + Ty + 3Ty, + 2T + T,

According to the selection rules of the centrosymmetric O, point group, the A, , E , and T,, modes are Raman-
active, the three T,  optical modes are infrared-active, and the 2T, +T, modesare optically silent. The Raman-
and infrared-active modes are mutually exclusive because the cubic structure possesses inversion symmetry.
These symmetry assignments provide experimentally testable fingerprints for future Raman and infrared
measurements of K,WCls. The acoustic branches near the I point exhibit linear dispersion with slopes consistent
with the acoustic velocities derived from the elastic constants (Sect. 3.2), providing an important internal
consistency check between the elastic and phonon calculations®. The optical branches are grouped into two
well-separated energy windows: a low-frequency manifold below ~5 THz dominated by K and Cl vibrations,
and a higher-frequency group above ~7 THz associated primarily with W-Cl stretching modes within the
WCls octahedron. The low-frequency optical branches exhibit relatively weak dispersion and involve collective
translations and distortions of the K sublattice and WCls octahedra. Their low frequencies indicate a relatively
soft lattice response and may provide effective phonon-scattering channels. This behavior is expected to suppress
phonon group velocities and may contribute to a reduced lattice thermal conductivity, which is favorable for
thermoelectric transport. The higher-frequency modes are more strongly associated with internal bending,
breathing, and W-Cl stretching vibrations of the isolated WCls octahedra. The phonon DOS on the right panel
of Fig. 13 decomposes the total vibrational density into atomic contributions. Cl atoms contribute dominantly
across the entire optical frequency range, while W contributes a sharp peak near the top of the spectrum
corresponding to the breathing and stretching modes of the octahedron. K atoms have significant weight only
in the low-frequency acoustic and lower optical branches, consistent with their role as charge-balancing spacers
between the WCl, units”>®. The Debye temperature estimated from the phonon DOS (6D =292 K) is in good
agreement with the elastic-constant-based value (296.079 K), confirming the coherence of the computational
methodology.

The predominance of Cl vibrations and the occurrence of several low-frequency optical branches suggest
that lattice heat transport may be influenced by acoustic-optical phonon interactions. However, the harmonic
phonon dispersion alone does not provide phonon lifetimes, linewidths, or three-phonon scattering rates. A
quantitative evaluation of the intrinsic lattice thermal conductivity would require third-order interatomic force
constants and a solution of the phonon Boltzmann transport equation. These anharmonic calculations were
not performed in the present work. No experimental Raman or infrared spectra are currently used here to
assign numerical frequencies for K;WCls. Therefore, the present symmetry classification should be regarded
as a theoretical prediction that can assist future experimental identification of the cubic phase. The explicit
calculation of Raman intensities, Born effective charges, infrared oscillator strengths, and LO-TO splitting
would require density-functional perturbation theory or finite-field calculations beyond the present frozen-
phonon analysis. Halide double perovskites have recently attracted significant attention for thermoelectric
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energy conversion owing to their favorable electronic structures and transport properties. Previous first-
principles studies on compounds such as (Cs,,K,,Rb,)PbCl, have reported positive Seebeck coefficients and
promising thermoelectric responses, suggesting their suitability for energy harvesting devices®!. Similarly,
investigations on (Cs,,K,,Rb,)SnCl6 revealed high Seebeck coefficients and significant power factors, indicating
efficient carrier transport behavior in these halide systems. In addition, hybrid double perovskites such as K,(Sn,
Se, Te)Br, exhibit notable thermoelectric parameters with Seebeck coefficients exceeding 190 uV K™ and figure-
of-merit values approaching 0.8 at room temperature®283, These results highlight the potential of halide double
perovskites as promising materials for thermoelectric and renewable energy technologies.

The quasi-harmonic approximation accounts for the temperature dependence of the vibrational free energy
through volume-dependent phonon frequencies but neglects explicit higher-order phonon-phonon interactions.
This limitation is particularly relevant for relatively soft halide frameworks, in which anharmonic effects may
become increasingly important at elevated temperatures. Therefore, the calculated thermodynamic quantities
should be regarded as reliable within the harmonic and quasi-harmonic description, while their accuracy may
gradually decrease in the upper part of the investigated temperature range. The Helmholtz free energy F(T)
(Fig. 14) decreases monotonically with increasing temperature, as expected from thermodynamic principles
(F=U - TS). The zero-point energy contribution, visible as the non-zero value of F at T=0 K, amounts to
approximately 0.35 eV/f.u., reflecting the zero-point quantum fluctuations of the light Cl atoms. The rate of
decrease of F accelerates above ~200 K as more optical phonon modes become thermally populated. The
relatively rapid thermal population of the optical modes is consistent with the moderate Debye temperature of
K,WCls and indicates a comparatively soft vibrational framework. Such lattice softness can enhance phonon
scattering and may contribute to a reduced lattice thermal conductivity, which is favorable for thermoelectric
transport. However, an explicit evaluation of anharmonic free-energy contributions would require third- and
higher-order interatomic force constants, which were not calculated in the present work.

The entropy S(T) (Fig. 15) rises continuously with temperature, starting from zero at absolute zero in
accordance with the third law of thermodynamics. The rate of entropy increase is initially slow (T <100 K,
dominated by acoustic modes) and then accelerates as optical modes become active above the Debye temperature.
At 300 K, S=110 J mol™ K™}, and it continues to increase toward the classical limit at higher temperatures. The
smooth and featureless entropy curve confirms the absence of any structural or magnetic phase transitions in
this temperature range®. It should be emphasized that phonon-derived thermodynamic functions alone cannot
establish the absence of a magnetic phase transition, because magnetic entropy and spin fluctuations are not
included in the present vibrational free-energy calculation. Accordingly, the smooth behavior of S(T) confirms
only that no phonon-related structural anomaly is predicted within the present approximation. The heat capacity
at constant volume C (T) (Fig. 16) exhibits the characteristic Debye-like T* dependence at low temperatures and
converges toward the classical Dulong-Petit (DP) limit of 3nNak_B=224.7 ] mol™ K" (where n=9 atoms per
formula unit) at high temperatures”'. At 300 K, C_ = 180 J mol™* K™, which is already approximately 80% of the
DP limit, consistent with the relatively low Debye temperature of 296 K. The rapid saturation of C, above 300 K
indicates that most vibrational degrees of freedom are already excited at room temperature, suggesting that the
thermodynamic properties of K;WCls are largely classical at and above room temperature.

The relatively low Debye temperature further supports the description of K,WCls as a mechanically and
vibrationally soft halide framework. From a practical perspective, this behavior may be beneficial for suppressing
lattice heat transport, but it may also increase the sensitivity of the material to thermal expansion and anharmonic
lattice distortions at elevated temperatures. Therefore, the predicted thermodynamic stability at high temperature
should be interpreted with caution until explicit anharmonic calculations or experimental measurements become
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Fig. 14. Temperature dependence of the Helmholtz free energy F(T) of K,WCls calculated from phonon
contributions within the quasi-harmonic approximation.
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Fig. 16. Heat capacity at constant volume C (T) of K,WCls as a function of temperature. The red dashed line
indicates the classical Dulong-Petit limit (224.7 ] mol™ K™").

available. The Griineisen parameter and thermal expansion coefficient were explicitly evaluated using the GIBBS
quasi-harmonic Debye analysis based on the calculated energy-volume data. The Griineisen parameter is
approximately 2.043, while the volumetric thermal expansion coeflicient increases with temperature and reaches
approximately 7.29x 107> K~! at 300 K and 8.69x 10~° K~! at 1000 K. The corresponding equilibrium lattice
parameter increases from 9.840 A at 0 K to approximately 9.889 A at 300 K and 10.076 A at 1000 K, confirming
progressive thermal expansion of the cubic lattice. Although the calculations were extended up to 1000 K to
illustrate the overall thermodynamic trends, the quasi-harmonic Debye approximation is expected to be most
reliable at low and moderate temperatures. At elevated temperatures, the decrease in the Debye temperature
and bulk modulus, together with the increasing thermal expansion, indicates progressive lattice softening and
enhanced anharmonic sensitivity. However, explicit higher-order phonon-phonon interactions, mode-resolved
phonon lifetimes, thermal disorder, defect formation, and magnetic fluctuations are not captured by the present
treatment. Therefore, the high-temperature results should be interpreted as quasi-harmonic estimates rather
than a complete anharmonic description. Beyond intrinsic lattice thermodynamics, the operating stability of a
real device can be strongly affected by defects, interfaces, carrier trapping, and temperature-dependent electrical
transport. Defect-passivation strategies have recently been shown to suppress Fermi-level pinning and produce
temperature-immune electrical operation in field-effect devices®!. Although the underlying material and device
architecture differ from K;WClg, this result emphasizes that defect chemistry and thermal transport must be
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considered when translating calculated bulk properties into device performance. Since defect formation energies,
defect-assisted transport, surface degradation, and finite-temperature electrical stability were not evaluated
here, the predicted functionality of K,WCls should be verified through defect calculations and temperature-
dependent experimental measurements.

Conclusion

A comprehensive first-principles study of lead-free K,WCls was performed using FP-LAPW calculations within
GGA +U and GGA + U+SOC. The compound is structurally, mechanically, and dynamically stable in the cubic
Fm-3 m phase, with an optimized lattice parameter of 9.84 A and a bulk modulus of 48.06 GPa. GGA +U
predicts a robust half-metallic ferromagnetic ground state with a total magnetic moment of 2.00 uB/f.u., stable
over U=4-8 eV. Ferromagnetic ordering is energetically preferred over the AFM and NM configurations.
Inclusion of SOC strongly modifies the W-t2g-derived states, yielding a magnetic-semiconducting solution
within GGA + U+SOC, whereas TB-mB]J +SOC predicts a highly spin-polarized metallic state, highlighting
the sensitivity of the relativistic electronic structure to the exchange-correlation treatment. K,WCls also
exhibits strong ultraviolet optical absorption and marked spin-dependent optical and transport responses.
Thermoelectric calculations predict increasing performance with temperature, with ZT reaching about 0.241
at 900 K at the intrinsic Fermi level and larger model-dependent values under optimized chemical potential.
Phonon calculations show no imaginary modes, while the thermodynamic analysis indicates normal thermal
expansion, lattice softening, and decreasing Debye temperature with increasing temperature. Overall, K,WCls
emerges as a promising lead-free multifunctional material for spintronic, UV-optoelectronic, and high-
temperature thermoelectric applications. Experimental synthesis and characterization are required to validate
the predicted relativistic electronic phase and transport properties.
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