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KBiz, a recently explored non-layered cubic compound, offers a distinctive platform beyond conventional
van der Waals-type materials due to its intriguing physical characteristics. In this study, we conduct
a comprehensive first-principles density functional theory (DFT) investigation of its structural, elastic,
electronic, thermodynamic, and optical properties to establish its potential for optoelectronic
applications. The computed elastic constants satisfy Born stability criteria, and complementary
mechanical indicators—including Pugh's ratio, Poisson's ratio, and Cauchy pressure—confirm the ductile
and mechanically stable nature of KBis. The electronic band structure and density of states demonstrate
metallic behavior with finite states at the Fermi level, accompanied by anisotropic energy dispersion that
reflects variation in carrier effective mass along different crystallographic directions. Thermodynamic
analysis within the quasi-harmonic Debye model predicts a relatively low Debye temperature, moderate

melting point, and reduced lattice thermal conductivity, suggesting limited heat transport. Meanwhile,
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strong absorption spanning the visible-ultraviolet range, underscoring the compound’s metallic character

DOI: 10.1039/d5ra07125a and multifunctional optical response. These findings provide the first detailed theoretical framework for
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1 Introduction

The search for novel intermetallic compounds with multifunc-
tional physical properties has gained significant momentum in
recent years due to their wide-ranging applications in opto-
electronic, thermal, and photonic technologies. Among these,
bismuth-based materials have attracted exceptional interest
because of their heavy-element electronic structure, strong
spin-orbit coupling, and unique lattice dynamics, which
together enable tunable electronic, thermal, and optical
behaviors.” Compounds containing bismuth often exhibit
metallic conductivity, low lattice thermal conductivity, and high
infrared reflectivity, features desirable for energy-efficient
coatings, infrared mirrors, and next-generation photonic
devices.®® Despite substantial progress in understanding Bi-
based systems such as SrBi3, BaBi;, LaBi3, and KBi,, the newly
discovered KBiz compound, crystallizing in the AuCus-type
cubic structure, remains largely unexplored from a theoretical
standpoint.>**® A systematic first-principles study of KBij; is
therefore essential to uncover the microscopic origins of its
mechanical stability, metallic behavior, and optical response,
thereby expanding the fundamental understanding of alkali-
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KBiz and highlight its promise as a candidate material for advanced optoelectronic device technologies.

bismuth intermetallics and guiding their potential integration
into advanced optoelectronic applications.

The selection of KBi; for this investigation is driven by its
distinct structural and electronic characteristics compared to
other members of the Bi-based intermetallic family. Unlike KBi,
or RbBi,, which crystallize in the Laves phase structure and
exhibit conventional metallic bonding, KBi; adopts a non-
layered AuCus-type cubic framework, a configuration rarely
observed among alkali-bismuth systems.>*® This structural
uniqueness arises from the three-dimensional K-Bi network,
which allows for enhanced orbital hybridization and aniso-
tropic carrier transport, properties that are often associated
with functional metallic materials suitable for infrared reflec-
tive and optoelectronic applications.”'*'* Furthermore, high-
pressure synthesis and machine-learning-assisted crystal
discovery have recently enabled the identification of KBi; as
a stable phase with unusual diffraction signatures and potential
for exotic physical behavior.” However, despite its experimental
recognition, no comprehensive theoretical study has yet
explored its elastic, electronic, thermodynamic, or optical
properties, leaving a critical gap in understanding its structure-
property correlations. Therefore, the present work aims to
provide the first integrated first-principles framework for KBi3,
clarifying how its atomic arrangement governs its mechanical
robustness, metallic conductivity, and multifunctional optical
performance.
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In light of these considerations, the present study delivers
a comprehensive first-principles analysis of KBiz;, addressing
the absence of theoretical data on its mechanical stability,
electronic band characteristics, thermodynamic response, and
optical behavior. By integrating density functional theory (DFT)
with the quasi-harmonic Debye model and optical response
calculations, this work provides a multidimensional under-
standing of KBi; that extends beyond prior studies on related Bi-
based intermetallics.>**™ The investigation also aligns with
recent advances in data-driven materials discovery and high-
throughput DFT simulations, which have accelerated the
identification of new compounds for optoelectronic and energy
applications.”*>'® Recent research highlights that metallic Bi-
based frameworks can exhibit low lattice thermal conduc-
tivity, high reflectivity, and strong absorption in the visible-UV
range, properties that are central to the design of infrared
coatings, thermal barrier materials, and photonic devices.'****”
Therefore, elucidating the structure-property—-function corre-
lations of KBi; not only fills a major knowledge gap but also
contributes to the broader understanding of alkali-bismuth
intermetallics as potential multifunctional materials for next-
generation optoelectronic and energy-efficient technologies.

2 Computational methodologies

The full-potential linearized augmented plane wave approach
with local orbitals (FP-LAPW+lo), as implemented in the
WIEN2k software package,'® was used in this study's computa-
tions within the context of density functional theory (DFT). The
generalized gradient approximation (GGA) contained in
WIEN2k was parameterized using the Perdew-Burke-Ernzerhof
(PBE) method for structural optimization.'*** The muffin-tin
radii (RMT) were determined to be 2.5 a.u. for the K atom and
2.5 a.u. for Bi. The plane wave cutoff value RK . Was set at 8.0 to
guarantee accurate results; R stands for the smallest RMT, and
Kmax is the reciprocal lattice vector's maximum modulus. Using
a dense 21 x 21 x 21 Monkhorst-Pack k-point mesh without
shifting, Brillouin zone integrations were carried out. The
energy and charge convergence criteria were established at 10 *
Ry and 0.001e, respectively. The CASTEP code*' was employed to
calculate the phonon dispersion and elastic constants. For
these calculations, the first irreducible Brillouin zone (BZ) was
sampled using a 12 x 12 x 12 Monkhorst-Pack k-point grid,
and a plane-wave cutoff energy of 450 eV was applied for the
KBi; compound.

The energy-dependent optical constants were computed by
evaluating the electronic transition probabilities between
various energy bands. The imaginary part of the complex
dielectric function, denoted as &,(w), was derived using the
momentum matrix elements between the occupied and unoc-
cupied electronic states within the valence and conduction
bands, respectively. This was accomplished using the formula-
tion implemented in CASTEP and is expressed as follows:

2e*T
.QSO

£(w) = AR,

kv,

— E} — ho) (1)
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Here, e is the elementary charge, ¢, is the permittivity of free
space, and 7 is the reduced Planck constant. 2 denotes the unit
cell volume, while w is the angular frequency of the incident
electromagnetic radiation. The symbols ¥ and v represent the
conduction and valence band wavefunctions at a given k-point,
respectively. The term # denotes the unit vector along the
polarization direction of the incident electric field, and r is the
position operator appearing in the dipole transition matrix
element (y¢|a-r|yy). The Dirac delta function 6(E; — Ej — fiw)
ensures conservation of energy during optical transitions.

The real part of the dielectric function, ¢;(w), was obtained
from ¢,(w) via Kramers-Kronig transformations. While &;(w)
describes the material's electric polarization response, ¢,(w) is
directly related to the optical absorption characteristics.”>*
Once ¢&(w) and ¢&y(w) are determined, other frequency-
dependent optical parameters—such as refractive index,
extinction coefficient, reflectivity, and absorption coefficient—
can be systematically calculated. This methodology has been
widely validated and employed in numerous previous studies
for the accurate prediction of the optical properties of crystal-
line materials.>*?*

The Gibbs2 (ref. 29) software employs a quasi-harmonic
Debye model to calculate the equilibrium state for a given
pressure and temperature (p, T) is determined, other thermo-
dynamic properties can be calculated using the corresponding
equilibrium volume in the relevant thermodynamic formulas.
For example, bulk modulus (B), Debye temperature (fp), heat
capacities (C, C,), and volumetric thermal expansion coefficient
(@).

For an isotropic solid, the Debye temperature 6, is expressed
as:*

eD:% 6m2Vn| *f(o) % @)

where 7 is the reduced Planck’'s constant, kg is the Boltzmann
constant, V is the molecular volume per formula unit, and n
represents the number of atoms per formula unit. The term f{o)
is a function of Poisson's ratio (¢) that accounts for the mate-
rial's elastic anisotropy, Bs denotes the adiabatic bulk modulus,
and M is the molecular mass per unit cell and f{o) is given by***>

3 34 -
2. 140\2 1.14+0)\2
UG 3|:2(3 1—20) +(§ 1—0)

Since By measures the compressibility of the crystal for fixed
quantum state populations, it can be approximated by the static
compressibility. The static compressibility is given by:*

1
3

(3)

d*E(V)

Bo=B(V)=V=g5" (4)

The heat capacities, C, and C;, are given as follows:*

Cyiv = 3nk {41) (0—D> _ 36/T } (5)

T efn/T — ]
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Cp,vib = Cv,vib(l + d.‘YT) (6)

Finally, the thermal expansion («) is given by:

'YCv.vib
= 7
BrV )

here, the subscripts v is for volume, p is for pressure, vib for
vibrational, T for temperature. and,

Cyvib = Vibrational heat capacity at constant volume, derived
from the Debye model. C, i, = Vibrational heat capacity at
constant pressure, incorporating thermal expansion. vy = Grii-
neisen parameter. By = Isothermal bulk modulus, representing
resistance to volume change under isothermal compression.

3 Results and analysis
3.1 Structural and mechanical properties

The intermetallic compound KBij crystallizes in a cubic struc-
ture with the Pm3m space group, which is centrosymmetric.
Each unit cell contains one formula unit, totaling 4 atoms. In
this structure, K atoms occupy the 1a Wyckoff position at (0.0,
0.0, 0.0), while Bi atoms are located at the 3¢ Wyckoff sites with
coordinates (0.5, 0.0, 0.5): (0.5, 0.5, 0.0) and (0.0, 0.5, 0.5),
respectively. The equilibrium lattice parameters and total
energy were obtained through optimization using the Murna-
ghan equation of state:*

3

2
9V, B, 7o\3 ,
16 (7) B

E(V)=E)+

2

The calculated lattice parameters, summarized in Table 1,
are compared with both available experimental data and
previously published theoretical results. A good agreement is
observed in both cases, validating the reliability of our
approach. The equilibrium crystal structure of KBi; is shown in
Fig. 1.

We determined the compound's cohesive and formation
energies to confirm its thermodynamic stability even though it
had been created experimentally. The formation energy AE; of

Table 1 Calculated lattice constant a (in A), equilibrium volume V
(in A% of the unit cell, minimum total energy Eo (in eV), formation
energy A (in eV per atom), Cohesive energy Eop (in €V per atom) of
KBiz is compared with the previously reported theoretical value

Phase a %4 E, AE;¢ Econ Ref.
KBi; 4.7123 104.64 —1233.54 —1.93 —3.45 This®
KBi; 4.7638 108.11 — — — 2

“ Refers to our theoretical investigation.
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Fig. 1 Optimized equilibrium crystal structure of KBis.

KBi; at the ground state was calculated using the following
expression:****

AE(KBiy),, — E o (KBi3)p, — i?s(K) — 3E,(Bi) o)

where, E,(KBi3)s, is the total energy of KBi; per formula unit
and E4(K) and E4(Bi) represent the total energy of single atomic
elements of K and Bi atoms, respectively.

Additionally, the cohesive energy (E.,n) was calculated by
using the following expression:**

_Ewt(KBi;;)fu —ng E(K) — np; E(Bi)
ng + ngj

Eeon = (10)
where, E.(KBi3)s, is the total energy of KBi; per formula unit
and the terms ng and ng; denote the number of K and Bi atoms
in the unit cell. The calculated values of the formation energy
and cohesive energy of the KBi; compound are presented in
Table 1. The negative values confirm the thermodynamic
stability of KBi3, indicating that the compound is energetically
favorable for synthesis under equilibrium conditions.

Understanding the structural integrity of crystalline mate-
rials requires an understanding of elastic stiffness constants.
These constants offer vital information about how a crystal
reacts to external mechanical stresses in addition to describing
the mechanical and dynamical behavior of solids. As a result,
they are essential for determining the mechanical strength of
a material.’’ For cubic crystal systems, three independent
elastic constants exist:**3° C;;, C;, and C4. The elastic
constants of KBi; that we determined during this investigation
are shown in Table 2. The elastic moduli were then calculated
using these constants. The determined elastic constants must
meet the Born mechanical stability requirements in order to
ensure mechanical stability*® (C1; > 0, C1; — C15 > 0, C44 > 0, (Cqy
+2Cjy,) > 0). All of these requirements are met by our calculated
elastic constants, demonstrating the mechanical stability of
KBis.

RSC Adv, 2025, 15, 49165-49177 | 49167
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Table 2 Calculated elastic constants C;; (in GPa), bulk modulus B (in GPa), shear modulus G (in GPa), Young's modulus Y (in GPa), Pugh's ratio B/
G, poisson ratio v, Cauchy pressure Cp, Kleinman parameter { and machinability index umfor KBiz compound compared with related Bi-based

intermetallic compounds

Compounds Ci1 Cia Cya B G Y B/G v Cp 4 v Ref.
KBi; 70.30 45.60 20.00 53.80 16.40 44.80 3.28 0.36 25.60 0.75 2.69 This®
KBi, 32.54 24.02 6.60 26.86 5.54 15.54 4.85 0.41 8.52 0.89 4.07 9
RbBi, 50.93 20.74 17.81 30.80 16.73 42.37 1.85 0.27 30.19 0.57 1.73 9

“ Refers to our theoretical investigation.

The polycrystalline elastic parameters bulk modulus (B),
shear modulus (G), and Young's modulus (Y) were computed
using the Voigt-Reuss-Hill (VRH) averaging scheme:*****

B=Bu=(Bx+ B)/2 } (11)

and G = Gy = Gr + G,/2

The following expression was then used to compute Young's
modulus (Y) and Poisson's ratio (v) using the determined bulk
modulus (B) and shear modulus (G):**

9GB
3B+ G
3B-2G
2(3B+ G)

and v =

A lower shear modulus (G) value in comparison to the bulk
modulus (B) (Table 2) indicates that the shear modulus is the
main determinant of the material's mechanical stability.
Young's modulus (Y) is the ratio of tensile stress to strain,
quantifies how resistant (stiff) an elastic material is to changes
in length.*>*¢ This modulus also serves as an indicator of the
material's thermal shock resistance. The material's resilience to
thermal shock is also indicated by this modulus. The Pugh's
ratio B/G,**® is frequently used to describe whether a material is
brittle or ductile where the bulk modulus (B) shows resistance
to fracture, the shear modulus (G) represents resistance to
plastic deformation.* A material is considered ductile if B/G >
1.75, and brittle otherwise.*® According to Pugh's criterion, KBi;
with a B/G ratio of 3.28 is categorized as ductile, showing
comparable behavior to KBi,,” whereas RbBi, (ref. 9) indicates
relatively lower ductility. A crystalline substance's bonding
nature is also connected to Poisson's ratio (v). The usual range
of v for solids subject to central forces is 0.25 to 0.5.>' A
significant ionic character in its bonding is implied by the
computed Poisson's ratio of 0.36, which also shows that KBi; is
ductile and contains central forces. A particular elastic
constant's difference from another is known as the Cauchy
pressure, or Cp, (C15,-Cy44).** A ductile character is indicated by
a positive Cp value, whereas brittleness is indicated by a nega-
tive value. According to this criterion, KBi; has a ductile nature,
with KBi; more ductile than KBi, yet marginally less ductile
than RbBi,.° The internal strain parameter, also known as the
Kleinman parameter ({), is another crucial mechanical param-
eter that we assessed. It is computed using the formula and

49168 | RSC Adv, 2025, 15, 49165-49177

measures a material's propensity for bond bending as opposed
to bond stretching:*®

Ci +8Cp,

<= 7Cnh +2Cy

(13)

This dimensionless parameter usually has a value between
0 and 1. Bond bending is more advantageous when the value is
close to 1, whereas a value close to 0 indicates that bond
stretching predominates. The calculated { value for KBi; was
0.75, indicating that bond bending plays a significant role in the
compound's elastic response. This value lies between that of
KBi, and RbBi,,” suggesting that the bond-bending contribu-
tion in KBi; is more pronounced than in RbBi, but somewhat
less dominant compared to KBi,. The machinability index (uy)
measures a solid's machinability by showing how easily it can
be machined with cutting or shaping tools. The ease or difficulty
of cutting, molding, or otherwise transforming the solid into
different forms is estimated by this index. A material's
machinability index (uy;) can be written as:**

B

= Cu (14)

MM

Additionally, a solid's plasticity and dry lubricating proper-
ties can be assessed using the machinability index (uy).*** A
greater u; value usually indicates superior dry lubricating
performance, which is typified by reduced friction and
improved plastic deformation capacity. The ratio is another

helpful measure of dry lubricity and flexibility Ci;;' A larger Ci;;
value corresponds to reduced friction, higher lubrication effi-
ciency, and greater plastic strain capacity. Interestingly, KBi,
exhibits superior lubricating properties compared to the closely
related bismuth-based compounds KBi, (ref. 9) and RbBi,.’ The
values of Young's modulus (Y) and the elastic anisotropy
parameter (C;,-C;,) can also be used to assess plasticity;*® lower
values of both Y and C;;-C;, suggest enhanced plasticity.
Among these compounds, KBi; shows higher softness and
ductility compared to KBi, and RbBi,. These results indicate
that KBi; demonstrates excellent softness and ductility, which
are key qualities for the manufacturing of flexible conducting
devices.

Another crucial thermophysical factor that restricts a mate-
rial's use at high temperatures is its melting temperature, or Tp,.
The total bonding strength of solids is also reflected in Ty,.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Bonding energy and melting point are related because stronger
interatomic connections usually take more thermal energy to
break, which raises the melting point of a material. High
bonding energy materials in crystalline solids have higher
melting points, which are indicative of their increased thermal
stability and structural rigidity. Consequently, the melting point
can be used as a proxy for bond strength and general thermal
resistance. Using the empirical equation, one can determine the
melting temperature, Ty,, for KBi3:*

Tm = [553 + (5.91 K GPa "C,,] + 300 (15)

The calculated T, of KBi; is determined to be about 968.5 K,
which is higher than that of KBi, (745.28 K) and RbBi, (853.99K),”
as listed in Table 3. However, as is common with such computer
predictions, this value has a substantial uncertainty of + 300 K.
The anticipated melting point indicates that KBi; has a good level
of thermal stability, albeit the uncertainty range. Although the
compound is stable in ambient settings, its relatively moderate
Tm value suggests that it may tolerate high temperatures, which is
crucial for any optoelectronic device applications.

The Debye temperature (fp), a basic property of crystals, is
intimately associated with a number of important physical
properties of solids, including melting temperature, phonon
specific heat, and lattice thermal conductivity. The temperature
at which all of a solid's vibrational (phonon) modes experience
thermal excitation is known as the Debye temperature. It directly
affects the material's thermal behavior and acts as a vibrational
property indicator. Debye temperature (6p) is also linked to the
material's sound speed and phonon density of states, is crucial in
figuring out the crystal's heat capacity and thermal transport
properties. A characteristic parameter of crystals, the Debye
temperature is defined as follows in terms of mean velocity:*

h( 3n\"*
bp= (=) Va
kB 4’TCVO

where V, is unit cell's volume, 7 is number of atoms in the unit
cell, & is Planck’s constant, and kg is Boltzmann's constant. The
crystal's mean sound velocity, or vy, is given by:**

1/2 1\
”m:E(ﬁ*w)}

The longitudinal and transverse sound velocities, denoted by
v; and v,, respectively, are derived from the following equations
using the shear modulus G, bulk modulus B, and density p:

(16)

17)
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(18)

3B+4G G
W=4/————and v =4 /—
3p P

The calculated #p, of KBij; is 143.72 K, as shown in Table 3 is
higher than that of KBi, (91.05 K) but slightly lower than RbBi,
(147.65 K).® This relatively low 65, indicates a soft lattice and
weak interatomic bonding, which correspond to lower phonon
frequencies and mechanical softness. Thus, the moderate
Debye temperature of KBi; aligns well with its potential as a low-
temperature conductor. The relatively low Debye temperature
and average sound velocities reflect a soft lattice with slow
phonons, which naturally enhances phonon-phonon scattering
and thus suppresses the lattice thermal conductivity.

The Griineisen parameter is a crucial thermophysical char-
acteristic that characterizes the lattice anharmonicity. It is
frequently used to investigate phase transitions involving
volume changes and is essential to comprehending several
basic physical characteristics, including sound absorption, heat
conduction, thermal expansion, and the temperature depen-
dence of elastic behavior. The strength of anharmonic interac-
tions within a crystal lattice can also be inferred from this value.
Low lattice anharmonicity and weak phonon-phonon interac-
tions are indicated by a low Griineisen parameter, which is
advantageous for high lattice thermal conductivity. Stronger
anharmonicity, increased phonon scattering, and therefore
decreased thermal conductivity are suggested by a higher Grii-
neisen value. The following empirical connection can be used to
estimate the elastic Griineisen parameter vy. of KBi; using
Poisson's ratio (v):*>

3(1+v)

Ye = 220-3) (19)

According to Table 3, the elastic Griineisen parameter (v.)
for KBij; is estimated to be 2.23. According to Slack,* the Gri-
neisen parameter is strongly correlated with lattice thermal
conductivity, where higher values of y. suggest enhanced
phonon-phonon scattering and, consequently, reduced
thermal conductivity. The calculated vy, of KBij; is 2.23, which is
lower than that of KBi, but higher than RbBi,,’ as presented in
Table 3. A relatively higher v, value generally reflects stronger
anharmonic lattice vibrations and enhanced phonon scattering,
characteristics that are closely linked to reduced lattice thermal
conductivity—an essential factor governing thermal transport
in crystalline solids." Therefore, the elevated vy, of KBi; suggests

Table 3 Summary of selected thermophysical properties of KBis in comparison with related Bi-based compounds. Listed values including
density p, (in g cm™3), velocitiesv,, v, v (in m s1), melting temperature T, (in K), Debye temperature fp, (in K), Griineisen parameter v, and

minimum thermal conductivity kmin (in W m™ K™%

Compounds p i Ve Vm T [ Ye Kmin Ref.
KBi; 10.57 2842.196 1323.979 1490.873 968.50 143.72 2.23 0.34 This®
KBi, 7.02 2210.12 890.01 1008.71 745.28 91.05 2.75 0.13 9
RbBi, 7.41 2671.59 1497.18 1659.41 853.99 147.65 1.60 0.20 9

“ Refers to our theoretical investigation.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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a favorable lattice dynamic environment that could support
strong electron-phonon interactions, making it a promising
candidate for efficient thermal and electronic transport
applications.

Lattice thermal conductivity (k;), which measures heat
transfer through lattice vibrations under a thermal gradient, is
a crucial metric for evaluating material performance in high-
temperature applications. Thermal barrier coatings (TBCs) are
an example of technologies where this characteristic is essen-
tial. For intermetallic compounds like materials like KBi3, low k;
can be advantageous in maintaining thermal stability and
minimizing thermal losses, while in contrast, high «; is typically
preferred in thermal management systems—such as heat
sinks—for efficient heat dissipation. Due to its moderate
anharmonicity and distinctive thermal transport properties,
KBi; exhibits potential for applications where controlled
thermal conduction is required to enhance device performance
and energy efficiency. To estimate «; as a function of tempera-
ture, Slack's®®* model is used. The expression of «; is as follows:

M,.0p°6

K= A(ye)yznTT (20)
here, 05 represents the Debye temperature, M,, denotes the
average atomic mass, 0 is the cube root of the average atomic
volume, and v, corresponds to the elastic Griineisen parameter.

The factor A(y.) due to Julian' is calculated as

5.720 x 107 x 0.849
2 x(1-0.514/v. +0.228/v.2)

Aly,) = (21)

For intermetallic compounds like KBiz, low can be advan-
tageous in maintaining thermal stability and minimizing
thermal losses, while in contrast, high is typically preferred in
thermal management systems—such as heat sinks—for effi-
cient heat dissipation. Due to its moderate anharmonicity and
distinctive thermal transport properties, KBi3 exhibits potential
for applications where controlled thermal conduction is
required to enhance device performance and energy efficiency.

Fig. 2 shows temperature dependence of the lattice thermal
conductivity thermal conductivity of KBi; showing a decrease
with increasing temperature due to enhanced phonon-phonon
scattering. The calculated «; reaches ~1.16 W m™* K" at 300 K,
indicating low thermal transport efficiency. The large mass
contrast between K (~39 u) and Bi (~209 u) splits vibrational
branches and enhances acoustic-optical phonon scattering. Bi-
dominated low-frequency modes depress sound speeds;
together with an elevated Griineisen parameter (vy.) these
features rationalize the low k) via strong Umklapp scattering. The
lack of a clean acoustic-optical gap in the dispersion facilitates
additional scattering channels, explaining the monotonic decline
of x; and placing KBi; among phonon-damped metallic conduc-
tors suitable for thermal-management coatings.

Minimum thermal conductivity, kni, is the minimum satu-
rating value of a material's thermal conductivity above 0. It is
important to note that k,;, is independent of the presence of
defects inside the crystal. This is due to phonon transport over
larger distances than interatomic spacing and in high
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temperatures being affected by these defects, thereby reducing
the phonon mean free path considerably below this length
scale. Based on Debye's concept, Clarke [84] developed the
formula for determining a compound's minimum thermal
conductivity, kmin at high temperatures:

MO\
kmin:k al = 7
By (napNA)

where, kg represents the Boltzmann's constant, v, is the mean
sound velocity, M is the molecular mass and 7, is the number of
atoms per molecule. The calculated kp;, for KBi; is 0.34 W m ™"
K™' (Table 3), which is higher than that of KBi, and RbBi,,’
indicating relatively reduced phonon scattering in KBi;.
Nevertheless, this value remains significantly lower than the
typical ideal threshold of 1.25 W m ™' K considered for effi-
cient thermal barrier materials."® Low thermal conductivity in
conductors often indicates strong phonon scattering, which
enhances electron-phonon interactions—an important aspect
for optimizing thermal management and improving the
performance of optoelectronic devices.** Thus, the low ki, of
KBi; supports its potential as a phonon-mediated conductor
with efficient lattice vibration damping which enhances elec-
tron-phonon interactions.

(22)

3.2 Phonon dynamics

In crystalline materials, phonon characteristics are essential. In
the Brillouin zone, the phonon dispersion spectra show how
phonon energy changes along high-symmetry directions with
the wave vector (g). Moreover, the phonon density of states
(DOS) and the electron-phonon interaction function are closely
connected. Phonon dispersion spectra and phonon DOS have
an impact on a number of material properties, both directly and
indirectly.®® Phase transitions, vibrational contributions to
a material's thermal characteristics, and structural stability are
all revealed by the phonon dispersion spectra (PDS).*® The
phonon dispersion spectra of KBi; along the high-symmetry
directions of the Brillouin zone (BZ) were computed using the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Phonon dispersion curves and corresponding phonon density
of states (DOS) of KBis.

linear response approach based on density functional pertur-
bation theory (DFPT)."**”% The dynamic stability of KBi; is
confirmed by the PDS's lack of negative frequencies near the
gamma point,*” as seen in Fig. 3. Acoustic branches, which
result from the coherent motion of atoms moved out of their
equilibrium positions, are represented by the bottom part of the
dispersion spectrum. The compound's dynamic stability is
further confirmed by the acoustic modes exhibiting zero
frequency at the I" point.®® On the other hand, optical branches
that sustain non-zero frequencies at the I" point make up the
upper part of the dispersion spectrum. The optical character-
istics of crystals are mostly influenced by optical branches. The
absence of a phonon gap between the optical and acoustic
branches further suggests a strong connection between them,
which lowers the lattice thermal conductivity (k). Additionally,
the calculated total and phonon partial density of states (PDOS)
are shown in the right panel of Fig. 3. Acoustic modes, lower
optical modes, and higher optical modes are the three parts that
make up the PDOS. According to the phonon partial density of
states (PDOS), the heavier Bi atom dominates the low-frequency
vibrations whilst the lighter K atoms contribute significantly to
the high-frequency vibrations. In addition to confirming the
dynamical stability of KBi;, the phonon dispersion and DOS
data show how each atomic species contributes differently to
the vibrational dynamics of the material, which in turn affects
its thermal conductivity, heat capacity, and thermal expansion
behavior.** Soft acoustic branches and sizable Griineisen
parameters appreciable anharmonicity, providing
a microscopic origin for the reduced lattice thermal conduc-
tivity and confirming that KBi; remains dynamically and ther-
modynamically stable over the relevant temperature range.

reveal

3.3 Electronic band structure and density of states

Almost all key physical properties of solid materials are gov-
erned by the behavior of valence and conduction electrons,
which in turn is dictated by the electronic energy dispersion

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

Energy, E (eV)

X R r M R
High symmetry points

Fig. 4 Electronic band structure of KBis along high-symmetry direc-
tions in the Brillouin zone.

E(k) throughout the Brillouin zone. This energy variation with
momentum outlines the electronic band structure. We have
calculated the electronic band structure of KBi; based on its
optimized crystal structure. The band dispersion along high-
symmetry paths in the Brillouin zone, as well as the total and
partial density of states (TDOS and PDOS), are shown in Fig. 4
and 5. The Fermi energy, Er, is set at zero in the plots for clarity.
From the band structure, it is evident that several electronic
bands intersect the Fermi level, confirming the metallic nature
of KBi;. The slope of the energy bands with respect to
momentum gives the group velocity of charge carriers.

A finite TDOS at the Fermi level further confirms its metallic
character. Significant hybridization is observed near Ey,
primarily from Bi-6p states, which dominate both the

71— Total
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Fig. 5 Total and partial electronic density of states (DOS) of KBis.
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conduction and valence bands, whereas K states contribute
much less, indicating a more ionic character of K in the lattice.
The relatively weak participation of K atoms may also explain
the observed softness and ductility of KBi;. Several prominent
peaks appear in the TDOS at different energy levels, which are
expected to influence optical transitions and transport
behavior. Notably, the pronounced peak near the Fermi level
highlights the potential of KBi; for electronic and transport
applications.>** Furthermore, its metallic character, combined
with the high reflectivity observed in the optical response,
makes KBi; promising for infrared coatings and optoelectronic
devices.' The low C4, and the hierarchy G <« B indicate facile
shear relative to compression, consistent with Bi-6p-dominated,
delocalized bonding at Er. The PDOS shows minor K weight at
Ey, implying weak K-Bi directionality; this favors bond bending
over bond stretching (Kleinman { = 0.75), a microscopic origin
of the observed softness and ductility. Anisotropic band slopes
near Ep further correlate with direction-dependent shear
compliance and the positive Cauchy pressure, typical of metal-
like bonding that supports plasticity. The high and relatively flat
density of states around Er indicates a large reservoir of itin-
erant carriers, which is favorable for metallic conduction and
underpins the strong Drude-like optical response.

3.4 Thermodynamic properties

Functional materials like KBi; are often subjected to varying
thermal conditions in practical applications. Therefore,
understanding the temperature-dependent behavior of their
thermodynamic properties is crucial for assessing their poten-
tial in device and engineering applications. In this study, the
temperature-dependent thermodynamic properties of KBi; have
been investigated using the quasi-harmonic Debye approxima-
tion (QHDA). This approach is a lattice dynamical model that
allows for the estimation of thermal effects as a function of
temperature by assuming that the harmonic approximation
holds at each volume point, with the lattice constant varying
accordingly. We studied different thermodynamic properties
under 0 GPa pressure and temperatures ranging from 0 to 900
K, without surpassing its melting temperature (Ty,), using the
generalized gradient approximation (GGA).

It is evident from Fig. 6(a) that temperature reduces the bulk
modulus. As temperature rises at various pressures, the bulk
modulus value exhibits a diminishing linear trend. This
behavior aligns with the third law of thermodynamics and is
attributed to the thermal softening of the material's lattice
structure. In this study, the bulk modulus was calculated using
the quasi-harmonic Debye model and the Gibbs2 code (B = 51.2
GPa), agreeing well with the values found while calculating
structural characteristics.

Fig. 6(b) illustrates the variation of heat capacities (C,,) and
(Cy) with temperature at zero pressure. As observed, both (Cy)
and (C,) increase rapidly up to approximately 200 K. Beyond this
temperature, the anharmonic effects on C, begin to diminish,
and it gradually approaches a constant value, the Dulong-Petit
limit® (C, = 3 nR = 99.76785 ] mol 'K '), which is character-
istic of all solids at high temperatures. Similarly, Cp continues
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to increase monotonically beyond 200 K. In the low-temperature
regime, both (C,,) and (C,) follow the Debye T-law, indicative of
phonon-dominated thermal behavior. At higher temperatures,
whileC, levels off near the classical limit, C}, continues to rise
above C,, a divergence primarily attributed to the effects of
thermal expansion under constant pressure. This behavior is
especially pronounced in materials exhibiting significant
thermal expansion. The smooth, monotonic evolution of heat
capacity with temperature, without anomalies, corroborates the
absence of phase instabilities and supports the suitability of
KBij; for operation over a broad thermal window.

Fig. 6(c) shows the variation of Debye temperature (fp) as
a function of temperature at zero pressure. A crucial charac-
teristic of crystals that affects their thermal characteristics is
their Debye temperature (6p). Atoms in a solid vibrate when the
temperature rises above absolute zero. This vibrational
maximum is represented by ¢p, which also indicates the mate-
rial's hardness or rigidity.” The Debye temperature decreases
relatively slowly as temperature rises, as shown in Fig. 6(c). This
decrease reflects the reduction in lattice stiffness due to thermal
vibrations, which is consistent with the corresponding decrease
in the bulk modulus. At zero temp. and ambient pressure the
value of 6y of KBi; is 175.66 K, which agrees well with our
calculated values using elastic constants.

Thermal expansion measurement yields valuable insights
into the interatomic forces present in crystals. Helmholtz free
energy and crystal lattice anharmonicity are related to it.
Thermal expansion is linked to the anharmonicity of the crystal
lattice interaction potential.”” The volume thermal expansion
coefficient «, shown in Fig. 6(d), increases significantly with
temperature, especially above room temperature. This is
indicative of the relatively soft nature of the KBi; lattice,
possibly due to its weak interatomic bonding characteristics.
The thermal expansion behavior is typical for metals and van
der Waals-type layered compounds.

3.5 Optical properties

The optical properties of a material are essential for under-
standing its interaction with incident electromagnetic radiation
and play a critical role in evaluating its suitability for opto-
electronic and photovoltaic device applications. In this context,
the response of a compound across the infrared, visible, and
ultraviolet (UV) regions of the electromagnetic spectrum is
particularly significant. To investigate the optical behavior of
KBiz;, several frequency-dependent optical parameters were
computed, including the real and imaginary parts of the
dielectric function, ¢(w) and &,(w), respectively; the refractive
index n(w); extinction coefficient k(w); the energy loss function
L(w); the real and imaginary parts of the optical conductivity,
o1(w) and ,(w); the reflectivity R(w); and the absorption coef-
ficient a(w). These parameters were calculated for photon
energies up to 14 eV, with the electric field polarization vector
aligned along the [100] crystallographic direction, as shown in
Fig. 7. According to the electronic band structure analysis, KBi;
exhibits a metallic nature. Consequently, it is necessary to
include a Drude-like intraband correction in the optical

© 2025 The Author(s). Published by the Royal Society of Chemistry
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calculations. For this purpose, a screened plasma energy of
10 eV and a Drude damping constant of 0.05 eV were employed,
following established approaches.'®”* The optical parameters of
a material can be derived from its complex dielectric function,
&(w), which is primarily governed by both intraband and inter-
band electronic transitions. In this study, indirect interband
transitions were neglected, as they involve phonon participation
and typically exhibit a significantly lower scattering cross-
section compared to direct transitions, where momentum
conservation does not require phonon assistance.”” Because
KBij; is metallic with Bi-6p carriers, intraband (Drude) processes
dominate at low /w, producing high IR reflectivity (~70%) and
a large static refractive index—desirable for IR-reflective/heat-
shield coatings where radiative heat loss must be minimized.
Unlike semiconductors, the finite DOS at Ey yields low contact
resistance and robust photoconductive response at low photon
energies, making KBi; a practical metallic electrode/flexible
conductor; conversely, the absence of a band gap means

© 2025 The Author(s). Published by the Royal Society of Chemistry

broadband absorption arises from higher-energy interband
transitions rather than a tunable band edge.

Fig. 7(a) illustrates the calculated real (¢;(w)) and imaginary
(e2(w)) parts of the dielectric function. The static dielectric
constant ¢(0), a key optical parameter, is generally inversely
related to the material's band gap. As shown in Fig. 7(a), the
investigated compound demonstrates metallic behavior,
consistent with its electronic band structure and total density of
states (TDOS) (Fig. 4 and 5). Furthermore, the characteristic
metallic response is evident in regions where ¢;(w) becomes
negative, indicating strong reflectivity typical of metals.

The refractive index is a complex optical parameter defined
as N(w) = n(w) + ik(w), where n(w) is the real part representing
the phase velocity of light in the material, and k(w) is the
imaginary part, known as the extinction coefficient, which
quantifies the material's attenuation of the electromagnetic
wave. The calculated spectra of n(w) and k(w) for KBi; are pre-
sented in Fig. 7(b). The refractive index attains its maximum at
zero photon energy and gradually decreases with increasing

RSC Adv, 2025, 15, 49165-49177 | 49173
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photon energy. The peak in n(w) typically arises due to elec-
tronic transitions from the valence to the conduction band. A
higher extinction coefficient indicates a stronger light absorp-
tion capability. Notably, KBi; exhibits a high refractive index at
low photon energies, particularly within the infrared to visible
regions, which has significant practical implications. Materials
with high refractive indices are highly desirable for applications
in optoelectronic display devices and light-emitting
technologies.

Reflectivity, another crucial optical parameter, is important
for evaluating the potential of a material as a coating in various
optical applications. The reflectivity spectrum of KBij3, displayed
in Fig. 7(c), spans the energy range of 0 to 14 eV. Interestingly,
KBi; exhibits high reflectivity in the infrared region, with
a reflectivity of around 70%. High infrared reflectivity reduces
radiative heat losses, enhancing thermal insulation and
stability in optoelectronic devices."

The absorption coefficient provides insights into the solar
energy conversion efficiency of a material and also reflects its
electronic nature—whether metallic, semiconducting, or insu-
lating. As shown in Fig. 7(d), KBi; exhibits significant absorp-
tion beginning from zero photon energy. The initial optical
absorption is attributed to free electron transitions within the
conduction band. A prominent absorption peak occurs at
approximately 7.50 eV. This is followed by a sharp decline near
12.0 eV, which corresponds to the energy loss peak.

The photoconductivity spectrum, shown in Fig. 7(e), begins
at zero photon energy, confirming the metallic character of
KBiz;. As photon energy increases, the compound's

49174 | RSC Adv, 2025, 15, 49165-49177

photoconductivity rises to its maximum, then steadily falls as
energy climbs further, tending to zero at about 14 eV.

The energy loss function L(w), shown in Fig. 7(f), is associ-
ated with the energy loss of fast electrons traversing the mate-
rial and provides information on plasmonic excitations. It is
also closely related to the material's absorption and reflection
behavior. The loss spectrum reflects collective charge oscilla-
tions (plasmons) induced by photon absorption. The peak in
L(w) appears at 12.4 eV, representing the bulk screened plasma
frequency of the material. This sharp peak indicates a sudden
drop in both reflectivity and absorption (see Fig. 7(c) and (d)).
Above this energy, KBi; becomes transparent and shifts its
optical response from metallic to dielectric. The plasmon
energy corresponds to the energy at which the real part of the
dielectric constant &, (w) crosses zero, as shown in Fig. 7(a). The
onset and magnitude of the optical absorption correlate well
with the interband transitions identified in the band structure,
ensuring that the main loss channels can be directly linked to
specific electronic states.

The metallic character of KBi3;, dominated by Bi-6p states at
the Fermi level, governs both its mechanical and optical
responses. The continuous density of states at Er ensures a high
density of free carriers, producing Drude-type intraband tran-
sitions that yield high infrared reflectivity and large static
dielectric response—attributes required for infrared mirrors
and heat-shield coatings. In contrast to semiconductors, where
a band gap limits carrier availability, the metallic KBi; enables
efficient electron transport and minimal contact resistance,
suggesting its utility as a flexible metallic electrode or inter-
connect material in optoelectronic modules. Furthermore, the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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non-directional metallic bonding between K and Bi underlies its
ductility and mechanical flexibility, important for deformable
coating layers that can withstand operational stress.

4 Conclusion

In this work, we have performed a comprehensive first-
principles investigation of the structural, elastic, electronic,
thermodynamic, phonon, and optical properties of cubic KBi;
to evaluate its suitability for advanced functional applications.
The optimized lattice parameters are consistent with available
data, confirming the reliability of our theoretical approach. The
mechanical analysis reveals that KBi; is mechanically stable and
exhibits notable softness and ductility, supported by its low
elastic moduli, high B/G ratio, positive Cauchy pressure, and
high machinability index. These features suggest good
mechanical flexibility and ease of processing, making the
compound promising for flexible electronic components and
deformable metal contacts. Thermodynamic modeling predicts
a relatively low Debye temperature, moderate melting point,
and low lattice thermal conductivity, indicating a soft lattice
with enhanced phonon scattering mechanisms. These charac-
teristics are beneficial for thermal-management coatings and
phonon-coupled optoelectronic systems. The electronic band
structure and density-of-states analyses confirm metallic
behavior dominated by Bi-6p states at the Fermi level, implying
high carrier mobility and suitability for plasmonic, low-
resistance interconnect, and metallic electrode applications.
The optical spectra demonstrate strong reflectivity in the
infrared regime, a high refractive index, and pronounced
absorption across the visible-UV range. These distinctive optical
responses highlight the potential of KBij; for infrared-reflective
coatings, radiative heat-shielding materials, photonic devices,
and high-frequency electromagnetic applications. The phonon
dispersion calculations show no negative frequencies, con-
firming dynamical stability and reliable vibrational behavior.

Overall, this study provides the first complete theoretical
understanding of KBi; and identifies it as a promising multi-
functional metallic material with technological potential in
flexible electronic contacts, plasmonic systems, infrared-
shielding coatings, thermal-management layers, and broad-
band optoelectronic and photonic devices. Experimental
synthesis and device-scale testing are encouraged to further
validate and exploit these properties.
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