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This study presents a refined approach to computing the electronic structure of indium antimonide (InSb) using
advanced ab initio techniques with the In and Sb 44'® semicore electrons included in the valence states. These
states are modeled using fully relativistic projector augmented waves (PAW) and optimized norm-conserving
Vanderbilt (ONCV) pseudopotentials. However, standard Kohn-Sham density-functional theory (DFT) calcu-
lations with these pseudopotentials often produce nonphysical band inversions and incorrect band gaps at
the I point because of 5p-4d repulsion and self-interaction errors (SIE). To resolve these issues, we apply
a combination of hybrid Heyd-Scuseria-Ernzerhof (HSE) exchange-correlation (XC) functionals, many-body
perturbation theory (MBPT) via quasiparticle GoWy, and DFT + U, significantly improving the accuracy of
the band structure over previous studies. A Bayesian optimization framework is used to refine key parameters,
including the inverse screening length (%) and Hartree-Fock (HF) exchange fraction () in HSE-based XC
functionals, as well as the Hubbard U parameters in DFT + U, leading to significantly improved band structure
predictions. This approach yields highly precise band gaps, bulk moduli, effective masses, Luttinger parameters,
valence bandwidth, and 4d band positions, achieving unprecedented agreement with experimental data. The
resulting model resolves a long-standing incomplete description of InSb’s electronic band structure and provides
a transferable computational framework for accurate electronic structure predictions across diverse material

systems, offering valuable insights for future electronic, optoelectronic, and quantum applications.
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I. INTRODUCTION

Indium antimonide (InSb), a key representative of zinc-
blende (ZB) III-V semiconductors, crystallizes in a face-
centered cubic (FCC) structure with space group F43m. It
has attracted significant interest because of its exceptional
electronic properties. InSb has a direct band gap and has
the smallest band gap (0.17 eV at 300 K, 0.23 eV at 0 K)
among all binary semiconductors, along with high electron
mobility, small effective masses, long mean-free-path, large
Landé g-factor, gate-tunable Rashba spin coefficients, and ro-
bust spin-orbit coupling (SOC) [1,2]. These unique properties
make InSb a foundational material for next-generation semi-
conductor and spintronic devices and for applications such
as light-emitting diodes, thermal imaging, infrared detectors,
magnetoresistive sensors, Majorana devices, and topological
quantum computing [3-8].

However, despite the potential of InSb, accurately pre-
dicting its electronic band structure remains a formidable
challenge primarily because of strong SOC and the in-
fluence of highly localized semicore 4d'® states. Standard
Kohn-Sham density-functional theory (DFT) [9], a powerful
tool, suffers from well-known limitations when applied to
InSb. The lack of integer (derivative) discontinuity in the
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exchange-correlation (XC) energy (E,.) [10], potential dis-
continuities while altering electron numbers, and self-
interaction errors (SIE) [11] lead to artificial stabilization of
delocalized states, affecting the accuracy of electronic band
structure, resulting in incorrect band ordering and significant
underestimation of the one-electron band gap compared to the
experimental and quasiparticle (QP) ones [12,13].

Recent advances in first-principles electronic-structure
calculations have relied on diverse DFT codes, including
plane-wave-based packages such as Vienna Ab initio Simu-
lation Package (VASP) [14], QUANTUM ESPRESSO [15], and
ABINIT [16], as well as all-electron atomic-orbital codes like
WIEN2K [17]. For III-V semiconductors such as InSb, accu-
rate treatment of semicore states (In, Sb 4d'°) and inclusion of
spin-orbit coupling (SOC) are crucial for predicting band or-
dering and I'-point band gaps [18]. Among pseudopotentials,
the PAW method [19,20] offers near all-electron accuracys;
ultrasoft pseudopotentials (USPP) [21,22] are efficient but
less transferable; and optimized norm-conserving (ONCV)
pseudopotentials [23,24] provide high accuracy with slightly
larger cutoff requirements. Benchmarking studies [25,26]
show that PAW and ONCYV outperform USPP in structural and
spectral predictions. For InSb—with its narrow gap, strong
SOC, and 5p-4d repulsion—fully relativistic ONCV or PAW
pseudopotentials ensure better accuracy. We use QUANTUM
ESPRESSO for its full support of ONCYV, relativistic cor-
rections, and compatibility with our Bayesian optimization
workflow.

©2025 American Physical Society
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A persistent issue in prior studies is the inconsistent treat-
ment of semicore 4d'0 states. Kim et al. [27] investigated
InSb using both VASP and WIEN2K. In their VASP-based
calculations, Sb 4d electrons were treated as core, yielding
band gaps of 0.28, 0.24, and 0.35 eV for HSE06, HSEygq;
(with manually tuned w), and GOWOTC'TC (test-charge—test-
charge), respectively. By contrast, their all-electron WIEN2K
calculation with MBJLDA treated 4d electrons as valence
and yielded a larger gap of 0.26 eV. Although the HSEpgs;
method closely approximates the experimental band gap of
0.235 eV, this plane-wave pseudopotential-based result lacks
a complete and accurate description of semicore valence
states, and results in discrepancies in band dispersion and
effective masses. These differences highlight the need of ex-
plicitly treating semicore states when modeling narrow-gap
semiconductors.

To overcome the limitations of obtaining accurate band
structure with 4d valence states, we employ a combination
of state-of-the-art ab initio methods—including Hartree-Fock
(HF) and DFT-based hybrid Heyd-Scuseria-Ernzerhof (HSE)
functionals, many-body perturbation theory (MBPT) based
QP-GW, and density-functional perturbation theory (DFPT)
based DFT + U. This methodological synergy addresses the
5p-4d level repulsion and self-interaction errors (SIE) ex-
acerbated by strong SOC, which have historically hindered
accurate modeling of InSb. In this work, we explicitly treat
the In and Sb 4d'° states as valence electrons using fully
relativistic PAW and ONCV pseudopotentials. Our approach
delivers the most accurate GoW, band structure reported to
date, surpassing even the recent efforts by Gant et al. [28],
which failed to reproduce the correct band structure and band
gaps of InSb.

Moreover, in this work, we introduce a Bayesian opti-
mization framework integrated with QUANTUM ESPRESSO
[15] to systematically refine key functional parameters—
including the inverse screening length (u) and exchange
fraction () in HSE XC-functionals, as well as the Hubbard
U parameters in DFT + U. Traditional empirical fitting—
based on reproducing experimental band gaps [27]—lacks
first-principles rigor and fails to generalize across chemically
distinct systems or novel materials where no experimen-
tal data are available [29,30]. Alternatively, for Hubbard
U parameters, linear-response methods [31], while formally
grounded in DFT, are computationally intensive and sensi-
tive to the choice of localized projectors, and in the case of
InSb, yield inaccurate band gaps and valence band curvatures
(see Sec. III). In contrast, our approach leverages Gaus-
sian process regression to efficiently explore the parameter
space and iteratively minimize discrepancies with a high-level
GoW, reference, requiring a minimal number of DFT eval-
uations. This data-driven strategy supports multi-parameter
optimization, accelerates convergence, and is tightly coupled
with QUANTUM ESPRESSO, selected for its robust sup-
port of fully relativistic PAW and ONCV pseudopotentials,
open-source availability, and seamless integration with ex-
ternal workflows, including our Python-based optimization
engine.

Unlike earlier studies focused primarily on the band gap
[27,28], our methodology provides a comprehensive and
transferable framework for computing the full band structure

of InSb—including spin-orbit splittings, effective masses, and
Luttinger parameters—while resolving discrepancies related
to semicore state placement and band ordering. It offers a
tractable alternative to many-body methods, delivering high-
fidelity results at a fraction of the computational cost, and is
readily extensible to III-V and II-VI semiconductors relevant
for infrared optoelectronics, spintronic transport, and quantum
information applications.

II. COMPUTATIONAL DETAILS

A. Pseudopotential generation

In our ab initio calculations, we employed both projector
augmented wave (PAW) [19] and optimized norm-conserving
Vanderbilt (ONCV) [23,24] pseudopotentials to balance ac-
curacy and computational efficiency. PAW pseudopotentials
were generated using the Id/.x utility of the QUANTUM
ESPRESSO distribution [15]. These customized potentials
balance the computational efficiency of pseudopotentials with
the accuracy of all-electron calculations, particularly for
elements with strong core-valence interactions. For hybrid-
HSE, GyW,, and DFT + U calculations, we utilized ONCV
pseudopotentials generated using the ONCVPSP code with
the Kleinman-Bylander (KB) approach for optimization
[24]. ONCV pseudopotentials are exceptionally advanta-
geous because of their ability to preserve norm conservation
while offering improved transferability and smoother pseudo-
wave functions compared to traditional norm-conserving
pseudopotentials.

Given the low position of In and Sb in Mendeleev’s pe-
riodic table, it is essential to account for spin-orbit coupling
(SOC) in DFT calculations. We implemented fully relativistic
(FR) SOC in all pseudopotentials. The generalized gradient
approximation (GGA)-based Perdew-Burke-Ernzerhof (PBE)
and its solid-state variant PBEsol XC functionals were incor-
porated using the LibXC library [32].

Table I provides a comprehensive overview of the
pseudopotential parameters for In (4d'°5s5p') and Sb
(4d'°55%5p%), treating their 4d'" semicore electrons as va-
lence states. It includes each element’s pseudopotential type,
XC functional, valence electron configuration (Valence),
maximum core radius (Reoe in a.u.), local potential pro-
jector, nonlocal components, and the plane-wave and charge-
density cutoff energies (E., in Rydberg, Ry). The table
facilitates a comparative understanding of the pseudopotential
parameters for In and Sb, highlighting differences in local
and nonlocal potential treatments across PAW and ONCV
methods with PBE and PBEsol XC functionals.

B. Ab initio DFT, DFPT and MBPT-based G,W,

Ab initio structure relaxations and electronic band structure
computations were performed within the DFT framework us-
ing a plane-wave (PW) basis set and pseudopotentials-based
method as implemented in QUANTUM ESPRESSO. In this
work, all electronic structure and energy gap calculations
were performed at the 300 K experimental lattice constant of
6.479 A, except for the determination of structural parame-
ters (e.g., relaxed lattice constants and bulk moduli), which
were obtained by fully relaxing the lattice geometry. The
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TABLE I. Comparison of pseudopotential (PP) parameters for indium (In) and antimony (Sb) using PAW and ONCV methods with
PBE and PBEsol exchange-correlation (XC) functionals. For each PP type, the table lists the valence electron configuration (Valence), the
maximum core radius (R in a.u.), the form of the local potential *, the nonlocal projector components (with the number of projectors per
angular momentum channel in parentheses), and the minimum wavefunction and charge density energy cutoffs (E.,. in Rydberg, Ry).

PP type XC func. Element Valence config. ?;{f::l?;:n; Local potential * (I:\tf(())rnslc();aé.[;fg 6;_) Vzii:e(flgr}l/(): Cha;i? (dRe;l)s 1ty
PAW PBE In 4d'0 552 5p! 1.90 AE potential s(1), p(2), d(2) 41 163

Sb 4419 552 5p3 2.10 AE potential s(1), p(2), d(2) 43 171
ONCV PBE In 4d'0 552 5p! 2.35 AE potential s(2), p(2), d(2) 65 262

Sb 4d'0 552 5p3 2.40 AE potential s(2), p(2), d(2) 73 290
ONCV  PBEsol In 441 557 5p! 2.35 AE potential s(2), p(2), d(2) 66 265

Sb 4d'° 552 5p° 2.40 AE potential s(2), p(2), d(2) 75 295

“In ONCV pseudopotentials, the local potential is constructed as a smooth polynomial continuation of the all-electron potential, rather than

being derived from a specific angular momentum channel.

quasiparticle GoW, calculations are done using the BERKE-
LEYGW distribution [33].

Brillouin-zone (BZ) integrations were executed using
I'-centred k-point meshes. Self-consistent field (SCF) cal-
culations for determining the ground state charge density,
equilibrium lattice constants and bulk moduli, an 8 x 8 x 8 k-
point grid was used, yielding 29 irreducible k points in the first
BZ. In SCF calculations, Gaussian smearing with a smear-
ing width of 0.005 Rydberg is used. For non-self-consistent
field (NSCF) calculations, a denser 16 x 16 x 16 k-point grid
was employed to obtain more accurate eigenvalues and im-
prove the resolution of the band, particularly near the Fermi
level. No symmetry operations are used in all calculations
to ensure accurate band structure results. We also extended
this approach by not considering time-reversal symmetry
(k — —k), thereby treating the full 8 x 8 x 8 BZ mesh to en-
compass all 512 k points as distinct and desymmetrizing the
charge density, enhancing our computational results’ preci-
sion. The band structures £ (k) were computed on a discrete k
mesh along high-symmetry directions, i.e., from the BZ center
I" (0,0,0)to X (0.5,0.0,0.5), W (0.50, 0.25, 0.75), L (0.5, 0.5,
0.5), T', and K (0.375, 0.375, 0.750) in crystal units. A fixed
occupation is used to manage electron occupation in NSCF
and band structure calculations.

For hybrid-HSE functional based calculations, the non-
local Fock exchange term was evaluated on a I'-centered
4 x4 x4 g-point mesh, which ensures adequate convergence
of the screened exchange interaction in reciprocal space.
Eigenvalues of the hybrid HSE and GoW; band structures
are interpolated using the WANNIER90 code [34]. Given the
similar orbital character of the states near the band gap of
InSb, we focus on Wannierizing only the eight highest oc-
cupied and six lowest unoccupied bands around the band
edges, employing sp? initial projections. SOC corrections are
applied to the interpolated bands for each eigenenergy &,
and are subsequently interpolated using maximally localized
Wannier functions (MLWFs), following the method described
by Malone and Cohen [18].

The linear-response Hubbard U values were computed us-
ing the hp.x [35] module of QUANTUM ESPRESSO, which
implements linear response theory (LRT) within DFPT. It
computes the response of localized atomic occupations to
on-site potential shifts, yielding a formally ab initio estimate

of U. In this approach, the interacting () ) and noninteracting
(x°) susceptibilities are evaluated self-consistently in a super-
cell using DFPT, without relying on total-energy derivatives.

C. Bayesian-optimized methodological workflow

Recent advances in machine learning for electronic-
structure theory have begun to reshape how DFT and its
core components are developed. Notably, MICROSOFT RE-
SEARCH’s “Al for Science” recently introduced the SKALA
framework, an accurate and scalable deep-learning surrogate
for exchange-correlation (XC) functionals trained on high-
level quantum chemical data [36]. While SKALA represents
a significant step toward end-to-end learned functionals, our
work focuses on a complementary direction: the optimization
of existing DFT-based approaches through Bayesian surrogate
modeling [37]. Specifically, we present an advanced compu-
tational workflow that integrates Hartree-Fock (HF) and DFT-
based hybrid-HSE XC functionals, Hubbard-corrected DFT +
U methods, many-body perturbation theory (MBPT)-based
GoW, calculations, and machine-learning-based Bayesian op-
timization techniques [37-39]. The essential computational
steps are summarized below:

(1) Hybrid (HF+DFT) calculations using HSEQ6.

(2) Many-body perturbation theory (MPBT) based single-
shot quasiparticle (QP) GyW; calculations from HSEO06
“starting-point” (reported as GoWy @HSEQ6).

(3) Bayesian optimization [37-39],
GoWy@HSEO06 as the reference, to optimize:

(a) screening parameter (i) in HSEq¢reen,
(b) exchange fraction (&) in HSEsolygmix,
(c) effective Hubbard U parameters for DFT 4+ U.

(4) Modified hybrid-HSE calculations (HSEgceen, and
HSEsolypmix) using parameters (¢ and o) optimized in the
previous BO step.

(5) DFT + U calculations with U optimized in step (3)(c).

Figure 1 visually consolidates these steps into an integrated
pipeline, highlighting how Bayesian optimization connects
GoWy, hybrid-DFT, and DFT + U calculations to refine key
parameters and improve predictive accuracy. All functionals
and methods employed are detailed in Sec. I D.

The self-developed Bayesian optimization algorithm em-
ploying a Gaussian Process model with a Matern-5/2 kernel

utilizing
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FIG. 1. Schematic workflow of the computational methodology.
Legend: “DB” (blue cylinder with red outline) refers to an internal
database storing HSE and GyW, reference data. Solid arrows de-
note standard computational flow; purple arrows represent parameter
or data retrieval from the DB; red arrows indicate data flow from
prior ab initio calculations, which are then fed forward for use in
generating final figures of merit (FOM) in the evaluation block.
Rounded-cornered rectangles represent individual ab initio calcula-
tions; light brown rectangles represent optimized parameters [e, {1,
U(1D,2D)] extracted from Bayesian optimization (BO). Color code:
pale yellow, first-principles calculations; light green, BO block; yel-
low, evaluation and comparison stage. The diagram summarizes five
main components: (i) Hybrid-DFT block begins with HSE06 and also
contains its two variants (HSEgcyeen, HSEsOlyryiy ). (1) Quasiparticle
(OP) GoWy calculations, based on HSE06 wavefunctions, serve as
the reference to guide BO of hybrid and DFT 4 U parameters. (iii)
Bayesian optimization refines the parameters g, o, and Ug. (iv)
DFT + U calculations use the optimized U parameters. (v) Final
predictions yield key figures of merit: structural, electronic, and
transport properties.

combined with a WhiteKernel to account for observa-
tional noise was used to optimize parameters and establish
agreement with GoW, @HSEOQ6 results. The optimization pro-
cess was fully automated, dynamically adjusting acquisition
functions to balance exploration and exploitation. For Ker-
nel and model details see Sec. S2 within the Supplemental
Material (SM) [40] (see also Refs. [41-45] therein). The
optimization is captured by the objective function f(x),

defined in
F0) = ar (ER" — E;™)? + ay(AExy . (1)

Here, E denotes the band gap, and A&y, the eigenvalues’
variation across the 3D Brillouin zone (BZ) as defined in [46],
is shown in

Ny Ny

1 . .
A= |52 D (Ekliil - Elu ki)’ @

i=1 j=1

The variable x in f(x) represents the parameters being op-
timized (@, a, or U), aligning the reference (GoW, @ HSE06 as
Ref.) and target (HSEgcreen, HSESOlypmix, DFT + U as Targ.)
calculations.

The optimization variables were treated as continuous pa-
rameters, each defined over a physically meaningful search
space (typically [—10, 10] eV), distinct from the energy
window used to evaluate band eigenvalues. This continuous-
domain treatment enables fine-grained optimization using
Gaussian process surrogates.

The weights a; and a, in the objective function act as
hyperparameters to balance the influence of the band gap
and band dispersion curvature in the optimization process.
We adopted a; = 0.75 and a, = 0.25, prioritizing the band
gap because of its critical role in determining optical and
transport properties, while still ensuring reasonable agreement
in the shape of the overall band structure. This adjustment is
rationalized by the sensitivity of specific atomic orbital contri-
butions: increasing the weight of the band gap term (a;) tends
to make the optimized U values for Sb-5p states less negative,
while those for In-5p states remain largely unaffected. Since
the top of the valence band is primarily dominated by Sb p-
orbitals, correcting these states plays a particularly important
role in accurately opening the gap. Our weighting strategy
was manually tuned to reflect these physical considerations.
Notably, this weighting scheme aligns with that used by Yu
et al. [39], who adopted the same values to emphasize gap
accuracy in their U optimization. While our implementation
differs in material and technical aspects—such as the ref-
erence method, orbital targets, acquisition function and BO
kernel—the underlying rationale remains consistent, support-
ing the robustness and generality of this approach across
material systems.

In the Bayesian optimization, band eigenvalues were evalu-
ated within the energy range of [—10, 10] eV, with the valence
band maximum (VBM) set to 0 eV. Within this window, no
band entanglement was observed. In cases where entangle-
ment did occur in reference band structures (e.g., GoWp and
hybrid functional calculations), it was resolved using Wannier
interpolation, which projects entangled states onto localized
orbitals to produce smooth, disentangled bands. Bands below
—10 eV, corresponding mainly to deep core states, were ex-
cluded from the optimization as our primary focus was on the
band gap and valence/conduction dispersions near the Fermi
level.

For DFT + U corrections, two configurations were con-
sidered, where the terms 1D and 2D refer strictly to
the dimensionality of the Bayesian optimization variable
space-not to one- or two-dimensional physical Hubbard
models. These configurations are defined by the number of
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TABLE II. Key HSE functional variants used in this work. The
parameters « (exchange fraction), B (long-range exchange mixing),
and p (range-separation screening parameter) are defined in Egs. (3)
and (4). In HSEOG6 and all other HSE derivatives, 8 = 0, as no long-
range Hartree-Fock exchange is included.

Hybrid XC functionals o B u (bohr™)
HSEO06 (Sec. IID 1 a) 0.25 0 0.106
HSE; cen (Sec. IID 1b1) 0.25 0 0.095
HSEsol (HSEO06’s solid variant) 0.25 0 0.106
HSEsolypmix (Sec. IID 1b2) 0.30 0 0.106

orbital-specific U parameters optimized: (i) 1D—a single-
parameter optimization in which U is applied only to the Sb-
5p orbitals, and (ii) 2D—a two-parameter optimization where
U values for both In-5p and Sb-5p orbitals are simultaneously
optimized.

D. Functionals & methods: GW, HSE, DFT + U
1. Hybrid functional formulation and HSE

Hybrid functionals partition the Coulomb interaction
into short-range (SR) and long-range (LR) components to
efficiently capture both short- and long-range exchange in-
teractions. The splitting of the Coulomb potential in hybrid
functionals like HSE is achieved using the error function
in [47]

1 a+B-erf(ur) L 1 —[a+ B-erf(ur)]

r r r

3

In this equation, « controls the amount of Hartree-Fock
(HF) exchange in the short range, while e+ controls the
exact exchange in the long range. The screening parameter
() governs the range-separation, smoothly transitioning from
short-range to long-range interactions [47].

For hybrid functionals, like HSE, g = 0, simplifying the
long-range part.

The total exchange-correlation energy in the HSE func-
tional is then defined as in

ngE — ang’SR(I.L) + (1 _ a)ngE,SR(M)
+ EPPER () 4 £17°, @

where HF, SR and PBE, LR denote HF-type SR and PBE-type
LR exchange, respectively.

l.a. HSEO6. The HSE06 implementation is a specific vari-
ant of the general HSE functional. In HSEO6, the parameters
are set to = 0.25 and u = 0.106 bohr~! [48]. These values
are used in the general HSE equation [Eq. (4)], meaning
that 25% of the short-range HF exchange is included, while
the short-range interactions beyond 2/p ~ 18.86 A becomes
negligible.

Table II summarizes the key HSE functional variants used
in this work, with their corresponding e, B, and u values as
parameterized in Egs. (3) and (4).

This table presents the functional variants with their associ-
ated parameters o, 8, and . In HSE and its derivatives, 8 = 0,
but future functionals may adjust this to control the amount of
long-range exact exchange.

1.b. GoWy-data-driven HSE. In range-separated hybrid
functionals, the screening parameter (p) is often adjusted to
improve the comparison with experimental properties, such as
band gaps [27,47]. We have further advanced this approach by
optimizing both the screening parameter x and the exchange
fraction (e¢) using Bayesian optimization (see Sec. Il C). Two
such optimizations explored in this work are HSEee, and
HSEsolypmix- The optimized values of g and & are indicated
in parentheses in the method names reported in Table II.

In both cases, GoWy@HSEQG6 serves as the reference for
optimization.

1.b.1. HSEg cen. At afixed exchange fraction of « = 0.25,
Bayesian optimization yields an optimal screening parameter
of ¢ = 0.095 bohr™!. This adjustment improves the electronic
band gap prediction by 56 meV compared to standard HSE06
(see Table IV), as the default screening length in HSEO6 is
suboptimal for this system.

1.b.2. HSEsolyrpmix- Here, the screening parameter is fixed
at o = 0.106 bohr~', while the exchange fraction is optimized
to & = 0.30. This increases the proportion of HF exchange in
the short-range region, making this optimized XC functional
better suited for larger and accurate band gap prediction.

2. Quasiparticle GyW, calculations (used as reference)

The many-body perturbation theory (MBPT)-based single-
shot quasiparticle (GoWp) calculations are performed within
the Green’s function-based GW approximation [49]. In prin-
ciple, the GW self-energy ¥ = iGW should be determined
self-consistently; however, because of its high computational
cost, we adopt the widely used single-shot GoW, scheme.
(See Sec. S1 within the SM [40], for the formal expres-
sions of Dyson’s equation, Green’s function, and QP energy
corrections.)

In this perturbative scheme, the QP energies (633)) are com-
puted as first-order corrections to mean-field DFT eigenvalues

(ERFD,
EX = EOFT 4 (Y| S(EDT) = Viel Vr)- ©)

We note that the GW method, being a perturbative quasi-
particle (QP) correction, yields accurate excitation energies
but does not provide total energies.

GoW, calculations are performed starting from HSEQ06
eigenstates (denoted as GoWy@HSEOQ6 in this work), using
norm-conserving ONCV pseudopotentials. Spin-orbit cou-
pling (SOC) effects are included self-consistently both in the
construction of the dielectric screening £~! and in the evalu-
ation of the self-energy X. The frequency dependence of &1
is modeled using the Godb-Needs plasmon pole (GPP) [50]
approximation. To ensure numerical convergence, we include
500 and 1200 empty bands for the computation of the polariz-
ability x and the Coulomb-hole self-energy contribution Xy,
respectively.

3. Hubbard DFT + U calculations

After employing the computationally demanding GoW
and HSE methods, we transitioned to DFPT-based Hubbard-
corrected DFT + U calculations, which offer a more efficient
alternative while effectively addressing self-interaction er-
rors (SIE). Using PBE and PBEsol XC functionals, the
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TABLE III. Optimized effective Hubbard parameter U of In
and Sb for different pseudopotentials and XC functionals. The Hub-
bard correction is applied to the 5p orbitals of both atoms. First row’s
values are obtained via linear-response (LR) method. Rest of the co-
parameters are calculated with self-authored Bayesian optimization
(Sec. I1C).

Method (SOC)  Optim.  Uert = U-J (eV)

PP, XC func. method Ug? U™ Eo (eV) Aso (eV)
ONCYV, PBEsol LR 0.85 298 0070 0.2
PAW, PBE 2D —020 3.62 0240 0.82
ONCYV, PBE 2D 380 290 0240  0.82
ONCYV, PBEsol 1D 391 0238 083
ONCYV, PBEsol 2D 200 3.62 0237 083

Hubbard correction introduces piecewise linearity in the en-
ergy functional, removing SIE within the Hubbard manifold
and maintaining accuracy in key electronic properties.

In our DFT 4 U-J approach, we selectively apply the
Hubbard correction to the 5p-orbital manifolds while treating
other delocalized states at the standard DFT level. Within the
Dudarev formulation of DFT + U, the effective Hubbard U
is defined as Uer =U —J, where U and J represent the on-
site Coulomb repulsion and exchange interaction, respectively
[51]. The total DFT + U-J energy (&) is given by

U-—-J
gzot = ‘SDFT + T Np,o — ng,,g, (6)

o

where n is the atomic-orbital occupation number, m is the
orbital momentum, and o is a spin index.

Ues is represented as an n-dimensional vector U=
[U',U?,...,U"] applied to different atomic species and or-
bitals (U"). To determine optimal Uy parameters, Bayesian
optimization model as described in Sec. II C is used by mini-
mizing the objective function in Eq. (1), with x = U, and Tar.
(target) = DFT + U.

For InSb’s delocalized In-5p and Sb-5p states, negative
Ut values are used because of GGA’s overestimation of
the exchange-correlation hole [51]. Negative U is theo-
retically permissible when exchange term (J) exceeds the
on-site Coulomb repulsion (U) [52]. We constructed U for
Hubbard optimization on Sb-5p (1D: U = [US?~5P]) and both
In- and Sb-5p (2D: U = [U5, USP=>r]). This selection
targets the orbitals that contribute most significantly to the
states near the band edges, particularly the valence band maxi-
mum dominated by Sb-5p states. While In-4d semicore states
are explicitly included as valence in our PAW and ONCV
pseudopotentials to preserve transferability and hybridization
accuracy, they lie deep in energy and do not significantly
couple to the conduction or valence bands. Hence, applying a
Hubbard correction to In-4d states was found unnecessary and
yielded negligible improvements in key observables such as
band gaps or bandwidths. See Sec. S4 within the SM [40] for
more details. Table III reports optimal U ¢ values for different
XC functionals with PAW and ONCV pseudopotentials.

III. RESULTS AND DISCUSSION

A. Mechanical properties: Lattice constants and bulk modulus

We first determine the equilibrium lattice constants and
atomic positions of the zinc-blende (ZB) face-centered cubic
(FCC) phase with space group F43m for InSb. The calculated
equilibrium lattice parameters and bulk moduli of InSb are
summarized in Table IV. To determine the bulk modulus,
we employed the Murnaghan equation of state (EOS) [53],
given by

BoVo

.
By | (&)™

E(V)=EWVy) + —— @) 1=,

By—1

0
(N
B, | By—1

where E(V) represents the total energy as a function of
volume V, while E (V) corresponds to the total energy at
the equilibrium volume. The bulk modulus By quantifies the
material’s resistance to compression at equilibrium, and its
pressure derivative B, describes the variation of this resis-
tance with pressure. For InSb’s FCC structure, the primitive
unit-cell volume V is related to the lattice parameter A by
V= (i)A3. The bulk modulus and its pressure derivative are
extracted by fitting the £ (V') data to Eq. (7).

A meaningful comparison between theoretical and experi-
mental lattice constants must account for thermal expansion
effects, as experimental measurements are typically per-
formed at finite temperatures. The experimentally reported
lattice parameter of InSb at 300 K is 6.479 10%, while its value at
0 K, estimated using the linear thermal expansion coefficient
o =537 x 107 K~! [2], is approximately 6.469 A. Thus,
the theoretically predicted equilibrium lattice constants are
compared with this corrected reference of 6.469 A.

The PAW PBE + U-J (2D) and ONCV PBE + U-J (2D)
methods yield lattice constants of 6.439 A and 6.431 A,
respectively, slightly underestimating the experimental 0 K
reference of 6.469 A. The ONCV PBEsol + U-J (1D and
2D) methods provide values of 6.460 A and 6.468 A, closely
matching the corrected experimental value, highlighting the
accuracy of the PBEsol XC functional. In comparison, the
ONCV HSE06 method yields 6.478 A, overestimating the
0 K reference, while the ONCV HSE, cen and HSEsolggmix
methods give slightly underestimated values of 6.468 A and
6.465 A, respectively. These results indicate that PBEsol +
U-J provides an excellent balance between accuracy and ef-
ficiency, as the +U corrections allow for a reliable prediction
of equilibrium lattice parameters at a fraction of the computa-
tional cost of hybrid methods.

The bulk moduli By obtained from different methods ex-
hibit some variation: PAW PBE + U-J (2D) and ONCV
PBE + U-J (2D) yield 53.74 GPa and 51.23 GPa, whereas
ONCV PBEsol + U-J (2D) and (1D) give 48.90 GPa and
49.25 GPa, respectively. PBE-based methods generally over-
estimate the bulk modulus, whereas PBEsol produces values
closest to the experimental reference of 48 GPa, reinforcing
its reliability for mechanical property predictions.

Since the GW method refines quasiparticle energies rather
than providing a total energy functional, it cannot be used
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TABLE IV. The theoretical equilibrium lattice constants a., and bulk moduli B, are calculated using different pseudopotentials (with SOC)
and XC functionals. The energy of the first conduction band (band gap) E, (I'¢ — I'y), the second conduction band Ej (I'S — I'y), the valence
band spin-orbit splitting Ago (I'y — I'¥), and the second conduction band spin-orbit splitting A§,, (I's — I'$) are evaluated at the I" point. All
these results are compared to previously reported values from Refs. [27,28] and experimental data from Ref. [2]. Calculations are done with
4d'° electronic states in the valence configuration of pseudopotentials unless specified.

Structural properties Electronic properties (eV)

Methods (PP type, XC func.) Geq A B, (GPa) E, Aso E; Ay,
This work (all with SOC) &

ONCYV, HSE06 2,° 6.478 47.95 0.176 0.84 3.10 0.46
ONCV, HSEeen &, 6.468 48.34 0.232 0.84 3.15 0.46
ONCYV, HSEsolgpmix %,° 6.465 48.91 0.240 0.87 3.19 0.48
ONCYV, GoW, @HSE06 * 0.232 0.83 322 0.46
ONCYV, PBEsol+U-J (LR) ¢ 0.070 0.82 2.87 0.45
PAW, PBE + U-J 2D) ¢ 6.439 53.74 0.241 0.82 2.99 0.44
ONCYV, PBE + U-J (2D) ¢ 6.431 51.23 0.239 0.82 2.84 0.46
ONCYV, PBESol + U-J (1D) ¢ 6.460 49.25 0.238 0.83 3.05 0.45
ONCYV, PBESol + U-J 2D) ¢ 6.468 48.90 0.237 0.83 2.96 0.46
Literature &

ONCYV, GoW, @WOT-SRSH — Ref. [28] 0.440

PAW, HSE,, — Ref. [27] © 6.564 42.50 0.240

PAW, MBJLDA g — Ref. [27] © 0.250

Experiments

At 300 K — Ref. [2] 6.479 48.00 0.170 0.85 3.14 0.39
At 0 K —Ref. [2] 6.469 f 0.235 0.81 3.00 0.40

*Band interpolation done with sp® projection using WANNIER9O.
b, p values are in Table II. ¢ U o values are in Table III.
“Hubbard U corrections applied to 5p orbitals of In and Sb.
dHubbard U corrections applied to Sb-5p orbitals.

®No 4d'? electrons in the valence states of pseudopotentials of Sb.

"Estimated from the linear thermal expansion coefficient o = 5.37 x 107¢ K~! [2].
£All electronic properties calculations are done with experimental lattice parameter of 6.479 A.

to determine equilibrium lattice parameters and bulk moduli,
which require explicit total energy minimization. Therefore,
all structural predictions in this work are based on mean-field
DFT calculations only.

In summary, PBEsol 4 U-J predicted lattice constants and
bulk modulus, guided by Bayesian optimization, achieves the
best agreement with experimental ones, offering an excel-
lent balance between accuracy and computational efficiency.
This improved performance originates from the design of the
PBEsol functional, which restores the second-order gradient
expansion for exchange—enhancing accuracy for equilibrium
properties in solids compared to the original PBE. While
standard PBE 4 U methods tend to underestimate the lattice
constant and overestimate the bulk modulus, PBEsol + U
corrects this bias effectively. Although hybrid functionals
such as HSEQ6 and its variants provide reasonably good pre-
dictions, they do not significantly outperform PBEsol + U
and come at a much higher computational cost. Therefore,
PBEsol + U emerges as a practical and reliable method for
structural property prediction in InSb. Furthermore, the fol-
lowing section discusses how DFT + U outperforms hybrids
in predicting other fundamental energy properties and re-
ported in figures of merit (FOMs).

B. Electronic properties
1. Band structure and band gap

The fundamental electronic properties of InSb relative
to the valence band maxima (VBM), including band gaps
Ey (I'§ — Ty), second conduction band energy Ej(T'S —T'y),
valence band split-off energy Agso (I's —I'}), and second
conduction band split-off energy A’sp (I's — I'$) are summa-
rized in Table IV. For all hybrid-DFT, GyW,, and DFT + U
calculations, we used experimental lattice parameters and
atomic coordinates because of InSb’s sensitivity to geometric
details.

Bulk InSb features highly localized 4d-electrons. Our stud-
ies show that when semicore 4d-orbitals electrons are treated
as part of the frozen core of the constituent’s pseudopoten-
tials, the local density approximation (LDA) and GGA (such
as PBE, PBEsol) XC functionals describe the band order
correctly, predict the same energy of heavy-hole (HH) and
light-hole (LH) states at the I" point but fail to determine
the band gap and spin-orbit splitting accurately. Conversely,
when 4d states are considered as valence states, LDA, GGA,
and meta-GGA-based DFT calculations yield erroneous band
ordering, energy splitting between heavy hole (HH) and light
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FIG. 2. InSb electronic band structures calculated with fully relativistic pseudopotentials (4d, 5s, Sp valence configurations), including

spin-orbit coupling, at the experimental lattice parameter (6.479 A).

hole (LH) bands, and, in extreme cases, an unphysical inverted
LH band. See Sec. S3 within the SM [40] for more details.

In search of the answer to these unphysical effects, we
analyzed the orbital-projected band structures. Near the I'
point around the Fermi level, the 5s and 5p orbitals de-
termine the band formation at the top of the valence band
(VB) and bottom of the conduction band (CB). Although
the 4d orbitals exhibit negligible direct band projection
near the Fermi energy region, their presence in the deep
valence states induces a notable 5p-4d repulsion, signifi-
cantly affecting the behavior of Sb’s 5p electronic states.
This interaction pushes the 5p states upwards, resulting in
incorrect band ordering, HH-LH splitting, and an unphysi-
cal inversion of the LH band, ultimately leading to zero or
negative band gaps. We efficiently addressed and resolved
these inaccuracies with hybrid-HSE, GW, and DFT + U
calculations.

The HSEOQO6 functional, while producing a band gap
of 0.18 eV (underestimating the 0 K experimental value
of 0.23 eV), was refined using GoWp on top of HSEO06
(GoWy @HSEOQ6), yielding an accurate band gap of 0.23 eV,
as shown in figure 2(a). Our GoWy @HSE06 with SOC marks
the best improvement over previous GoW, works, such as
the study by Kim ef al. [27] and Gant et al. [28], which re-
ported overestimated band gaps in the range of 0.32-0.79 eV.
Kim et al. attributed this overestimation to the lack of self-
consistent inclusion of SOC in their GW calculations, which
is crucial for materials with significant SOC. In this work,
the inclusion of SOC in the calculation of both dielectric
screening (&) and the self-energy (%) and the incorporation
of the GPP model for the inverse full-frequency dielectric
matrix calculation modified the band structure by lowering
the split-off band and raising the HH and LH bands, thereby
preserving the center of mass. This adjustment ensured an
accurate representation of the screening properties and the
band gap.

However, accurately describing the HSE band structure is
essential as a result of the computational complexity of GW
in calculating €~! and X. Even a single GoW, iteration de-
mands significantly more computational resources—up to two
or three orders of magnitude more than HSE calculations—
depending on the k- and -point grids and the number of empty

states included in the evaluation of & and X. This restricts its
application to systems with a few dozen atoms, highlighting
the need for efficient methods like HSE to balance accu-
racy and resource usage. In this work, we achieved this by
optimizing the range-separated screening parameter (p) and
exchange fraction (a). Following the optimization scheme of
HSEcreen, We obtained pre = 0.095 bohr™!, which yields a
band gap of 0.23 eV, addressing the shortcomings of HSE06
[band structure in Fig. 2(b)]. This suggests that for an accurate
description of the InSb band structure, a longer short-range
interaction length of approximately 2/t ~ 21.05 A is nec-
essary, in contrast to 18.86 A provided by HSE06. Beyond
these lengths, the influence of long-range interactions pre-
dominates.

Similarly, optimizing exchange fraction & in HSEsolypmix
resulted in a band gap of 0.24 eV. In the HF method, the exact
exchange energy cancels spurious self-interaction but does
not account for electronic correlation. The exchange itself is
long-ranged, decaying only as % and not screened, leading
to unrealistically high excitation energies and a considerable
overestimation of the band gap. Conversely, the HSEsol func-
tional is known for accurately treating solids but tends to
underestimate the band gap. By combining HF and HSEsol in
our HSEsolypmix functional, we achieve a balanced exchange-
correlation description, yielding a realistic and accurate
band gap that closely matches the 0 K experimental band
gap.

The band structures obtained from HSE e, and
HSEsolypmix are compared with GoWy @HSEQ6 in Fig. 2(a),
providing a qualitative assessment of the accuracy of the
optimized p and « parameters, respectively. A quantitative
comparison is presented in Table IV. While HSEg e, and
HSEsolypmix align well with GoWy @ HSE06 and experimental
data, deviations in effective masses and Luttinger parameters
(see Tables VI and VII) arise from the highly localized
4d-orbital electron density [~15 eV in Fig. 2(b)] and
self-interaction errors (SIE) inherent in standard hybrid
functionals.

These limitations are mitigated by Hubbard-corrected
DFT + U-J (see Sec. 11D 3), which reduces SIE via piece-
wise linearity in the energy functional. The PBEsol 4 U-J
band structure, obtained from a two-dimensional (2D) U
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TABLE V. Comparative analysis of valence bandwidths and 4d band positions for InSb using various computational methods. The valence
bandwidth is defined as the maximal energy difference between the top four (excluding spin degeneracy) valence bands. The highest 4d
band position is defined as the highest 4d orbital absolute eigenenergies relative to the valence band maxima. The table also presents the
mean absolute relative error (MARE) with respect to the leftmost experimental value presented, providing a quantitative measure of their

performance.

Valence bandwidths Highest 4d band positions
Methods (PP type, XC func.) in (eV) MARE in (eV) (absolute) MARE
This work (all with SOC)
ONCY, HSE06 12.10 0.1204 15.70 0.0754
ONCYV, HSEeen 12.10 0.1204 15.60 0.0813
ONCYV, HSEsolygmix 12.27 0.1361 15.71 0.0748
ONCY, GyW, @HSE06 11.34 0.0500 16.56 0.0247
PAW, PBE + U-J (2D) 10.52 0.0259 15.20 0.1048
ONCYV, PBE + U-J (2D) 10.75 0.0046 14.93 0.1207
ONCY, PBEsol + U-J (1D) 10.33 0.0435 14.99 0.1172
ONCY, PBEsol + U-J (2D) 10.83 0.0028 14.91 0.1219
Literature
WOT-SRSH - Ref. [28] 11.96 0.1074 16.24 0.0436
GoWy @WOT-SRSH - Ref. [28] 11.32 0.0481 16.55 0.0253

Experiments

10.8 (ARPES) [54], 11.7 (XPS) [55]

16.98 [56], 17.1 [55]

optimization, is shown in fig. 2(c). The strong agreement of
band parameters, effective masses, and Luttinger parameters
from four different DFT 4 U-J calculation with experimental
values underscores the computational efficiency of DFT +
U-J over hybrid functionals and GyW in electronic structure
predictions. A detailed comparative analysis of the compu-
tational costs for GoWy, hybrid functionals, and DFT + U-J
methods, including scaling behavior, is provided in Sec. S6
within the SM [40].

2. Valence bandwidths

We define the valence bandwidth as the maximal energy
difference between the top four valence bands [see Fig. 2(b)],
excluding spin degeneracy, a characteristic of ZB materials
with strong sp® hybridization. The calculated valence band-
widths for InSb are summarized in Table V.

ONCYV HSEO06 and HSE e, yield a bandwidth of 12.1 eV,
indicating that screening effects have minimal impact on the
bandwidth. The ONCV HSEsolygnix increases it slightly to
12.27 eV, suggesting an improved treatment of electronic
interactions. The ONCV GyW, @HSE06 method results in a
reduced bandwidth of 11.34 eV, reflecting many-body effects.

DFT + U methods predict lower bandwidths compared
to hybrid and GoW, methods: PAW PBE + U-J (2D) at
10.52 eV, ONCV PBE +U-J (2D) at 10.75 eV, ONCV
PBEsol + U-J (2D) at 10.83 eV, and ONCV PBEsol + U-J
(1D) at 10.33 eV.

To assess accuracy, the mean absolute relative error
(MARE) is computed for each method relative to the experi-
mental ARPES bandwidth of 10.8 eV [54]. Among DFT + U
methods, ONCV PBEsol + U-J (2D) achieves the lowest
MARE, closely matching experiment. Both GoW, @HSE06
and DFT + U methods demonstrate comparable accuracy in
predicting valence bandwidths. Additionally, our DFT 4 U
results surpass literature values from WOT-SRSH (11.96 eV)

and GoWy @WOT-SRSH (11.32 eV) [28], further validating
their reliability.

3. 4d band energies

We define the 4d band position as the absolute eigenvalue
of the deepest 4d orbital relative to the VBM, as shown in
Fig. 2(b). The highest 4d band positions for InSb are sum-
marized in Table V. Experimentally, this value is 16.98 eV
[56]. Although the 4d states correspond to negative binding
energies, they are reported as absolute values in the table for
clarity. The mean absolute relative error (MARE) is used to
assess the accuracy of each method.

In InSb, the Sb 4d states primarily determine the 4d
band position, with In 4d states lying approximately 1 eV
higher. DFT 4 U methods predict Sb-4d states around 15 eV
and In-4d states around 14 eV. The ONCV HSEO06 and
ONCV HSEgeen methods yield 15.7 eV and 15.6 eV, re-
spectively, slightly underestimating experiment. The ONCV
HSEsolyrmix method gives 15.71 eV, aligning with ONCV
HSEO06.

The ONCV GyWy@HSE06 method provides the closest
agreement to experiment at 16.56 eV, and yields the low-
est MARE of 0.0247, demonstrating the accuracy of GW
corrections. In contrast, DFT + U methods systematically un-
derestimate the 4d positions, with PAW PBE + U-J (2D) at
15.2 eV, and ONCV PBE + U-J (2D) and ONCV PBEsol +
U-J (2D) yielding 14.93 eV and 14.91 eV, respectively. The
ONCYV PBEsol + U-J (1D) method gives 14.99 eV. While
DFT + U offers computational efficiency, its prediction accu-
racy for 4d positions remains slightly lower than experimental
values.

Notably, the ONCV GyW; @HSE06 method (16.56 eV)
aligns well with literature values, such as 16.24 eV from
WOT-SRSH and 16.55 eV from GyW, @WOT-SRSH [28],
reinforcing the effectiveness of GW corrections for accurate
4d band energy predictions. Overall, GW -corrected methods
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TABLE VI. Effective masses (|m*/m,|) of heavy-hole (HH), light-hole (LH), split-off (SO), and first conduction electron (Elec.) bands in
InSb at I" point along various crystallographic directions (I'-X [100], I'-K [110], I'-L [111]). The data includes results from different methods,
literature values, and experimental measurements. Mean absolute error (MAE) and root-mean-squared error (RMSE) are provided to quantify

the performance of each method.

Methods Direction | %o | |a | | S | . MAE RMSE
ONCV HSE06 -X [100] 0.125 0.020 0.235 0.021 0.016 0.021
I-K [110] 0.129 0.021 0.457 0.020
r-L[l11] 0.129 0.022 0.608 0.022
ONCV, HSE creen -X [100] 0.118 0.020 0.248 0.022 0.015 0.022
I-K [110] 0.129 0.019 0.457 0.019
r-L[l11] 0.129 0.021 0.618 0.023
ONCV, HSEs0ljpmix '-X [100] 0.121 0.021 0.245 0.021 0.018 0.029
I-K [110] 0.123 0.021 0.462 0.018
r-L[l11] 0.126 0.023 0.645 0.025
ONCV, G,W, @HSE06 -X [100] 0.105 0.021 0.266 0.019 0.010 0.018
I-K [110] 0.112 0.021 0.445 0.021
r-L[l11] 0.112 0.019 0.617 0.019
PAW, PBE + U-J (2D) '-X [100] 0.127 0.017 0.272 0.019 0.024 0.048
I-K [110] 0.147 0.013 0.454 0.017
r-L[l11] 0.142 0.016 0.712 0.018
ONCV, PBE + U-J (2D) -X [100] 0.125 0.018 0.244 0.018 0.017 0.030
I-K [110] 0.140 0.015 0.427 0.014
r-L[l11] 0.140 0.017 0.646 0.016
ONCV, PBEsol + U-J (1D) '-X [100] 0.114 0.019 0.249 0.015 0.012 0.029
I-K [110] 0.106 0.015 0.448 0.015
r-L[l11] 0.106 0.014 0.656 0.014
ONCV, PBEsol + U-J (2D) I-X [100] 0.119 0.016 0.255 0.016 0.013 0.035
I-K [110] 0.111 0.018 0.426 0.014
r-L[l11] 0.111 0.017 0.675 0.015
Literature
PAW, HSEjgg — Ref. [27] -X [100] 0.129 0.018 0.245 0.022 0.030 0.053
PAW, MBJLDA 5, — Ref. [27] -X [100] 0.150 0.024 0.292 0.017 0.029 0.037
Experiments at 300 K — Ref. [2] r-X [100] 0.111 0.015 0.263 0.014
I-K [110] 0.111 0.015 0.435 0.014
r-L[l11] 0.110 0.014 0.556 0.014

show the best agreement with experiment, followed by hybrid
functionals, whereas DFT + U methods, despite their effi-
ciency, yield slightly lower 4d positions.

C. Figure of merits
1. Effective electron and hole Masses

In zinc-blende InSb, the inherent symmetries result in con-
sistent split-off and electron masses across the [100] (I"-X),
[110] (T'-K), and [111] (I"-L) directions. However, the effec-
tive masses of the light-hole and heavy-hole vary significantly
along these directions. This variation arises from the asym-
metric and nonparabolic nature of the electronic bands around
the I' point, necessitating a nonparabolic fitting approach.
This method is essential because the electronic bands deviate
from a simple quadratic dispersion near the I" point. The rela-
tionship between the energy eigenvalues &, the wave vector k,
and the effective mass mg is given by

R2k2

E4a-E =cy+crk+ crk?,
262

®)

Meff =

Here, /i is the reduced Planck constant, and /i*k> represents
the kinetic energy associated with the particle’s wave-like
behavior. This fitting method accounts for higher-order terms
a&E? that reflect the nonparabolic nature of the bands. The vari-
ations in the effective masses across different crystallographic
directions ([100], [110], and [111]) are indicative of the de-
gree of nonparabolicity («), particularly in the heavy-hole
(HHh) band. This approach ensures an accurate determination
of effective masses, capturing the true nature of the elec-
tronic bands in InSb, where simple parabolic fits would be
insufficient.

The results for the effective electron and hole carrier
masses are summarized in Table VI and compared to exper-
imental values from Ref. [2], along with the calculated mean
absolute error (MAE) and root-mean-squared error (RMSE).
The ONCV HSEO06 method predicts electron and hole masses
relatively close to experimental values, with an MAE of 0.016
and an RMSE of 0.021. The ONCV HSEsolypmix method
slightly overestimates the split-off, light-hole, and electron
band effective masses across all directions, resulting in an
MAE of 0.018 and an RMSE of 0.029. The ONCV HSE cen
method shows modest improvements, with effective masses
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that are generally closer to experimental values than those
obtained with the ONCV HSE06 and HSEsolygm;x method,
reflected in an MAE of 0.015 and an RMSE of 0.022. We have
also seen that all methods underestimate the heavy-hole mass
in the [100] direction. For example, the heavy-hole mass along
the [100] direction is 0.248, compared to the experimental
value of 0.263.

The ONCV G W, @HSE06 method provides the most ac-
curate results among the tested methods, with an MAE of
0.010 and an RMSE of 0.018. This highlights the importance
of including many-body effects in electronic structure calcula-
tions. In contrast, DFT + U methods, while computationally
much more efficient than either of the HSE-based and GW
methods, show a more comprehensive range of results. For
instance, the PAW PBE + U-J (2D) method tends to over-
estimate the heavy-hole mass, yielding an MAE of 0.024
and an RMSE of 0.048. Similarly, the ONCV PBE + U-J
(2D) method shows an MAE of 0.017 and an RMSE of
0.030, predicting slightly better effective result than PAW
methods. The ONCV PBEsol + U-J 1D and 2D methods
result in an MAE of 0.012 and 0.013 with an RMSE of
0.029 and 0.035, respectively, predicting the second-best ef-
fective mass results after GW and significantly closer to
the experimental value. This also suggests the better perfor-
mance of PBEsol XC functionals over PBE functionals in our
calculations.

Comparing our calculated effective masses with litera-
ture and experimental values, we find that hybrid functionals
(ONCV HSEO06, ONCV HSEgeen, and ONCV HSEsolypmix)
and the GW corrected method (ONCV GyW, @HSE06) pro-
vide high accuracy at increased computational cost. While
GW methods offer superior precision, their expense necessi-
tates a trade-off between accuracy and efficiency in electronic
structure calculations. Among all methods, PBEsol 4+ U-J
achieves the best balance, particularly in 1D and 2D cases,
making it the most suitable choice for effective mass
calculations.

2. Luttinger parameters

The Luttinger parameters are crucial for characterizing the
valence band and providing insights into the electronic prop-
erties of semiconductor materials. The topology of the valence
bands, described by these three Luttinger parameters, di-
rectly influences the effective conduction-band masses, which
are critical for accurately predicting the behavior of charge
carriers in semiconductors. Thus, determining Luttinger pa-
rameters is critical for designing and analyzing electronic
and optoelectronic devices. These Luttinger parameters y,
y»2, and y3 were derived from effective masses obtained via
DFT band structure calculations, as explicitly calculated in
Ref. [2]. This work employed the least-square method to
resolve the complex and nonlinear relationships of effective
masses in the Luttinger parameter equations. The accuracy of
the calculated Luttinger parameters, listed in Table VII, were
validated by comparing them with reported literature values
and experimental data using the root-mean-squared absolute
relative error (RMSARE), showing excellent agreement and
supporting our computational approach.

TABLE VII. Luttinger parameters (yi, y», ¥3) of InSb calculated
using various methods, compared against literature and experimental
values. Root-mean-squared absolute relative errors (RMSARE) are
included to evaluate the performance of each method.

Method b4l Y2 V3 RMSARE
ONCY, HSE06 27.13  11.62 1274 0.233
ONCYV, HSEeen 27.02 11.52 1270 0.237
ONCYV, HSEsolggmix 2585 10.87 12.15 0.274
ONCY, GyW, @HSE06 29.69 1191 12.03 0.223
PAW, PBE + U (2D) 31.25 1325 1492 0.116
ONCYV, PBE + U (2D) 29.83 1248 14.14 0.162
ONCYV, PBEsol + U (1D) 28.32 1192 13.40 0.203
ONCYV, PBEsol + U (2D) 33.21 14.05 15.86 0.064
Literature

HSEjgsi — Ref. [27] 29.44 1279  13.85 0.163
MBIJLDA g — Ref. [27] 22.26 9.47 10.31 0.375
Experiments

At 300 K — Ref. [2] 3480 1550 16.50 0
At 300 K — Ref. [2] 35.10 15.60 16.70

Among the methods, the hybrid functional approaches,
such as ONCV HSE and its variants, provides reasonable
accuracy. For instance, ONCV HSEsolypmix yields a rela-
tively high RMSARE of 0.274. The screened variant of this
method, ONCV HSEgen, shows better performance met-
rics with slightly different Luttinger parameters. The ONCV
GoWy@HSEO06 method stands out among the HSE and GW
methods with an RMSARE of 0.223, indicating its effective-
ness in predicting Luttinger parameters, band energies, and
effective masses. However, the computational expense of GW
methods often limits their practical use.

Interestingly, methods incorporating the Hubbard U cor-
rection exhibit an excellent balance between computational
cost and accuracy, like those seen in effective masses. Notably,
the ONCYV PBEsol + U-J (2D) method shows the lowest RM-
SARE of 0.064, closely aligning with experimental values.
This method outperforms GoW; (0.223 RMSARE) and HSE-
based approaches (0.233-0.274 RMSARE), and the results
reported in the literature, such as the PAW HSEyg, (0.163
RMSARE) and MBJLDAg; (0.375 RMSARE) methods as
reported in Table VII.

D. Transferability of optimized parameters

To validate the robustness and transferability of our
Bayesian-optimized parameters, specifically the Hubbard pa-
rameter U o and the hybrid HSEsol functional’s HF exchange
fraction parameter o, we tested their predictive performance
under hydrostatic strain conditions. Hydrostatic strain main-
tains cubic ZB symmetry but significantly alters lattice
parameters, electronic screening, and orbital hybridization,
thus providing a rigorous test of the optimized parameters
outside their fitting conditions.

Figure 3 presents the evolution of the direct I"-point band
gap (Er¢ — Er gv) calculated by transferring the optimized
o parameter reported in Table II (for HSEsolyrmix) and the
optimized Ug values reported in Table III (for PBEsol +
U-J methods) to hydrostatically strained InSb structures.
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Band gap and Lattice Parameter vs Strain
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FIG. 3. I'-point band gap (Er ¢ — Er.g») in InSb under hydro-
static strain, calculated using HSEsolygmix and PBEsol + U-J with
U ot and « values transferred from unstrained bulk optimized param-
eters in Tables II and III, respectively. The results, obtained without
refitting, are consistent with prior DFT trends [57], confirming the
predictive robustness of the optimized parameters.

All methods with these transferred parameters show con-
sistent behavior: compressive strain (g, < 0) increases the
band gap because of enhanced orbital hybridization, while
tensile strain (g, > 0) reduces it, eventually closing the gap
around &, ~ +1% and causing a full band inversion at &, =
+2%. These results are in excellent agreement with previous
theoretical reports [57], clearly demonstrating the transfer-
ability of the optimized parameters beyond their equilibrium
fitting conditions.

Further evidence of parameter transferability, including
detailed projected band structures verifying correct orbital
contributions and capturing the strain-induced band inversion
mechanism, is provided within the SM [40] (see Sec. S5,
Fig. S2).

Additional validation of these parameters in alloyed sys-
tems (InAs,Sb;_,) is presented in a separate paper currently
under preparation.

IV. CONCLUSIONS

This investigation into the electronic properties of InSb
through advanced ab initio methodologies has led to signifi-
cant strides in semiconductor physics. By explicitly including
the often-neglected semicore 4d'? electrons—particularly
those of In atoms—as valence states, using fully relativistic
PAW and ONCYV pseudopotentials, we overcome longstand-
ing limitations in conventional DFT modeling in prior
literature, such as nonphysical band inversion and underesti-
mated or vanishing band gaps, and achieving a more accurate
description of InSb’s electronic structure.

By employing a synergy of sophisticated methods—
including the hybrid-HSE functional, GoWp, and DFT +
U—we have significantly enhanced the qualitative and
quantitative accuracy of band structure predictions. The self-
consistent inclusion of spin-orbit coupling (SOC) in GoW
calculations, starting from HSE06 mean-field wavefunctions

(GoWy @HSEOQ6), corrects the band gap overestimations ob-
served in previous studies and yields gap predictions in
excellent agreement with experimental values. This highlights
the critical importance of SOC in materials with strong spin-
orbit interactions.

Leveraging a Bayesian optimization framework, we sys-
tematically tuned three key parameters—the inverse screening
length g in HSE een, the exchange fraction o in HSEsolypmix,
and the Hubbard U in DFT + U—to significantly reduce
computational cost relative to the reference GoW,@HSEOQ6
method, while maintaining high fidelity in electronic structure
predictions.

Our optimized approaches demonstrate excellent agree-
ment with experimental data across multiple physical quan-
tities, including the electronic band gap, valence bandwidth,
4d semicore band position, effective masses, and Luttinger
parameters. The reference GoWy @HSEO6 calculation yields a
direct band gap error below 1.3% relative to the experimental
0 K value of 0.235 eV, along with a valence bandwidth mean
absolute relative error (MARE) of 0.050, a 4d band position
MARE of 0.024, effective mass mean-absolute error (MAE)
of 0.010, and a Luttinger parameter root-mean-squared abso-
lute relative error (RMSARE) of 0.22.

All Bayesian-optimized hybrid-HSE and DFT + U meth-
ods reproduce accurately the experimental band gap, with
deviations less than 5 meV. For valence bandwidths, DFT + U
methods exhibit excellent accuracy with MARE below 0.04,
while HSE-based methods retain slightly higher but still good
accuracy with MARE below 0.14. In predicting 4d band po-
sitions, HSE-based methods perform better (MAREs < 0.08)
compared to DFT +U (MAREs ~0.11 — 0.12). For effec-
tive masses, DFT + U methods achieve MAEs below 0.025,
while HSE-based methods attain slightly better accuracy with
MAESs below 0.020. Notably, Luttinger parameters are best
captured by 2D-BO-optimized DFT 4+ U (RMSAREs < 0.2),
surpassing HSE-based results (RMSAREs < 0.3).

These results underscore the predictive accuracy, effi-
ciency, and transferability of our BO-enhanced framework,
affirming its suitability for cost-effective modeling of narrow-
gap, spin-orbit coupled semiconductors such as InSb.

Our integration of ab initio methods—GyWy@HSEQ6,
hybrid-HSE-based methods, and DFT(PBE, PBEsol) +U—
with Bayesian optimization establishes a robust and general-
izable approach to electronic structure prediction.

Beyond InSb, the transferability of the optimized parame-
ters has been rigorously validated under hydrostatic strain, and
will be further extended in a forthcoming study to InAs,Sb;_,
alloys and structurally perturbed systems. These applica-
tions aim to demonstrate the framework’s broader utility in
band-structure engineering and materials design across tech-
nologically relevant III-V and II-VI semiconductors.
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