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Abstract—Empirical tight-binding (ETB) is a widely-employed
technique for atomistic electronic structure analysis and device
design. Typically, parameterizing an ETB Hamiltonian relies
solely on fitting to a target band structure (often obtained from a
first-principles calculation). We demonstrate that, even when the
target band structure is accurately reproduced, ETB parameters
determined in this manner can admit large errors in wave func-
tion atomic orbital character. We introduce a parameterization
scheme that incorporates and captures both the band structure
and wave function atomic orbital character obtained from density
functional theory (DFT) calculations. Considering an sp®d®s*
Hamiltonian for GaAs as an example, we demonstrate: (i) popular
ETB parameter sets can admit significant qualitative errors in
the wave functions, and (ii) this behavior can arise due to “bands-
only” fitting of the target electronic structure. By computing and
incorporating DFT wave function atomic orbital character in the
fit, we demonstrate the possibility to simultaneously reproduce the
target band structure and wave function orbital composition with
enhanced accuracy. Given the central role carrier wave functions
play in determining the operator matrix elements that govern
material properties, this work paves the way for more accurate
large-scale ETB calculations for material and device design.

I. INTRODUCTION

Empirical tight binding (ETB) is a popular and compu-
tationally inexpensive technique to compute the electronic
structure of materials, which represents carrier wave functions
via a basis of localized atomic orbitals [1]. Most commonly, the
ETB parameters — the orbital energies and hopping parameters
associated with the basis orbitals — are obtained by fitting to a
target band structure, F,, (k). However, ETB parameterization
approaches that target fitting to F, (k) in isolation can fail
to accurately capture the atomic orbital character of the wave
functions. This can lead to an inaccurate description of the
wave function symmetry, manifesting as incorrect chemical
behavior and a potential inability to capture selection rules
for the matrix elements between carrier wave functions that
determine the rates of recombination and scattering processes.

First, we show that fitting solely to the band structure
can produce ETB eigenstates whose atomic orbital character
differs significantly from that of the target Kohn-Sham wave
functions obtained from DFT calculations. This is found to
be the case even when the ETB and DFT band structures are
in close quantitative agreement. Second, using a sp3d®s* ETB
Hamiltonian, we introduce a parameterization scheme that aug-
ments fitting to the DFT band structure by incorporating Kohn-
Sham wave function atomic orbital character as target data for
fitting. Using GaAs as an exemplar material, we demonstrate
that this parameterization scheme reproduces the target DFT
electronic structure with high accuracy, thereby simultaneously

rectifying quantitative and qualitative errors in popular ETB
parameter sets. The proposed ETB parameterization scheme
is generally applicable, and readily implementable via open-
source DFT software, paving the way to improved accuracy in
ETB calculations for emerging materials and nanostructures.

II. THEORETICAL MODEL

To obtain target data for fitting, the electronic structure
of zinc blende GaAs was computed via DFT in the meta-
generalized gradient approximation. The Tran-Blaha modified
Becke-Johnson (TB-mBJ) exchange potential [2] was em-
ployed, and the calculation implemented using the Vienna
Ab-initio Simulation Package (VASP) [3]. In the TB-mBJ
calculation, the Becke-Roussel mixing parameter was adjusted
to match the experimental band gap F, = 1.422 eV of GaAs
at temperature 7' = 300 K [4]. The Local Orbital Basis Suite
Towards Electronic-structure Reconstruction (LOBSTER) code
[5] was then employed to transform the Kohn-Sham DFT wave
functions v,k (r) into a Slater-type orbital basis ®;,(r), with

Yk (r) = Z Cnia(K) @iq(r), 4))

where the “orbital character” |c,;q (K)|? quantifies the contri-
bution of the orbital « on atom 7 to ,k(r) in band n.

We then compute the orbital energies and hopping param-
eters of a chosen ETB Hamiltonian by minimizing a residual
function R that quantifies the error between the model ETB
and target DFT electronic structure. The residual function
includes weighted contributions from the target band structure
E,(k), and the atom-, band- and k-resolved orbital charac-
ter |cpio(K)|%. This minimization, implemented via a non-
linear least squares (Levenberg-Marquardt) algorithm, yields
optimized ETB parameters that simultaneously and accurately
capture both the band structure E,, (k) and the orbital character
|cnia (K)|? of 1,k (r) from the target DFT electronic structure.
The fitting workflow is illustrated schematically in Fig. 1(a).

III. RESULTS

To obtain target DFT data for fitting, we compute the
electronic structure of zinc blende GaAs along a L-I'-X-U,K-
I" path in the Brillouin zone. To assess the fitting scheme we
employ a sp3d®s* ETB Hamiltonian, based on that introduced
by Jancu et al. [6]. The ETB parameter optimization proceeds
by targeting a fit to DFT eigenstates lying in an energy range
that spans from 3 eV below to 4 eV above the I'-point valence
band (VB) maximum. This maximizes the accuracy with which
the DFT electronic structure is reproduced in the vicinity of
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Fig. 1. (a) Schematic illustration of the ETB parameterization scheme. (b) Band structure calculations for GaAs, including the target TB-mBJ DFT band
structure E,, (k) (open circles), the sp3d®s* ETB band structure using “bands-only” optimized parameters (dashed red), and the ETB band structure using
parameters optimized to fit to both E,, (K) and |c,iq (kK)|? (solid black). (c) s-, p- and d-like orbital character (red, green and blue) of the lowest-energy CB
calculated via DFT (open circles), and via the sp3d®s* ETB model using the parameters of Ref. [6] (dashed lines), and using parameters optimized to fit to
both E;, (k) and |cpiq (K)|? (solid lines). The orbital character shown using solid lines in (c) corresponds to the band structure shown using solid lines in (b).

the VB and conduction band (CB) edges — i.e. in the range
of energy important for carrier recombination and scattering
processes that govern optical and transport properties. Since
LOBSTER does not support analysis of spinor wave functions,
we first compute the orbital character |, (k)|? and optimize
the ETB parameters in the absence of spin-orbit coupling.
Spin-orbit coupling is then incorporated into the optimized
ETB parameter set by introducing the spin-orbit coupling
parameters A\, and A, [6], which are chosen to reproduce the
DFT-calculated I'g,-I'7,, VB spin-orbit splitting energy.

Our ETB parametrization for GaAs is summarized in
Figs. 1(b) and 1(c). For reference, the orbital character cal-
culated using the parameters of Ref. [6] is shown in Fig. 1(c)
(dashed lines). First, we perform a conventional parameteri-
zation (dashed lines) in which we fit only to the DFT band
structure F,, (k) (open circles). We find that this “bands-only”
parameterization produces a key qualitative error, also present
in the widely-employed parameters of Ref. [6], and the recently
proposed parameters of Ref. [7]. This is that the I'-point CB
minimum [g,. state is incorrectly predicted to be localized
primarily on the anion (As), as opposed to the cation (Ga).
We further note that these “bands-only” parameters, like those
of Refs. [6] and [7], strongly overestimate the d-like character
of the eigenstates. We therefore find that while a “bands-
only” fit can accurately reproduce the DFT band structure,
this seemingly close agreement can mask significant errors
in the ETB eigenstate orbital composition and localization.
Finally, we implement our improved parameterization scheme
to fit to both E,, (k) and |cp;q (K)|? (solid lines). Incorporating
|cnia(K)|? in the target data recovers correct g, localization
and significantly improves the quantitative accuracy of the
ETB eigenstate orbital character. We note that this is achieved
while retaining a highly accurate fit to the DFT band structure.

IV. CONCLUSION

We have established an ETB parameterization scheme that
incorporates atom-, band- and k-resolved wave function atomic
orbital character on equal footing with the electronic band
structure. Using GaAs as an example, we showed that opti-
mizing ETB parameters to reproduce a target band structure

in isolation can introduce both qualitative and quantitative
inaccuracies in the ETB eigenstates. This can be the case
even when the ETB band structure is in excellent quantitative
agreement with the target band structure. In this manner,
seemingly accurate ETB parameters can mask errors that are
only revealed when the eigenstates are explicitly interrogated.
By incorporating both the band structure and atomic orbital
character we have established a parameterization scheme that
improves the accuracy of the ETB electronic structure, and
which can be implemented using free, open-access software.
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