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ABSTRACT: Density-functional tight-binding methods stand out as a very
good compromise between accuracy and computational efficiency. These
methods rely on parameter sets that have to be determined and tabulated for
every pair of chemical elements. We describe an efficient, and to a large extent
automatic, procedure to build such parameter sets. This procedure includes
the generation of unbiased training sets and subsequent optimization of the
parameters using a pattern search method. As target for the optimization we
ask that the formation energy and the forces on the atoms calculated within
tight-binding reproduce the ones obtained using density-functional theory.
We then use this approach to calculate parameter sets for group IV elements
and their binaries. These turn out to yield substantially better results than previously available parameters, especially in what
concerns energies and forces.

1. INTRODUCTION

The density-functional tight-binding method (DFTB)1 along
with its numerous extensions2−15 constitutes an invaluable
quantum-mechanical simulation tool kit. It mainly targets large
molecular structures and extended systems with periodic
boundary conditions involving up to tens of thousands of
atoms in the unit cell.16 Due to their ability to perform such
large simulations while maintaining a quantum-mechanical
description of the system, DFTB methodologies are valuable in
a wide variety of research areas, from modeling chemical
reactions17−19 to biomolecular science,20−22 solid-state
physics,23,24 and material science.25−27

At the core of all DFTB methodologies lies a very efficient
approximation to density-functional theory (DFT).28 This
stems from expressing the wave functions as linear combina-
tions of atomic orbitals from a tailored minimal basis-set
(minimal-LCAO). Moreover, computation time is considerably
reduced by precomputing and tabulating all the needed
ingredients in the form of parameter sets known as Slater-
Koster parameters.
Slater-Koster parameter sets need to be prepared beforehand

for each pair of chemical elements to be considered. They
contain an electronic part that is required for formulating the
quantum-mechanical electronic-structure problem and a
classical potential describing the repulsion between atomic
cores and other terms of corrective nature. Conventionally, the
parametrization of the electronic part is carried out explicitly
only for the homonuclear case against some reference
electronic-structure data,29 while the heteronuclear parameters
are built from the homonuclear ones.24 While this kind of
treatment reduces the work required for obtaining the

electronic parameters, the repulsive potentials are still required
for each pair of chemical elements. This turns out to be the
most time-consuming step of the procedure. Multiple schemes
were proposed30−33 with the purpose of reducing human
intervention in the parametrization procedure by automatizing,
to different extents, the production of repulsive potentials.
One can also go a step further and fit the Slater-Koster

parameters directly in order to reproduce some chosen
properties of reference systems. Using this approach, ref 34
recently treated the parametrization procedure as a multi-
objective optimization problem using a particle-swarm
algorithm. This was found to yield very accurate parameters
with respect to the relevant reference data.
Here we follow further this idea and propose a methodology

to train DFTB parameters that are transferable (i.e., that can be
used for a diversity of systems) and that yield accurate energies
and forces. There are several steps in this methodology, starting
with a careful preparation of unbiased training and test sets and
subsequent optimization and testing of the parameters.
Furthermore, a special emphasis was put into developing a
robust and automated (black box) method, that can be easily
applied to generate parameters for many pairs of elements. As
an illustrative practical example we consider the parametrization
of multiple DFTB models for the group IV elements (C, Si, Ge,
Sn) and their binary combinations.
The rest of this Article is organized as follows. In section 2

we give a brief overview of the DFTB formalism, while the
following section 3 is concerned with our strategy for the
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generation of the train and test sets and optimization of the
DFTB parameters. We then present, in section 5, our results for
group IV elements, both for elemental and binary phases. We
complete the discussion with our conclusions.

2. DFTB
The original DFTB formulation35,36 can be seen as a minimal
LCAO two-center approximation to a zeroth-order perturbative
expansion of the Kohn−Sham total energy28 with respect to
fluctuations around atomic charge densities. This treatment
yields an energy EDFTB that is given as the sum of a band-
structure term EBS and a pairwise repulsive potential Erep (for a
detailed derivation see refs 1 and 37)

∑ ∑ φ φ= ̅ ⟨ | ̂ | ⟩
σ λ

σ λ σ λE n c c H
i

i i i
BS

,
KS
(0)

(1a)

∑=E V R
1
2

( )
I J

IJ IJ
rep

,

nuclei
rep

(1b)

where the index i runs over Kohn−Sham orbitals with
occupation numbers ni, φσ and φλ are atomic orbitals used in
the LCAO, and ĤKS

(0) is the Kohn−Sham Hamiltonian built from
a superposition of either unperturbed reference densities or the
corresponding potentials, with the two-center approximation
being implicit. The term VIJ

rep(RIJ) is a repulsive potential
between atoms I, J, and RIJ is the respective internuclear
distance. The perturbative expansion mentioned above can be
truncated at second order, including to lowest order the
contribution of charge-density fluctuations to the total energy.
Effects related to charge-transfer can be handled by the self-

consistent-charge (SCC) extension to DFTB.2 The SCC DFTB
energy is given by

∑ γ= + Δ ΔE E R q q
1
2

( )
I J

IJ IJ I JSCC
DFTB DFTB

,

nuclei

(2)

where γIJ(RIJ) represents the effective interaction between two
spherical charge distributions at the distance RIJ.

32 This is
computed from the Hubbard parameters of the free, spin-
unpolarized atoms I and J.2 Finally ΔqI is the Mulliken charge
of atom I.
Atomic charge densities and atomic orbitals are convention-

ally obtained from the solution of the Kohn−Sham equations
for the atom in a confinement potential using Slater-type orbital
basis.38 Typically, the confinement potential is a spherical
power potential of the form

=
⎛
⎝⎜

⎞
⎠⎟V r

r
r

( )
n

power
0 (3)

The confinement power n and the confinement radius r0 are
parameters of the DFTB model and can be chosen, e.g., to
reproduce DFT band structures.29 It was found that rather
steep confinement potentials were needed.
Another confinement potential that is gaining popularity is

the Woods-Saxon potential39

=
+ − −V r

h
( )

1 e a r rWS ( )0 (4)

where h is the asymptote of the potential as r → ∞, r0 is the
inflection radius, and a is proportional to the slope at the
inflection radius. First introduced in the context of relativistic

SCC DFTB as a possible alternative to the incompatible power
potentials,40 it was later shown to reproduce accurately band
structures of various materials at different levels of theory.34

Having obtained a satisfactory parametrization of the band-
structure contribution to the energy, one is left with the
pairwise repulsive potentials. Usually, these potentials are
prepared manually and represented by cubic splines (for a
detailed procedure see ref 41). In this work we will follow the
approach of Bodrog et al.32 and express each pairwise repulsive
potential as a linear combination of cutoff polynomials

∑ϕ ϕ= −
ν

ν
ν

=

V R R R( , ) ( )IJ IJ IJ IJ IJ
rep rep

2 or 3
IJ,
rep cut

(5)

where RIJ
cut is the cutoff of the potential VIJ

rep, and ϕIJ
rep is a set of

coefficients to be determined. It has been shown that this
approach yields repulsive potentials comparable to the
handmade ones if not better.32 Furthermore, this particular
choice allows for a very fast construction of repulsive potentials.
To add flexibility to the optimization of the electronic terms,

we can also fit directly the Slater-Koster parameters. This
approach is close in spirit to the conventional tight-binding way
of building the Hamiltonian and overlap matrices. Here we
consider only the nonzero off-diagonal elements to be free
parameters, while maintaining the diagonal of the Hamiltonian.
In this manner the DFT limit is approached as the internuclear
separation grows larger. To model the distance-dependent
matrix elements we propose the form

∑= −α

ν
ν

ν−

=

M R c R R( ) e ( )IJ
R

IJ
0

0
IJ

(6)

where M(RIJ) is a matrix element between two basis functions
centered on atoms I and J, RIJ is the distance between the
atomic centers, and α, R0, and cν are free parameters.
The form given by eq 6 was chosen to reduce to existing

DFTB electronic parametrizations while using a moderate
number of free parameters. A typical number of terms is 10−13
for a total of 12−15 free parameters per matrix element. The
number of parameters is rather large especially for the
heteronuclear case. Nevertheless, if one uses as the starting
point a reasonable guess for the Hamiltonian and overlap
matrix elements (for example, from an existing DFTB
parametrization), the optimization can be performed efficiently.
We will call the parameter sets obtained in this way “fully
unconstrained”, while the ones obtained with a confining
potential will be referred to as “standard”.

3. TRAIN AND TEST SETS

In this section we discuss how we generate our training sets
(used to fit the tight-binding parameters) and our testing sets
(used to assess the quality of the fitted parameters). Note that it
is very important to use two completely different sets in order
to check for any problem related to overfitting of the data. Our
main interest is to obtain good energies and forces, as these are
the quantities that are relevant for molecular dynamics or global
structural prediction. Therefore, our data sets are designed to
include a wide, and unbiased, range of crystal structures that are
characteristic of the different atomic arrangements that can
appear in such simulations. The training data is obtained at the
level of DFT with the Perdew−Burke−Ernzerhof42 approx-
imation to the exchange-correlation functional as implemented
in the VASP code.43 We used the PAW pseudopotentials of
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version 5.2 of VASP and dense k-point sets that yield a
precision of around 2 meV/atom in the total energy.
Generation of the reference data sets was carried out in two

separate steps. The first step of the process uses a global
structural prediction method44 to explore the possible bonding
patterns and crystal structures allowed by the chemical
composition. Specifically, we use the minima-hopping method
(MHM),45,46 an efficient approach that has been frequently
used in the past years to discover new materials and crystal
phases.16,26,47 We recall that this method uses a walker in
configuration space and that it proceeds by a series of short
molecular dynamics (MD) simulations followed by geometry
optimization steps. The output of our runs includes therefore
not only a set of structures corresponding to local-minima (loc-
min) but another set of intermediate structures resulting from
molecular dynamics runs. Note that the majority of structures is
far from dynamical equilibrium.
For efficiency reasons we used a rather small number of

atoms in the unit cell for the simulations, and we stopped our
minima hopping runs relatively early (after ∼30−80 minima
were found). We note, however, that our objective is merely to
sample possible crystal structures and not to do extensive
explorations of the phase diagram; therefore, such relatively
inexpensive simulations are more than sufficient. For
elementary substances, we performed one run with 1 and 2
atoms in the unit cell and two runs with 4, 5, and 6. To add to
the structural variety, we also performed two runs at the
pressure of 20 GPa, one with 4 and another with 6 atoms in the
unit cell. For binary systems composed of elements A and B, we
ran calculations for all compositions that yield at most 6 atoms
in the unit cell. This amounted to the following stoichiometries:
AB (2 and 3 formula units per unit cell), A2B and AB2 (2
formula units per unit cell), and A3B, AB3, A4B, AB4, A5B, AB5,
A2B3, and A3B2 (1 formula unit per unit cell). Two minima
hopping runs were performed for each of these cases.
To complement our data sets, and in the spirit of ref 48, we

then apply a series of geometrical distortions to the local
minima. Finally, we add to the loc-min subset of the elementary
substances a set of two-dimensional minima structures obtained
with the procedure of ref 26. In this way, we expect to increase
the transferability of our parameters to structures with lower
coordination.
From this wealth of data we then select randomly two

nonoverlapping sets with the same size (one for fitting and
another of the same size for testing). Our only requirement is
that the maximum force acting on the atoms is less or equal
than 2 eV/Å (as these highly unstable structures are unlikely to
be important in any simulation). The set that contains the
shortest internuclear distance is used as a fitting set, as the
repulsive potential bears little meaning at distances much
shorter than the shortest distance present in the fitting set.
Detailed specifications about the train (and test) sets are listed
in Table 1 for all systems studied here.

4. AUTOMATIZED PARAMETRIZATION
The fact that a repulsive potential (or the matrix elements of eq
6) needs to be built for each pair of atom-types dictates that the
number of potentials grows quadratically with the number of
elements to be considered. Hence, making large parameter sets
or systematically extending existing ones becomes intractable
rather quickly. Automatized parametrization aims at reducing
human intervention in the process to facilitate producing and
maintaining large parameter sets.

Having in mind applications in the field of molecular
dynamics or global structural prediction, we consider two
objectives in the optimizations. The first is the square of the
weighted average L2 norm of the error committed by DFTB in
computing formation energies ΔE per atom, with respect to the
DFT ones

μ =
∑ Δ − Δ

∑Δ

w E E

w

( )
E

i i i i

i i

DFT DFTB 2

(7)

where the sum over i runs over all structures under
consideration each with a weight wi. The second objective is
the analogue concerning the forces

μ =
∑ ∑ ∑ −

∑

F F

w

( )
F

i j
N w

N q ijq ijq

i i

3
3 DFT DFTB 2i i

i

(8)

where the index q denotes a Cartesian component of the force
vector Fij acting on the jth atom in the ith structure that has Ni
total number of atoms.
Both objectives were visible to the optimization procedure as

a linearly scalarized single objective using equal weights

μ μ μ= +ΔE F (9)

It should be mentioned that linear-scalarization of multi-
objectives can yield Pareto-optimal solutions only on the
convex regions of the corresponding Pareto front.49,50

However, we found that linearly scalarizing the formation
energy and force objectives with equal weights yields satisfying
results.
We expect that regions of phase-space close to the dynamical

minima are sampled most often in simulations. Therefore, to
obtain a better description of these regions we decided to
include in our objectives a dimensionless weight factor wi that is
given in terms of F̅i the average norm of forces acting on atoms
in the ith structure. It reads, when F̅i is measured in eV/Å

=
+ ̅

w
F

0.2
0.2i

i
2

(10)

This function attains its maximum value of one for F̅i = 0 and
decreases monotonically for larger forces.
Searching for an appropriate method to solve our

optimization problem, we experimented with genetic algo-
rithms,51 particle-swarm optimization,34 and surrogate-model
based algorithms,52,53 among others. We found that a pattern-
search algorithm,54 using a coordinate-basis for the pattern, is
very suitable in terms of the quality of the solution and the time
needed to reach it. Although pattern-search methods are
typically considered to be local-optimization methods, they can
show global-identification behavior55 to some extent. A detailed
description of pattern-search algorithms can be found in ref 56
and ref 57.

Table 1. Number and Type of Structures Included in the
Train and Test Data Sets for the Considered Speciesa

loc-min distorted MD total

C 62 200 200 462
Si 84 200 200 484
Ge 89 200 200 489
Sn 82 200 200 482
AB 100 200 200 500

aAB refers to any of the binary phases considered.
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5. RESULTS AND DISCUSSION

All DFTB calculations were carried out using the DFTB+
code.58 For the calculations we used a dense k-point mesh of 4
k-points/Å−1 as generated by the atomic simulation environ-
ment.59 A tolerance of 10−5 for the SCC cycle was used with 30
iterations at most, with a Broyden mixing parameter of 0.4.
The optimization of the electronic part of the DFTB model

was carried out using the SCOLIB implementation of the
pattern-search algorithm, employing a coordinate-basis for its
pattern, via the DAKOTA tool kit.55

5.1. Elemental Phases. We start our discussion with the
parametrizations of the elemental phases of the group IV
elements (C, Si, Ge, and Sn). To obtain the electronic part of
the DFTB model we chose a shell-resolved Woods-Saxon
confinement potential, with an extra confinement potential of
the same type for calculating charge densities. The powers of
polynomial terms in the repulsive potentials were kept constant
during the optimization, namely we used a ninth degree
polynomial with minimal power of 3. Cutoff values of the
repulsive potentials were fixed at 4.0, 5.0, 5.5, and 6.0 au for C−
C, Si−Si, Ge−Ge, and Sn−Sn, respectively. Those values were
loosely chosen according to the usual convention to go slightly
beyond first neighbors. The optimization was carried out using
non-SCC DFTB. As an initial guess for the confinement
potentials we have used a value of 1 au for all the parameters.
The resulting parameters of the confinement potentials for the
elemental phases are reported in Table 2.

Having obtained a satisfactory parametrization of the
confinement potentials, we perform the (computationally
inexpensive) optimization of the repulsive potentials. We
perform several runs varying the number of polynomial terms
in the repulsive potentials. The best parametrization is then
chosen, ensuring that it does not have spurious oscillations, and
that it has positive curvature at short internuclear distances.
The parametrization of the fully unconstrained parameter

sets was performed in a similar fashion, using 18, 10, 13, and 18
terms in the electronic part for C, Si, Ge, and Sn, respectively.
The parameter sets are then benchmarked. From Table 3 we

can see that the average errors in the train and test sets are
comparable, indicating that there is no overfitting. This is true

also for the fully unconstrained optimizations that use a
substantially larger amount of parameters. Errors in the energy
are between ∼20−60 meV/atom, with carbon exhibiting an
error twice as large as the other three group IV elements. This
can be attributed to the richer chemistry of carbon, leading to
the known poorer transferability of the parameters.29 Note that
these are rather small errors, considerably smaller than the
average error in PBE formation energies.60−62 A similar trend
can be obtained by looking at the errors in the forces. These
range from around 40 to 160 meV/Å, again with C, that forms
the strongest bonds of group IV, at the top of this range.
We now compare our results against some popular SCC

DFTB parametrizations such as pbc-0-3,63,64 matsci-0-3,65 and
the third-order9 3ob-3-166 (that will be used here without
including third-order corrections). For consistency, we
prepared SCC consistent repulsives for our electronic para-
metrization described above. The difference to the non-SCC
parametrizations is, as expected, minor, as can be seen by
comparing Tables 3 and 4.

Our parameter sets perform consistently better than all
previous parametrizations. For carbon, the 3ob-3-1 set is the
closest to our results. The pbc-0-3 and matsci-0-3 sets are
comparable to each other, with the matsci-0-3 ones being
slightly worse. This was expected, as the pbc-0-3 set was
prepared with extended systems in mind. For silicon, the pbc-0-
3 set yields comparable results to carbon, while the matsci-0-3
is clearly inadequate for describing solid silicon phases.

Table 2. Resulting Parameters of the Confinement
Potentialsa

element a r0 W

C density 1.0604 0.5942 0.9990
s 3.9339 0.7321 3.2960
p 1.9646 2.8762 1.9716

Si density 1.0000 1.0000 1.0000
s 5.0781 3.5828 2.7219
p 1.7703 1.0000 1.9516
d 1.1359 1.0000 4.4437

Ge density 1.7023 1.0000 1.0000
s 2.9824 3.4695 1.1133
p 1.8723 1.0000 2.5519
d 1.3625 1.0000 5.7125

Sn density 1.0000 1.0113 1.0000
s 1.0000 1.8043 1.0113
p 1.0113 1.0000 2.6369
d 1.2945 1.0000 6.3469

aAll values are in au.

Table 3. Errors in the Formation Energy (meV/atom) and
Forces (meV/Å) for the Considered Elemental Phases
Evaluated for the Training and the Testing Data Setsa

μΔE μF

type train test train test

C standard 52.4 62.7 161.7 138.4
fully unconstr 42.1 39.1 130.4 117.5

Si standard 32.8 37.8 71.2 71.5
fully unconstr 23.9 28.7 59.3 60.9

Ge standard 27.3 24.9 56.6 54.1
fully unconstr 17.8 16.2 42.8 41.6

Sn standard 33.7 34.9 42.9 45.9
fully unconstr 26.5 28.1 41.7 45.0

aFor each element we present results for the standard and for the fully
unconstrained parametrizations.

Table 4. Comparison of the Errors in Formation Energies
(meV/atom) and the Forces (meV/Å) at the SCC DFTB
Level for the Considered Elemental Phasea

type μΔE μF

C this work 61.1 134.4
pbc-0-3 419.2 257.4
matsci-0-3 466.7 275.7
3ob-3-1 122.2 206.2

Si this work 37.5 70.9
pbc-0-3 384.3 240.4
matsci-0-3 1137.1 766.2

Ge this work 25.2 53.7
Sn this work 35.5 45.4

aThese values were evaluated for the testing data sets using both our
“standard” parameters and other parameters found in the literature.
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Although we did not consider the band structure as one of
the objectives of our optimization, it is interesting to see how
our parameters perform for this property. It turns out that they
reproduce fairly well the band structures of typical
representatives of the considered phases. In Figure 1 we

show a comparison for the band structure of silicon in the cubic
diamond phase, calculated with both DFT and DFTB with our
parameters. The DFTB valence bands are similar to the DFT
ones, the main difference being a compression of the band
widths. The DFTB conduction bands have their minimum
close to the DFT results, yielding correctly Si as an indirect
semiconductor. The DFTB band gap is also in good agreement
with the DFT one. The fact that the pbc-0-3 set yields a direct
band gap for silicon can be attributed to the lack of a full
treatment of d orbitals. However, pbc-0-3 was shown to yield
HOMO−LUMO gaps that supersedes in quality gaps from
semiempirical methods67 such as PM668 for silicon nanocryst-
als.
Other band structures for C, Si, Ge, and Sn in the diamond

cubic structure can be found in the Supporting Information. It
turns out that the “standard” parametrizations outperform the
“fully unconstrained” ones. This was to be expected, as the
latter are optimized much more aggressively to reproduce
formation energies and forces. In any case, we do not
recommend the use of these parametrizations for the
investigation of the electronic structure. A much better
approach would be, of course, to develop Slater-Koster
parameters by including the band structure as a target for the
optimization.
5.2. Binary Phases. Two sets of repulsive parameters were

prepared using our “standard” and “fully unconstrained”
recipes.
In standard DFTB, the Slater-Koster parameters for a

heteronuclear pair are, as for the homonuclear case, calculated
directly from the orbitals of the individual constrained atoms. In
view of the variety of possible binding patterns, we can expect a
deterioration of the quality of parameters and a reduction of the
transferability for binary phases. This is what we can observe in
Table 5, where we present the errors using the test set for our

“standard” parametrizations. In this case, we used as cutoffs for
the repulsive potentials, 4.5, 4.5, 5.0, 5.0, 5.0, and 5.5 au for C−
Si, C−Ge, C−Sn, Si−Ge, Si−Sn, and Ge−Sn, respectively.
Although our “standard” parameters still work considerably
better than the pbc-0-3, there is a remarkable increase in the
errors for both energies and forces, when comparing with the
results for elemental substances of Table 3. The most drastic
deterioration of quality is apparent in species containing
carbon.
One possible source of error is the use of a non-SCC

treatment. We investigated this problem by creating SCC
parametrizations and calculating the corresponding errors for
the test sets. It is true that the error decreases but unfortunately
by a relatively small amount. A more successful approach
consisted in treating the electronic parameters as independent
variables, independent of the homonuclear parametrization.
This is possible via the fully unconstrained procedure explained
before. In this case, the optimization of the electronic
parameters was carried out using 10 terms for each matrix
element in the case of C−Si, C−Ge, Si−Ge, Si−Sn, and Ge−
Sn, while 13 terms were employed for C−Sn. In this way the
error in both energies and forces decreases considerably to
values similar to the homonuclear case above.

5.3. Further Tests. To further verify the transferability of
the generated parameter sets we assess their quality using data
sets of group IV ternary compounds. The data sets were
randomly selected from structural prediction runs, with a
maximum average force of ∼1 eV. The data sets consist of 171,
128, 128, 115 of C−Si−Ge, C−Si−Sn, C−Ge−Sn, and Si−
Ge−Sn structures, respectively. Results are collected in Table 6.
We observe a trend similar to the binary compounds, with
carbon containing species exhibiting the errors of largest
magnitude. As one would expect, the error increases when
considering ternary compounds. However, it is still perfectly
within reasonable limits (especially for the fully unconstrained
parametrizations), indicating good transferability of the
parameters.
Using the Murnaghan equation of state,69 we calculated bulk

moduli and equilibrium cell volumes for some selected systems
in the cubic diamond lattice. The Brillouin-zone sampling was
carried out using a 10 × 10 × 10 Monkhorst−Pack grid. In
Table 7 we collect the errors (in %) for the bulk modulus and
the volume of the primitive unit cell, compared to the

Figure 1. Band structure of diamond Si computed using DFT within
the PBE approximation (in black) and our “standard” DFTB
parameters (in red). The indirect gap is shown by star and circle
markers for DFT and DFTB, respectively.

Table 5. Error in the Formation Energy (meV/atom) and
Force (meV/Å) for the Considered Binary Combinations
Evaluated in the Testing Data Setsa

type μΔE μF

C−Si standard 132.5 284.5
fully unconstr 37.8 197.3
pbc-0-3 176.4 400.1

C−Ge standard 258.2 250.3
fully unconstr 34.8 165.1

C−Sn standard 356.2 289.6
fully unconstr 45.5 184.8

Si−Ge standard 32.6 74.7
fully unconstr 18.2 56.2

Si−Sn standard 52.4 115.2
fully unconstr 25.4 80.0

Ge−Sn standard 26.6 69.5
fully unconstr 17.3 63.0

aResults for the pbc-0-3 set are also given for C−Si.
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corresponding DFT results (for the raw data see the
Supporting Information). The errors in the lattice constant
are in general rather small for both sets of parameters and are
never larger than a few percent. Errors for the bulk modulus are
considerably larger, as this quantity is more sensitive to small
variations. They are between 1−15% and are slightly better for
the fully unconstrained parameters.
Phonon dispersion curves were calculated for the same

systems by the finite differences method via the phonopy
package70 using 4 × 4 × 4 supercells. All results can be found in
the Supporting Information. The DFT phonon dispersion
curves are in general quite well described, with the fully
unconstrained parameters yielding errors for the highest optical
frequencies that are usually below 10%.
Finally, we take a look at the Slater-Koster parameters

themselves (see the Supporting Information for a complete set
of plots of the Slater-Koster parameters). It is well-known that a
direct optimization can lead to unphysical features. This
includes spurious oscillations, deviations of large magnitude,
or even a change of sign, when compared to integrals computed
from physical wave functions. We try to avoid these problems
by carrying out our fully unconstrained optimizations within
tight bounds in the parameter space around the initial guess.
This recipe, however, is not foolproof due to the nonlinear
nature of the problem. In most of the obtained Slater-Koster
parameters, this procedure proved successful. However, in a few
situations, artifacts, and in particular a change of sign of the
curves, were observed. This again indicates that it is not
advisible to use our fully unconstrained parameters to calculate
other properties than the ones they were fitted to, namely total
energies and forces (and derived quantities).

6. CONCLUSION
We present an efficient, and highly automatized, approach to
obtain optimized parametrizations to be used in the density-
functional tight-binding method. There are several steps in this
approach: (i) Train and test sets are built using density-
functional theory. To ensure that these sets include structures
representative of all bonding possibilities, these are generated

from short global structural prediction runs. (ii) An algorithm
based on the pattern-search method is then used to optimize
the parameters. (iii) These parameters are then tested for the
structures contained in the test set to avoid problems of
overfitting.
A model functional form for matrix elements was also

proposed that grants extra variational freedom in the density-
functional tight-binding model allowing for the fine-tuning of
the electronic parameters. It was shown that this fully
unconstrained optimization brings significant improvements
especially for binary and ternary systems.
The resulting procedure was applied to the group IV

elements (C, Si, Ge, and Sn), and their binary combinations. As
optimization targets we used formation energies and forces
acting on the atoms. The resulting parameters show remarkable
improvements, both in formation energies and forces, over
some of the popular parametrizations present in the literature.
Finally, to assess transferability of the obtained parameter sets,
they were tested against bulk moduli and unit cell volumes for
some selected systems and against formation energies and
forces of group IV ternary compounds. We believe that the
quality of the produced parameter sets makes them particularly
suitable for their use in molecular dynamics and structural
studies.
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