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The most time-consuming part of developing new parametrizations for the density functional based tight-

binding (DFTB) method consists of producing accurate and transferable repulsive pair potentials. In the

conventional approach to repulsive parametrization, every possible diatomic combination of the elements
covered by the parametrization must be individually hand-constructed. We present an initial attempt to automate
some of this time-consuming process. We consider a simple genetic algorithm-based approach to the fitting
problem.

I. Introduction The total energy of the more recent self-consistent charge

R 4 i i

The density functional based tight-binding method (DFTB) model (SCC-DFTB)* is given by
and its later self-consistent charge exten${@CC-DFTB) are "
computationally very efficient approximations to fully self- Esccfom=Tr(H°[no]~p)+%ZEn,ﬂ[nu](| i I)+%Zm(Uu,Ub,rab)Aquqb ©)
consistent KohaSham density functional theory. DFTB has v =
been successfully applied to a wide range of problems in the
fields of blomolecules,.surfa.ces, and interfaces, as well as pomtwherey is a Coulombic-like interaction between sites (depend-
and extended defects in solid-state systems. For several Currenitng on the atomic Hubbart: parameters), and\q is the
examples of the general applicability of DFTB, see additional gt ;ation of Mulliken charges compared to the reference
papers in this section. Depending on the reference systems use ystem fo). yap interpolates between two exact known limiting

during parametrization, L.DA’ GGA, or hybrid-functional—like cases (correctly predicting the atomic chemical hardnesg,as
results have been obtained for energetics, structures, and_, § 544 the Coulombic interaction as, — ®). The SCC

vibrational modes. , contributions are resolved either by atom or by individual I-shells
DFTB Energies andEep(r). The DFTB method is @ two- o the atoms (thus both forms are rotationally invariant).

center, 5m|n|mal t_)a5|s approximation to the K@’fﬁ‘ha'_“_ Further extensions have been built on top of these models.

problem. For detalls,.see refs 1, 3, and 6. As with emp|r.|cal Due to the choice of neutral, unpolarized atoms as a reference,

tight binding, a crucial component of the total energy is @ gyiensions such as spin polarizatididispersiorf;1°or orbitally

pairwise re_pulswe interaction. The total energy of the original dependent correlatiéhare additive in eq 2; hence, a previously

modet is given by parametrized DFTB or SCEDFTB Er) can also be used in

these applications.

BEsce

1< o
Eprre = Tr(HCng] - p) +5 D Erep[n, (| mi = 75 ) (1)
— 2 Z, e ’ Il. Fitting Erep(r)

o Since each pairwise chemical combination requires an ac-
where the band-structure enerdss €) is given by the trace of . ate Eedr), a consistent set 0O((N2 + N)/2) repulsive

the DFTB Hamiltonian for the reference system (the set of atoms jnteractions needs to be constructed for the collection of atomic
with charge distributions af) and the occupied single particle  yheg present in the desired application. Once a highly transfer-
density matrix ). The pairwise repulsive contribution depends 5pe Erelr) Curve has been constructed, the DFTB method is
on the separation and chemical species of the atoms involved.\,ery efficient. Much effort has been expended in adding new

The atomic reference systems which provigeare chosen  glement combinations to existing sets of consistent repulsive
to be neutral, spin-unpolarized atoms in a confining potential. gets.

The matrix elements are calculated from diatomic peifaising Erer) is defined as the difference betweBger andE.s. (or
a basis of the confined atomic Kohisham wavefunctions in Eps. + Esccin the case of SCEDFTB). From a purisf boint
the chosen potential. When constructiity DFT potentials for o iew, the same functional should be used to construct both
a chosen functional are evaluated either from superposition of o g Err); however, within the DFTB approximations, the
the Kohn-Sham atomic potential$ or as a functional of the  pETR pand structure energy is not strongly dependent on the
superposed densitiés. functional used to generate th® Hamiltonian, but the choice

- - - — of functional for the repulsive reference has a stronger effect.

N 'Efgétcr’(';rtl?ceag dFrlsBs,SFjZﬂa}lr?aiCt%”b-ccms uni-bremen.de Under this definition ofE.r) as a difference to a DFT

t Universit4 Bremen. ' P ' o referenceErep(_r)_is only gual_ranteed_ to be purely repulsivg for

8 University of Strathclyde. systems consisting of only simple dimers. For more complicated
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cases, such as bonds in larger molecules or extended solids, NH

the difference definition allowskle(r)/dr to be positive in some &\ 7
regions. N1
A. The Conventional Approach. The manual fitting process R

typically proceeds by identifying a series of structures which .
possess examples of the chemical bonds which should be No

reproduced by the parameter set. The bond lengths are then / \X

systematically varied and the DFT total and DFTB band- &

structure energies are calculated. For example, the DFTB organic NH

carbon sétused the single, double, and triple bonds iHE Figure 1._ Schematic representation of the proton-transfer process. The
C,Ha, and GH, stretching each molecule over a range of@ dashed line marks the proton-transfer path.

distances, keeping the-@4 bonds fixed, and fitting a smooth
and short-rangedt,(r) from these three piecewise sections.
In this case, the electronic part of the energy was constructed
with the Perdew, Burke, and Enzerhoff (PBEY functional,
while the Efr) was produced from a B3LY®!®> DFT
reference. TheEedr) curve is shifted so that at the cutoff
distance it goes to 0 (ideally without discontinuity).

This process has also been performed with the intention of b
reproducing vibrational modes instead of energetics, by using “
an analogous method where the vibrational modes associated '
with chosen bonds as a function of length are instead #té#
with Erelr) constructed by integrating the constructed deriva- '
tives. ,
v ‘

Typically, homonuclear interactions are fitted first, then fixed
while the heteronuclear cases are constructed.

B. A First Attempt at Automation. Reducing the amount “
of human intervention required in constructiigy(r) is highly
desirable. To achieve transferable results for a new system,
perhaps up to 1 month of human time can be required to con- ¥
struct and verify a given pairwise interaction, while the compu- _
tational cost of the parametrizing calculations, with current Figure 2. The'proton-traAnsfer path, marked by the dotted line, for a
computers, is negligible by comparison with current computers. NNz separation of 3.0 A, including the two additional imidazole rings

; . . . . to simulate crystalline surroundings (at the top and bottom). C, black;

The human input into parametrization is rapidly becoming the \ ‘pie: H, white.
time-determining point of calculations for a new material.

In some sense, the process of produdiigy(r) is similar to example, including simple dimers or deformations of the unit
the “Learn on the Fly” method of Csanyi et & where a series  cell for elemental solids makes sense. Over the course of
of environmentally dependent interatomic potentials is derived. exploring the paths, desired properties such as total energy,
This is typically done by constructing additional contributions  forces, and/or vibrational modes can then be monitored at the
to previously supplied potentials by fitting differences in forces DFT and DFTB levels of theory. Fittinge(r) then becomes
when compared with quantum chemical calculations. In this a general optimization process of minimizing the error in the
case, in principle each pair of atoms requires a different DFTB properties, calculated to including the tri&k{r), when
correcting potential which may change during the calculation. compared against the DFT reference. Simultaneously, we must

In this, we are fortunate, since by constructifigr) is only constrain the properties OF.qr) to be short-ranged and
required for each atomically distinct pair rather than for each continuous.

chemical environment. We also have several fur'th'e'r constraints There are a wide range of techniques for such optimizations;
on the form ofErey(r) that are present by definition, since  one could consider least-squares fitting, for example or, as we
E,ep_(r) ;hould be continuous (ideally up to at least the t_hlrd do in this work, genetic algorithms.

derivative), short-ranged, and often chosen to be monotonically
decreasing. In this case, its first derivative would always be
less than zero. AdditionallyEe(r) should be 0 at the end of
the Erelfr) table. Very good introductions into the field of genetic algorithms,

In an attempt to remove some of the human effort in GAs, can be found in refs 222. Here, we employ a simple
constructingEre((r), we have first tried to generalize the fitting ~ scheme of genetic optimization, which is by no means fully
process such that automated comparisons between the DFTdeveloped but rather serves to test whether GA are generally
energy and the DFTB band structure are possible. Instead ofuseful forEq((r) fitting. To do so, we represent ttige(r) as a
restricting the comparisons to a set of example bonds, we insteadseries of E(r) points between which we interpolate using a
define a path of distortions for a set of structures similar to nhatural cubic spliné8 Since the first and second derivatives of
(but with much smaller numbers of atoms than) the target systemnatural cubic splines are continuous by definition, this repre-
for which E{r) is needed. This path can be quite general; for sentation automatically meets the continuity requirements on
example, it could come from a series of molecular dynamics or Eren(r).

Monte Carlo steps, barrier crossing events, or simply structural Our GA recombination operation simply cuts two parent
relaxations. In addition, multiple paths may be described to Ewlr) at the same randomly chosen data point and exchanges
capture other examples of bonding or other processes; forthe sections. Since the same parent can be chosen twice for

W

[1l. Genetic Optimization of Ejep(r)
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Figure 3. Proton-transfer energy profiles along the-NN » axis for different N—N » distances, calculated using GGA, LDA, and two versions of
the N—H E.((r). Curves are shifted along theaxis for clarity a 5 kcal mot? interval is indicated in each plot for reference.

this operation, then several copies of the more successfulwhere the superscripts denote the forces calculated from the
individuals can pass to the mutation stage. We define the repulsive potential, DFTB electronics, and the reference method,

mutation scheme to change the data point at indewith respectively.

the scaling factors to limit the amount of mutation and a We generated the initial population of 20 E((r)’s by
random numbep = rnd(—1, 1) in the range {1, ..., 1] as taking an initial Ee(r) from a modified mio-6-1 DFTB
follows: parameter s&f3 and creating 19 mutant versions.

new old old od « - We then start the iterative optimization scheme in which we
Erepe = Erepe T P*S' (Erepe—1 — Erepe) if P <0 (3) first calculate the fitness for eadfer) and sort theEe (r)’s
by fitness. Subsequently, we eliminate all but the five fittest
+ p-s-(E?(i‘:,p - Efé%p+l) ifp>=0 (4) Ere(r)’s and refill the population by combining random pairs
from the survivingger)’s and mutating each child (but leaving
This shiftsE‘r’e";p between the neighboring data points centered the five parents unchanged).
aroundEﬁ’;‘;p, thus providing scaling of the mutation. Since, in We currently do not define an automatic convergence
this work, we are trying to refine an existifige(r), we setsto criterion, but periodically analyze the PES by hand.
0.1, to stabilize the system. We also append two additional data
points with zeroE({r), spaced at 0.1 au at the end of the data V. Example: The N—H Eep(r)
set, and keep these fixed, to ensure tha{(r) and its first two
derivatives vanish at the desired cutoff range. Additionally, we
keep the first data point fixed.
In this work, we define the fitneds of E(r) to be the sum
of squares of force differences between the sampled points of

Enew — Eold

Tepe repc

At first glance, the interaction of an element with hydrogen
appears to be comparatively easy to parametrize, even with the
traditional approach, as hydrogen is single-valent and thus no
combination of different bond types must be regarded. Yet, the
description of proton-transfer processes, especially their barriers,

our PES depends delicately upon a corrégtr).
all atoms One example for ths dependency is the onset of the proton-
F= Z (FFer + FOFTE — prehy2 (5) transfer barrier in an imidazole crystal, dependent on the distance
|

between imidazole rings, as shown in Figures 1 and 2. Here, a
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proton-transfer barrier appears for @M\, distance greater than 0.35 — T T T T il

~2.8 A. The separation at which this barrier is present is very os o
important for molecular dynamics simulations to determine the ’

diffusion properties of protons in imidazole crystals. 0.25

When using density functional theory (DFT), the calculated
onset of the proton-transfer barrier depends on the level of theoryz 0.2
which is employed. Using the local density approximation = 45
(LDA) functional by Perdew and Zungétwith the parametri- &
zation by Ceperley and Ald@&P,the barrier appears at NN, 0.1
distance 0f~2.8-2.9 A, while the PBE213 gives an onset of
~2.7 A (cf. Figure 3). 0.05

To compare the descriptions of proton transfer between two 0
imidazole molecules in a crystal-like setting using the different
methods and parameter sets, we calculate the potential energy ~0.05
surface (PES) using thei;NN distance as the first axis and
the Ni—H distance as the second axis. We vary the-N,
distance between 2.4 and 3.0 A.

For LDA, we calculate a reference PES using SIESYTA, 1 original
choosing a doublé-basis with polarization functions (dzp), 0.01 re-fitted -------
determining the basis cutoff by a shift o2 10-2 Ry. We set ’
the cutoff for the auxiliaryk-space grid to 250 Ry. We employ 1e-04
Troullier-Martins pseudopotentiaé. As can be seen in
Figure 3B, the PES is not completely smooth. This is probably £ 1e-06
due to the still rather small basis set. Since a larger basis setS  1e-08 -
would have to be generated by hand, we chose to use the largesj?
automatically generated set available, as the exact form of the ~ 1e~10 T
PES is less relevant for this study of DFTB parametrization. 1e=12 L i

For PBE, we calculate the PES using an all-electron calcula-
tion in a 6-31G* basis set. The resulting DFT PES’s are shown Te=14 - .
in Figure 3a,b. 116 L1 . . . ) ]

The N—H interaction from the reference DFTB parameter 0.8 1 12 14 16 18
set23reproduces the GGA results very well, as can be seen in riA
Figure 3c. The question arises regarding whether the details of (b)
the PES are determined mostly by the electronic part or the Figure 4. Comparison o.r) before and after the genetic refitting
Eredr) in the parameter set. process in (a) linear and (b) logarithmic energy scales. Symbols in the

To determine this, we start from the existing-N Eref(r) refitted potential mark the data points used in the fitting process; curves

are spline-interpolated in the same manner as in the DFBple-

from the modified mio-6-1 set and refine the repulsive potential .
mentation.

using a genetic algorithm, using a LDA-derived PES as a target.
(It should be noted that the GGA results describe the proton
transfer more accurately than the LDA ones. Thus, modifying
the parameter sets to reproduce LDA rather than GGA provides
no practical improvement.)
After about 365 000 mutations of thige(r) (~2.4% of which
led to an improvement of the maximum fitness) performed in
a little less than 72 h on a single PC workstation, we find that
the DFTB-PES resembles the LDA results closely (cf.
Figure 3d). Figure 3 shows that the details of the proton-transfer From our experience with proton-transfer paths in imidazole
PES between imidazole molecules in a crystalline-like environ- crystals, we can conclude that genetic algorithms are well-suited
ment can be fitted to different levels of DFT theory, modifying to perform at least the fine fitting dE((r). This allows for a
the Ere(r) only. The rather low rate of improving mutations  significant simplification of theEr(r) fitting process, even for
indicates that either the scale of mutation is too large or our new materials: Starting from a preliminaBeqr), which could
mutation/recombination scheme tends to easily generate indi-be derived from just one simple run using target paths similar
vidual unfavorableEgr)’s during the optimization. to the traditional fitting process, the repulsive potential can then
LDA and B3LYP Repulsives. As shown in Figure 4, both  be simultaneously optimized for a number of fit systems. In
the original B3LYP and the refitted LDA repulsives decay over the case of N-H, we have shown that even fine details of the
the length scale of the \NH transfer process. The newly fitted — potential energy surfaces of heteronuclear interactions can be
Ere(r) is close to a monoexponential, while the B3LYP shows reproduced by fitting theErel(r) via a genetic algorithm. To
a much flatter (very slightly attractive) region between 1.2 and achieve a semiautomatic generation scheme for DFTB repulsive
1.5 A. The deviation from exponential decay for thigy(r) is potentials, two further steps now will have to be developed.
strongest at 1.3 A. On first inspection, this does not appear to 1. A strategy as to which general target properties are the
correspond to a feature in the GGA/DFTB reaction barrier most crucial to reproduce, e.g., forces, reaction barriers, atomi-
(Figure 3), when plotted in the NH reaction coordinate.  zation energies, bulk moduli, and so forth.
However, if the N—H separation is instead considered, this 2. Improvements in the genetic fitting itself. In this work,
matches the peak of the barrier position for the 2.8 and 2.9 A we use a very simple algorithm in a rather crude implementation

N;—N separation closely (to within 0.1 A). This suggests that,
in order to reproduce a GGA-like surface, the requirement of
monotonicity must be lifted for th&(r). However, since the
new Erer) reproduces the LDA PES well, in this case a
monotonic, near exponentially decayirigel(r) suffices.

V. Summary
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which has by no means been tuned for efficiency. It can be  (5) Kohn, W.; Sham, L. JPhys. Re. 1965 140, A1133-A1138.
expected that taking advantage of the vast experience, which ~ (6) Seifert, G.J. Phys. Chem. 2007 111, 5609-5613.

the bioinformatics community has accumulated over the past ., (7) Kohler, C.; Seifert, G.; Frauenheim, Them. Phys2005 309
decades of research on genetic and Monte Carlo algorithms, (8) Kohler, C.J. Phys. Chem. 2007, 111, 5622-5629.

will further improve the qualityEe(r) fits can attain as well as (9) Elstner, M.; Hobza, P.; Frauenheim, T.; Suhai, S.; Kaxirasl.E.
the efficiency of the fitting process. Chem. Phys2001, 114, 5149. ) _
This new fitting procedure will not only facilitate the (10) Zhechkov, L.; Heine, T.; Patchkovskii, S.; Seifert, G.; Duarte, H.

. . . A. J. Chem. Theor. Compu2005 1, 841-847.
generation of parameter sets for new elements or interactions, (1) Sanna, S.; Hourahine, B.: Gallauner, Th.: Frauenheim) Thbys.

but it also allows for the generation of specifically tuned chem. A2007 111, 5665-5670.

repulsive potentials for use in applications where different levels  (12) Perdew, J. P.; Burke, K.; Ernzerhof, Phys. Re. Lett. 1997, 78,
of theory are applied in a tiered manner; e.g., when using DFTB 1396.

calculations to generate geometries for computationally expen- (13) Perdew, J. P.; Burke, K.; Ernzerhof, Rhys. Re. Lett.1996 77,
sive DFT or even higher-level calculations, it would be possible 14y Becke, A. D.J. Chem. Phys1993 98, 5648.

to generate parameter sets which reproduce the equilibrium (15) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785.
configurations of the higher-level method even better than DFTB  (16) Witek, H. A.; Irle, S.; Morokuma, KJ. Chem. Phys2004 121,

already manages to do, thus further improving the precision of 51?5;)53‘)}-' E . Witek. H. A- Morok Chem. Phvs. Lot
H arolepsza, E.; IteK, H. A.; Morokuma, em. yS. Letl

such multilevel approaches. 2005 412, 237,

o 18) Zheng, G.; Irle, S.; Frisch, M.; Morokuma, K. Phys. Chem. A
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