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Computer simulations are invaluable for the study of ultrafast phenomena, as they allow us to directly
access the electron dynamics. We present an efficient method for simulating the evolution of electrons in
molecules under the influence of time-dependent electric fields, based on the Gaussian tight binding model.
This model improves upon standard self-charge-consistent tight binding by inclusion of polarizable orbitals
and a self-consistent description of charge multipoles. Using the examples of bithiophene, terthiophene and
tetrathiophene, we show that this model produces electrostatic, electrodynamic, and explicitly time-dependent
properties in strong agreement with density-functional theory, but at a small fraction of the cost.

I. INTRODUCTION

Ultrafast dynamics experiments hold the potential to
probe electron'* and nuclear dynamics®® with sub-
femtosecond time-resolution, effectively measuring chem-
istry on the femtosecond timescale.” This is achieved by
subjecting atoms or molecules to strong laser fields (I >
10'2 W/ecm?) of just a few femtoseconds duration and
measuring the subsequent harmonic response. Experi-
ments however only give limited access to the underly-
ing electron dynamics. Depending on the setup, the pri-
mary observable could for instance be the transmission-
absorption or the high-harmonic radiation® spectrum.
While it is possible to infer the dynamics in small systems
from symmetry considerations of the molecular orbitals,’
this approach relies on the studied system having a small
number of degrees of freedom. This presents a strong
opportunity for applying theoretical models that take
the time-dependent response of a probed system into ac-
count.

Time-propagated density-functional theory!?
(TPDFT) in particular is a very powerful method
for simulating such systems, as it offers a good com-
promise between accuracy and efficiency, enabling
demanding simulations over large length and time-
scales.  Recent developments have gone further to
improve the reliability and accuracy of the method, such
as by inclusion of exact exchange,''? or self-interaction
corrections, 314 to name just a few.

We shall here pursue the opposite approach, and in-
stead question to which degree a conceptually more
approximate method can reach the accuracy of time-
propagated density-functional theory. In a previous re-
port we presented the Gaussian tight binding (GTB)
method,'® which is an approximate Kohn-Sham density-
functional theory method based on an extension of the
semi-empirical density-functional tight binding (DFTB)
method. DFTB has been extensively applied to model
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time-dependent systems and is available in linear-scaling
and parallelized implementations.'®17

The GTB method improves upon standard DFTB in
two ways. First, instead of using a minimal-valence basis
set we use an extended basis set including polarization
orbitals. Secondly, we extend the self-charge-consistent
formalism to include self-consistent multipoles. We have
shown in a previous work!® that GTB is capable of de-
scribing the electrostatic response of hydrocarbons to a
static external field with accuracy comparable to density-
functional theory, but at a significantly reduced compu-
tational cost.

We report here on the performance of GTB in pre-
dicting time-dependent properties on the example of the
smaller polythiophenes: bithiophene, terthiophene, and
tetrathiophene. First we outline the theory and param-
eterization of the time-propagated GTB model. Next
we benchmark it with density-functional theory using
the Perdew-Becke-Ernzerhof (PBE) exchange-correlation
functional.!® We find GTB to improve significantly upon
standard DF'TB in predicting electrostatic and electrody-
namic properties, as well as time-dependent dipole mo-
ments and electron densities, while still being orders of
magnitude faster than TPDFT.

Il. THEORY

We give an overview on the basics of time-dependent
density-functional tight binding theory and introduce the
Gaussian tight binding model. Further we describe how
to build a polarizable basis set and how we propagate the
time-dependent tight binding equations.

A. Density functional tight binding

The density-functional tight binding theory!'? 2! is a

semi-empirical electronic structure method based on ap-
proximate Kohn-Sham density-functional theory. Our
starting point is the time-dependent Kohn-Sham equa-
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tion as given by:

0
2 KS (n) S A () 1
(- 2mev + 05[] 1) = ih ™ (1), (1)
where (™ (r,t) is the n-th Kohn-Sham orbital and
vES[p] = SEXI[p]/Sp(r) is the Kohn-Sham potential,
with EX9[p] being the Kohn-Sham energy functional:

EXS[p] = E"*[p] + EX[p] + E“[p)], (2)

given in order by the Hartree, exchange-correlation, and
external energy functionals. Let us now define the tight
binding energy functional by the series expansion of the
Kohn-Sham energy functional E%*[p] with respect to the
electron density variation dp(r) = p(r) — p°(r) from a
chosen reference density p%(r):

ETB[p]:EKS[pO]+/6EKS[pO]

p°(r)
L[ SBR[ R
+2/(WW5P(T)5P(T )d3rd3r + O(6p%).

Sp(r)d®r
3)

We truncate the series beyond the second order in dp(r).
This partitioning enables us to express the tight binding
energy in terms of a static Kohn-Sham energy and an
approximate self-consistent-field (SCF') contribution:

ETP[p] = BRS[p°] + BT [p), (4)
and similarly for the tight binding potential:
SE"P[p]
TB KS[.0 SCF
= =ov"7[p°l 4+ v dpl. 5
= "5 0+ 05" (50, (5)

The static Kohn-Sham energy functional EXS[p°] is
only dependent on the reference density p°(r), which
is commonly chosen as the superposition of non-
interacting, atomically-centered, spherically-symmetric
densities p(r) = >, p%(||r — Ry||), where Ry is the
position of atom I. This functional is only parametri-
cally dependent on the atomic coordinates and chosen
reference densities, and therefore does not require a self-
consistent solution.

In practice we express the Kohn-Sham orbitals in a
real, non-orthogonal atomic-type orbitals basis set:

™ (r, 1) Zc(n) t)pra(r — Ry), (6)

where the atom on site I has an orbital ¢;, attached to

it with the time-dependent expansion coefficient ¢\™ (£).
We would like to precompute and store the static Hamil-
tonian matrix elements

HIaJﬁ[ O] :<¢1a|ﬁK5[POH¢JB>
= (p1a|=0?/2m V2 + 0" 5[] 68)

to save the computational expense associated with eval-
uating the non-self-consistent Hamiltonian matrix ele-
ments. The current formulation (7) however does not

enable tabulation, as the exchange-correlation potential
is non-linear vxc (Y x P%] # Yk vxclp¥]. We simply
cannot precompute these matrix elements for all possible
arbitrary atomic configurations.

The two-centre approzimations present a
workaround by neglecting three-center and crystal-
field terms, leading to the expressions:

{<¢za| HES[00 + 09 |¢gp) T #J
(1ol HES[09] |p15) I=J

The approximate Hamiltonian matrix elements are tab-
ulated as a function of interatomic distance for each pair
of interacting atomic species, following the Slater-Koster
procedure.?? The overlap matrix elements are also tabu-
lated:

21,22

HIaJﬂ[ O] ~
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This tabulation along with the choice of a small ba-
sis set is the source of tight binding’s computational
efficiency compared to first-principles electronic struc-
ture methods. Non-self-consistent tight binding has
been shown to work well for a wide range of systems.
Nonetheless, the inclusion of the self-consistent contri-
bution ESCF[§p] is of particular importance when large
amounts of charge transfer or polarization occurs, for in-
stance when strong external fields are applied.

B. Gaussian tight binding

The self-consistent-field contribution ES¢F[5p] (4)
contains second-order functional derivatives of the Har-
tee and exchange-correlation energy functionals. Its ma-
trix elements Hf(f:]% [6p] = (b1a| HSCF[0p] |$.75) cannot
be precomputed in a straight-forward manner, as they
are directly dependent on the electron density variation
dp(r) which is not known a-priori. We are instead left to
approximate these contributions such that they can be
efficiently computed on the fly. Self-consistent density-
functional tight binding methods commonly only con-
sider the Hartree contribution self-consistently:'?
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as it is difficult to evaluate the exchange-correlation in-
tegrals without introducing a major bottleneck in com-
putational performance. We follow this approach here.
We previously reported on the Gaussian tight binding
method,'® a framework for systematically approximating
the self-consistent Hartree energy. We found this contri-
bution to be of particular importance for the quality of
the electrostatic response. This approach is based on ex-
pressing dp(r) in terms of a multipole expansion:

dp(r) = Zallmmr_RIH)KIZM(T_RI)a (11)
Ilm



where ag,(r) is the radial density distribution and
K (r) is the real solid harmonic. We approximate the
radial density distribution by single Gaussians scaled by
atomic charge density moments Qym:

2
aIlm(T) ~ Qllme_aur . (12)

The Gaussian widths «j; can be derived from the Hub-
bard parameters of the respective atomic species.?* This
approximation enables us to compute the Hartree inte-
grals efficiently by analytical integration, with succes-
sively improvable quality by including higher order mul-
tipole terms. We also explicitly compute the multipole
matrix elements

M7 = (bral Kim(r — Rp)|¢s) (13)

on the fly as we need them for the atomic charge density
moments Q. Access to the dipole matrix elements
M }g’m also enables us to treat the interaction of the sys-
tem with an electric dipole field exactly. We refer to a
previous publication for more details.!®

Self-consistent tight binding models are commonly lim-
ited to the monopole term (I = 0), and hence are
considered self-charge-consistent?® (SCC). Self-charge-
consistent models show an erroneous response to external
electric fields; for one, these models commonly lack the
dipole matrix elements required for an exact treatment
of the dipole-field coupling, and for the other, the ne-
glect of atomic polarizability leads to an overestimation
of interatomic charge transfer.

The Gaussian tight binding model offers a systematic
extension to arbitrary order, resulting in a generalized
self-multipole-consistent model without introducing any
further adjustable parameters. We found dipole-order
GTB to give a significantly improved description of static
molecular polarizabilities for a sample of hydrocarbons.'®

Empirical self-multipole-consistent tight binding mod-
els have previously been formulated: see polarizable-
ion tight binding.?%:2” Such models require a potentially
labor-intensive fitting process, but by the same virtue
may also reach higher accuracy than density-functional
theory. Our focus with GTB on the other hand is to
provide a method that requires very little human input
besides the initial choice of the reference densities and
basis set.

In the following we refer to monopole-order, i.e. self-
charge-consistent, GTB as GTB-0, and dipole-order
GTB as GTB-1. The GTB-0 model is conceptually
equivalent to SCC-DFTB. Our earlier studies of the po-
larization of molecules by static electric fields showed
that the quadrupole contribution was not important,
thus it shall not be considered further here.

C. Polarizable basis sets

Tight binding methods save a considerable amount of
computational time by employing small basis sets. While

minimal basis sets may perform to a satisfactory degree
for a wide range of ground-state properties, the use of ex-
tended, polarizable basis sets offers a more accurate de-
scription of polarization and excitation effects. We shall
outline the construction of the tight binding parameter-
ization used in this work following the DFTB approach.

First the l-atom KS-DFT problem is solved on a
radial grid using the Perdew-Becke-Ernzerhof (PBE)
exchange-correlation functional'® with Goedecker-Teter-
Hutter pseudo-potentials for PBE.?®:2% The density po(r)
and radial Kohn-Sham orbitals 1,1, () are subsequently
extracted.??3? These numerical orbitals act as the atomic
basis set, and can further be fitted by Slater-type
(STO)3! or Gaussian-type (GTO)3? orbitals to enable
fast and noise-free analytical integration. In this work
we fit 7 Gaussians to each atomic radial orbital.

In practice it was found that orbitals from the free
atom could become too delocalized to be of practical use,
invalidating the crystal field and two-centre approxima-
tions. Eschrig and Bergert3 first suggested the use of a
radially confining potential to the atom, for instance of
the form:

R n
Ve(R) =W (R) . (14)
0

This approach has been widely used in the DFTB
community!?3436 for Vy = 1.0 B}, and n = 2, only leav-
ing Ry as a free optimization parameter. We choose our
confining potential based on the extended basis set model
by Horsfield and Kenny,?” using Vo = 1 Ey, and n = 6.
The atomic density and wavefunctions are constrained to
zero beyond a radius of 5.5 ag.

We build a single-valence-polarizable (SVP) basis set
for the elements hydrogen, carbon, and sulfur. The po-
larization orbitals are of one angular momentum higher
than the highest angular momentum of each respective
atom’s valence shell: we add 2p° orbitals for hydrogen,
and 3d° orbitals for carbon and sulfur. The electronic
configuration of the basis set is listed in Table I.

The Gaussian basis set is used to create the Slater-
Koster tables for the static Hamiltonian (8) and overlap
integrals (9). The Hamiltonian onsite elements are di-
rectly taken from the eigenvalues of the confined 1-atom
problem. The GTOs are also used to explicitly com-
pute the multipole moment integrals (13) required for the
GTB method on the fly. The basis set enables direct ac-
cess to the molecular orbitals and electron density, which
may not necessarily be the case for more empirical tight
binding models.

D. Time-dependent tight binding

Defining the states matrix as (C(t)),.,, = cy;)(t), and
the full tight binding Hamiltonian matrix as Hffw =
Hllgffﬂ (%] —|—H}9£,I;9 [0p], the time-dependent tight binding



TABLE I. Confining potential radius Ry and basis set configu-
ration of the single valence polarizable basis set for hydrogen,
carbon, and sulfur in the Gaussian tight binding model.

species confinement Ry (ao) basis set configurations
H 4.0 1s12p°
C 4.5 2522p?3d°
S 4.5 3s523p*3d°
equation is given as:
HTBC(t) = ihSC(1). (15)
This is rearranged as:
C(t) = —i/h STTHTBC(1), (16)

where the initial states matrix C(0) is taken from the
self-consistent solution of the ground-state. It is now left
to integrate the states matrix in time.

We use the 4th-order Runge-Kutta (RK4) algorithm
due to its robustness and ease of implementation.?® How-
ever, care needs to be taken as RK4 does not preserve
the orthonormality of the state vectors. We express this
property as a unitarity condition by Cholesky decompo-
sition of the overlap matrix: S = UUT:

I=cCtsc = Uutc)'(Utc) = B'B, (17)

where I is the identity matrix. The RK4 algorithm vio-
lates the unitarity of B, instead yielding the non-unitary
approximation B. Following the projected unitary in-
tegrators approach of Dieci et al.,>® we project B back
onto the set of unitary matrices by ()R-factorization:
B = QR, where @ is unitary and R is upper triangular.
We identify the unitary solution B as (), and retrieve the
states matrix by solving B = UTC for C. We note that
this integrator is not symplectic.

I1l. POLYTHIOPHENE SIMULATIONS

We next assess the performance of tight bind-
ing on electrostatic, electrodynamic, and explicitly
time-dependent properties in comparison with density-
functional theory. We test our previously derived SVP
model in GTB-0 and GTB-1, and also test the mio-1-1
DFTB model'® in GTB-0, which uses a minimal basis
set only including polarization orbitals for sulfur.?® This
parameter set has been shown to be highly accurate and
transferable for a wide range of properties. Nonetheless,
the mio-1-1 model is expected to be inaccurate in mod-
elling molecular polarizabilities due to the lack of the
aforementioned electrostatic multipole terms and polar-
ization orbitals.

Our systems of choice are the smaller polythiophenes:
bithiophene, terthiophene, and tetrathiophene as pic-
tured in Figure 1, as we eventually aim to apply our

method to larger polythiophene-based polymers. The ge-
ometries are optimized in PBE-DFT using the cc-pVTZ
basis set.?’. We rotate the molecules such that the fur-
thermost carbon atoms align with the y-axis, and the
furthermost sulfur atoms span a vector parallel to the
xy-plane. We refer to Figure 1 for guidance.

We use the following software for the simulations:
pLATO*! for GTB, orca*? for static DFT, and 0CTO-
PUs?? for time-propagated DFT. The 0cTOPUS code uses
a real-space grid to represent the wave-functions: the
simulation cell is atructed by adding spheres of 7A ra-
dius centered on each atom, using a grid spacing of 0.18 A
and absorbing boundary conditions. This corresponds to
a very high quality basis set for the simulations carried
out here.

A. Static polarizability of bithiophene

We first investigate the linear response to an external
field on the example of bithiophene. First the ground-
state of bithiophene is found. The molecule is not en-
tirely planar; we find a torsional angle of 17.61°, which is
underestimated compared to findings from a B3LYP#445-
DFT study.*S Subsequently we compute the molecular
polarizability matrix in the electrostatic limit. The po-
larizability matrix eigenvalues ay are listed in Table IT
for a variety of methods.

The self-charge-consistent models mio-1-1 and GTB-0
are found to account for polarization nearly only in the
molecular plane (a3 = 0 in Table IT). The GTB-1 model
in contrast yields polarization also perpendicular to the
molecular plane due to the inclusion of atomic dipole
terms (I = 1). The GTB-1 polarizabilities are in better
agreement with those of DFT using the cc-pVTZ basis
set, which is expected as the SVP basis set lacks the
diffuse orbitals of the aug-cc-pVTZ basis set. This is
consistent with our previous benchmark using small hy-
drocarbon molecules.'®

FIG. 1. Bithiophene, terthiophene, and tetrathiophene
molecules. The furthermost carbon atoms are aligned par-
allel (red, dotted line) to the y-axis.



TABLE II. Static polarizability-matrix eigenvalues «y
(€®ao®/Ey) and HOMO-LUMO gap AE (eV) of trans-2,2’-

bithiophene for various DFT and TB methods. (ax) =
(a1 + a2 + a3) /3 is the mean polarizability.

method al a9 as (an) AFE
mio-1-1 DFTB  183.69  108.78 3.36 98.61 2.71
SVP GTB-0 231.08  126.43 4.01 119.06  3.06
SVP GTB-1 202.24 12818 6149 130.64 3.21
PBE-DFT? 207.98 132.15 62.21 134.12 2.88
PBE-DFT® 218.37 140.28 80.62 146.42 2.85
B3LYP-DFT® 210.86 138.88 80.28 143.34 4.08

a basis: cc-pVTZ40
b basis: aug-cc-pVTZ40

B. Dynamic polarizability of polythiophenes

We shall next confirm that GTB produces time-
dependent properties comparable to density-functional
theory.  For this purpose we compute the photo-
absorption spectrum for the polythiophenes in a time-
propagated calculation.

We apply an electric field impulse at time ¢ = 0fs,
polarized once each in the v = x, y, and z directions.
In the ocTOPUS density-functional theory code the elec-
tron momentum & is applied directly to the ground-state
Kohn-Sham orbitals:

M (r,07) = e ™ (p 07). (18)

We cannot do this in tight binding as we do not tabulate
the exponential matrix elements. Instead we apply an
electric field impulse over the first time-step At:

Eoo(t) = Eod()é, = 2 5(1)e,. (19)

The simulations are run for a duration of "= 30 fs with
a time-step of At = 0.001fs. We choose a momentum
of k = 0.005 /ag, corresponding to an instantaneous field
of By = 0.121 Ey/eap = 6.22V/A (19). The dynamic
polarizability tensor &y, (w) is subsequently retrieved by
Fourier transform of the molecular dipole moment:

1

T .
Gy0) = /O (2(0) = p(0)) /e, (20)

where py(t) is the pu-th vector component of the dipole
moment in a v-polarized electric field. From this follows
a Fourier resolution of dw = 27/T = 0.14eV /. We ap-
ply an exponential decay e~*/7 with 7 = 12fs to broaden
the spectral features. The photo-absorption spectra are
obtained from the dipole strength function S, (w) fol-
lowing the optical theorem:

_ 2mew
~ 37h?

For each molecule we compute the absorption spectra for
Szez(w), Syy(w), and S, . (w). We refer to figures Figure 2,

Sy (W) Im [a,, (w)] - (21)
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FIG. 2. Photo-absorption spectra S;;(w) for bithiophene

in TPDFT (solid, black), mio-1-1 (dotted, black), GTB-0
(dashed, blue), and GTB-1 (dot-dashed, red).

3, and 4 for the spectra of bithiophene, terthiophene, and
tetrathiophene, respectively.

A quantitive comparison of the resonant frequencies is
not straight-forward as there is a great sense of ambiguity
regarding the identification of the peaks. We have there-
fore restricted ourselves in listing the frequencies of the
two lowest-lying resonances in Sy;(w) and Sy, (w) with
significant oscillator strength, see Table III. Some reso-
nances appear both in S;.(w) and Sy, (w), in which case
we list the next-highest resonance in parenthesis.

The low-lying excitation frequencies as predicted by
the tight binding methods are generally consistent with
TPDF'T, while significant deviations occur for higher fre-
quencies at around w > 5eV/h. Atomically-localised
basis sets cannot accurately treat such highly energetic
states without the addition of diffuse basis functions,
hence this is an unsurprising outcome. In particular, ex-
citations perpendicular to the molecular plane S, ,(w) are
described poorly in tight binding; only the GTB-1 model
predicts signals at around w = 4 — 5eV/h that are of
comparable oscillator strength and frequency to those of
the lowest-lying excitations in TPDFT. The only reason
why the mio-1-1 and GTB-0 methods predict any signa-
tures in this direction at all is because the polythiophenes
are not entirely planer, and as such there is a minuscule



60 7 T

— TPDFT
40 [~ e mio-1-1
—— GTB-0
20| —— GTB-1

T T
Terthiophene

Sz (w) in mee?/heV

400

200 -

Syy(w) in mee? /heV

S..(w) in mee?/heV
T

hw in eV

FIG. 3. Photo-absorption spectra S;;(w) for terthiophene
in TPDFT (solid, black), mio-1-1 (dotted, black), GTB-0
(dashed, blue), and GTB-1 (dot-dashed, red).

amount of charge migration in the direction perpendicu-
lar to the molecular plane.

We find that mio-1-1 generally underestimates the res-
onance frequencies by roughly 1eV. Inclusion of polar-
ization orbitals in GTB-0 are found to correct this sys-
tematic error. The strong agreement between the GTB-0
and TPDFT resonance frequencies are partly caused by
a fortuitous cancellation of errors. We see in Table II
that the GTB-0 method predicts in-plane polarizabili-
ties comparable to DFT using a diffuse basis-set, even
though no diffuse orbitals are included in the SVP GTB
basis set. It is therefore not surprising that the resonant
frequencies fall in line with those predicted by TPDFT,
which is considered to use a high quality basis set. The
self-charge-consistent models also underestimate the os-
cillator strengths, which is corrected in GTB-1 due to the
inclusion of dipole-order terms.

C. Computational performance

Each ocToPUS simulation was run in parallel over 20
processors, while the tight binding simulations were ran
on a single processor each. We report the wall time of
the Sy, (w) simulations in Table IV. The GTB simula-
tions are found to be two orders of magnitude faster than
the TPDFT simulations. In practice the speed-up is even
larger as we can run 20 GTB simulations in parallel on 20
processors, rather than running one parallelized TPDFT
simulation on 20 processors. We also note that the com-
parison is not consistent because the cost of our numerical
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FIG. 4. Photo-absorption spectra S;;(w) for tetrathiophene
in TPDFT (solid, black), mio-1-1 (dotted, black), GTB-0
(dashed, blue), and GTB-1 (dot-dashed, red).

integrator for tight binding scales cubically with system
size due to the Q R-factorization. For large systems other
integrators will be more appropriate.

The numerical stability of the projected unitary inte-
grators method is monitored by keeping track of the ab-
solute energy shift over the simulation. The total energy
drifts on the example of tetrathiophene in the Sy, (w) sim-
ulations for mio-1-1, GTB-0, and GTB-1 are found to be
5 x 107 meV, 40 meV, and 7meV, respectively, over the
duration of 30fs. We also repeated the Sy, (w) simula-
tion in GTB-1 for a duration of 130 fs and found a total
energy drift of 10meV. It is curious that the GTB-1
dynamics seem more stable than those of GTB-0. For
example we found that for particularly strong fields the
time-dependent dipole moments of GTB-0 would be nu-
merically erratic and noisy, which we did not observe for
either mio-1-1 or GTB-1.

D. Time-dependent response of polythiophenes

We shall next investigate the response of the system to
a short time-dependent external field of the form:

B (t) = —Eyé, cos (wt)sin (nt/7) 0<t § T 29)
0 otherwise.
We choose an amplitude of E; = 0.01 Ey/eaq =

0.51V/A, an envelope duration of 7 = 3fs, and three
different carrier frequencies: w = 1eV /A for an under-
driven excitation, w = wy(yy) (PBE-DFT) for a resonant



TABLE III. Low-lying absorption frequencies w, in eV /A
of Syz(w) and Syy(w) for bithiophene, terthiophene, and
tetrathiophene for density-functional theory (DFT) and vari-
ous tight binding (TB) methods. The resolution is 0.14 eV /A.
Resonances with a small amplitude are not considered. If a
resonance appears in both Sy, (w) and Sy, (w) the next-highest
resonance is also given in parenthesis.

bithiophene

method wi(zx) wo(zx)  wilyy) w2(yy)
mio-1-1 DFTB 3.86 5.65 3.31 5.24
SVP GTB-0 441 579 (6.34) 3.58 5.79 (6.62)
SVP GTB-1 455  6.07 (6.76) 3.86 6.07 (6.76)
TPDFT® 3.58 (4.41) 5.93 (6.34) 3.58 5.93 (7.03)

terthiophene
method w1 (zx) wo(zz)  wilyy) w2(yy)
mio-1-1 DFTB 2.76 (3.31) 3.86 1.93 5.38
SVP GTB-0 4.27 5.24 2.90 4.55
SVP GTB-1 4.14 5.10 3.17 4.69
TPDFT* 4.27 5.24 (6.34) 2.90 4.69

tetrathiophene
method w1 (zx) we(zz)  wilyy) wa(yy)
mio-1-1 DFTB 3.17 3.58 1.65 2.21
SVP GTB-0 4.00 (4.27) 4.69 2.48 3.72
SVP GTB-1  3.86 (4.83)  5.51 276 3.86 (4.41)
TPDFT* 4.00 4.55 2.48 3.72

2 grid radius around each atom: 7.0 A, grid resolution: 0.18 A

TABLE IV. Total wall time in hours for bithiophene, terthio-
phene, and tetrathiophene simulations for the Sy, (w) photo-
absorption spectra.

method bithiophene terthiophene tetrathiophene
mio-1-1 DFTB* 0.04 0.13 0.22
SVP GTB-0* 0.21 0.66 1.18
SVP GTB-1* 0.22 0.72 1.32
TPDFT" 45.83 80.83 123.33

@ Simulation running on 1 thread
b Simulation parallelized over 20 threads

excitation, and w = 10eV/i for an over-driven excita-
tion, see Figure 5. The amplitude corresponds to a laser
peak intensity of 3.3 x 10'> W/cm?. The fields have a
band-width of roughly 2eV /% in frequency space, and as
such the resonant field may excite multiple resonances.

FIG. 5. Time-dependent electric fields Eep(t) in En/eaq.
Three different carrier frequencies w are used. The under-
driven case w = 1eV/h (solid, black), the resonant case in
respect to the first excited state of Sy, (w) in PBE-DFT, here
by example of bithiophene (dashed, blue), and the over-driven
case w = 10eV/h (dot-dashed, red).

The simulations are run for a duration of 5fs using
the same settings as in section IIIB, once with fields
polarized along the v = y direction, and once polar-
ized along the v = z direction. We show the time-
dependent molecular dipole moments p,(t) and p,(t) for
the y-polarized fields for bithiophene, terthiophene, and
tetrathiophene in Figures 6, 7, and 8, respectively. We
show the p.(t) dipole moment for the z-polarized field
only for tetrathiophene in Figure 9, as the p.(t) plots
for the three molecules look almost identical. The time-
dependent density change of terthiophene in the xy-plane
Ap(z,y,t) = [(p(r,t) — p(r,0))dz for the resonant y-
polarized field is shown for TPDFT and GTB-1 in Fig-
ure 10.

E. Discussion

Overall the level of agreement between density-
functional theory and the tight binding methods is en-
couraging.

The mio-1-1 model performs surprisingly well, consid-
ering that it has not been optimized with time-dependent
response in mind. The model however becomes inaccu-
rate for high frequencies, see w = 10eV /A (case C) for
pz(t), as the lack of polarization orbitals leads to a poor
description of higher excitedf states. The response to
the resonant pulses (case B) is also flawed as the mio-1-1
model systematically underestimates the lowest resonant
frequencies, see Table III.

While the GTB-0 model shows the addition of polariza-
tion orbitals to improve the resonant and high-frequency
cases, the p,(t) moment is qualitatively incorrect for the
first half femtosecond at all frequencies, polarizing much
too quickly.

Amongst all tight binding methods only GTB-1 is
capable of describing polarization perpendicular to the
molecular plane direction due to its inclusion of electro-
static dipole terms, see Figure 9. The perpendicular mo-
ment p,(t) follows the TPDFT reference qualitatively,
but is consistently underestimated. We attribute this to
the lack of diffuse orbitals in the SVP basis set, seeing
as DFT with the cc-pV'TZ basis set also yields an under-
estimated static polarizability ag in comparison to DFT
with the aug-cc-pVTZ basis set: see Table II.

The GTB-1 model agrees most strongly with TPDFT
due to the addition of polarization orbitals, electrostatic
dipole terms, and dipole field-coupling matrix elements.
We emphasize that one cannot expect these two methods
to agree perfectly at the hw ~ 5 — 10eV energy range, as
the GTB-1 and TPDFT linear response spectra already
deviate considerably in that region. Still, the outcome is
very encouraging considering the simplicity of the tight
binding method.

It is also evident that the tight binding methods
strongly vary in their prediction of the initial dipole mo-
ment p, (0) of terthiophene, see Figure 7. Terthiophene in



Bithiophene dipole moment p,(t) in eaq for E.. || &,

0.0 )
— TPDFT ‘Y,
444444 mio-1-1 = ]
—01p ——- GTB-0 ' B

—- GTB-1

0.2

0.0

—-0.2

0.0

—0.5

1
00 05 10 15 20 25 30 35 40 45 5.0
tin fs

Bithiophene dipole moment p,(t) in eag for E.. || €,

1.0

/' — TPDFT
00 L mio-1-1 X P >
' ~—- GTB-0 : y

—1.0p L L I I I I I I I |

2.0

0.0

—2.0

FIG. 6. Dipole moments p.(t) and py(t) of bithiophene for an
applied y-polarized field of 3fs duration with a frequency of
(A) 1eV/h, (B) 3.58eV/h, (C) 10eV/h, in TPDFT (solid,
black), mio-1-1 (dotted, black), GTB-0 (dashed, blue), and
GTB-1 (dot-dashed, red).

particular stands out because the molecule has an uneven
number of sulphur atoms. The initial dipole moment is
sensitive to the choice of both the Gaussian multipole
widths aj; of Eq. (12), and the radii Ry of the confining
potentials of Eq. (14). These parameters could therefore
be further optimized to improve the description of the
ground-state.
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FIG. 7. Dipole moments p;(t) and py(t) of terthiophene for
an applied y-polarized field of 3 fs duration with a frequency of
(A) 1eV/h, (B) 2.90eV/h, (C) 10eV/h, in TPDFT (solid,
black), mio-1-1 (dotted, black), GTB-0 (dashed, blue), and
GTB-1 (dot-dashed, red).

The density changes Ap(x,y,t) of GTB-1 and TPDFT,
see Figure 10, are not straightforward to compare since
the methods predict slightly different resonance frequen-
cies. The time-dependent responses are as such not in
phase with one another. To allow for a better comparison
we have therefore scaled the time of the GTB-1 density
by a factor of wy(yy)(TPDFT)/w(yy)(GTB-1) = 0.93.
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FIG. 8. Dipole moments p.(t) and py(t) of tetrathiophene for
an applied y-polarized field of 3 fs duration with a frequency of
(A) 1eV/h, (B) 2.48eV/h, (C) 10V /k, in TPDFT (solid,
black), mio-1-1 (dotted, black), GTB-0 (dashed, blue), and
GTB-1 (dot-dashed, red).

We find the density changes to agree remarkably well:
the tight binding model predicts features of the electron
density consistent with the TPDFT model, though gen-
erally the GTB-1 density is more localised due to the lack
of diffuse orbitals.

This key result affirms our assumption that the GTB-1
density can indeed be used to investigate electron dy-

Tetrathiophene dipole moment p,(t) in eag for Ee || €.

|
0.0 0.5 1.0 1.5 20 25 30 35 40 45 5.0

t in fs

FIG. 9. Dipole moment p.(t) of tetrathiophene for an ap-
plied z-polarized field of 3fs duration with a frequency of
(A) 1eV/h, (B) 2.48eV/h, (C) 10eV/k, in TPDFT (solid,
black) and GTB-1 (dot-dashed, red).

namics in ultrafast systems. Our analysis of the dipole
moments is only indicative of the electron dynamics;
the electron density however confirms that GTB and
TPDFT produce very similar dynamics. In conclusion,
GTB-1 offers a much improved description of electro-
static and electrodynamic properties over standard self-
charge-consistent tight binding while still being signifi-
cantly faster than TPDFT.

F. Conclusion

We have shown GTB-1 to significantly improve upon
standard self-charge-consistent DFTB and produce a
time-dependent response comparable to that of TPDFT
using the PBE functional. A direct comparison of the
electron densities confirms that the GTB-1 model is ca-
pable of offering a qualitatively correct description of the
time-dependent response on the example of terthiophene
— that is despite the simplicity of the self-consistent de-
scription. The GTB-1 model further offers quantitative
accuracy comparable to PBE-DFT with the cc-pVTZ ba-
sis set at a significantly reduced cost.

We also have to keep in mind the limitations of tight
binding methods. While we could in principle add dif-
fuse Gaussians to our SVP basis set, we have to be wary
of introducing additional errors by doing so. The tight
binding methods presented here use the two-centre ap-
proximation outlined in section IT A. The addition of dif-
fuse orbitals leads to a more delocalized electron density,
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FIG. 10. Time-dependent electron density change
Ap(z,y,t) = [(p(x,y,2,t) — p(x,y,2,0))dz in 1/A? of
terthiophene in GTB-1 and TPDFT under the influence of
a time-dependent external field polarized in y-direction (Fig-
ure 5, w = 3.58¢V/h). The time of the GTB-1 densities is
scaled by a factor of 0.93 to bring the dynamics roughly in
phase with those of TPDFT.

thereby adding a systematic error to the Kohn-Sham po-
tential. The extent of this error and its practical conse-
quences on the accuracy however is still a largely unex-
plored topic.

Another issue regarding the basis set lies in the de-
scription of ionisation. Strong time-dependent fields can
excite electrons to continuum states, which a method us-
ing solely localized orbitals is unable to describe. One
should hence consider whether ionization is a likely sce-
nario for a given system.

Furthermore our implementation is restricted to lo-
cal and semi-local functionals such as the local spin-
density approximations (LDA) or generalized gradient
approximations (GGA), which are known to underesti-
mate band gaps due to the self-interaction error. This
could be amended for instance by inclusion of exact ex-
change or by self-interaction corrections.*” However, this
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is not straightforward in the tight binding framework;
any extensions to the method need to be efficient enough
to not incur a significant slowdown. We refer to some
recent developments towards long-range corrected tight
binding.*8:49

The GTB treatment of self-consistency is effective but
crude, as we have approximated the atomic charge densi-
ties by single Gaussians (12). We have yet to find a clear
example where this approximation breaks down before
any of the aforementioned other tight binding approxi-
mations lead to failure.
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