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The CVB3LYP functional, which has been developed for
evaluating both core and valence excitation energies with high
accuracy, is applied to real-time time-dependent density functional
theory (RT-TDDFT) calculations. The core excitation energies from
the 1s orbitals of several second-row atoms obtained by RT-TDDFT
with the CVB3LYP functional were demonstrated and compared
with those of the frequency-domain TDDFT.

The time-dependent Hartree—-Fock and time-dependent
density functional theory (TDHF/TDDFT)"? are useful tools
for excitation energy calculations in quantum chemistry because
of their reasonable accuracy and computational cost. To obtain
excitation energies and oscillator strengths, the most popular
way is solving an eigenvalue problem in frequency-domain on
the basis of excited configurations derived from the linear
response of TDHF/TD Kohn-Sham (KS) equations.> However,
calculating high-lying excited states such as core excited states is
time-consuming even though Davidson or Lanczos algorithms
are adopted.

A real-time (RT) propagation of the TDHF/TDDFT
equations is an alternative to calculate excited states. RT-
TDHF/TDDFT calculations with real-space grids (for example,
ref 4) and with plane waves (for example, ref 5) basis functions
have been applied to valence excitations in the 1990s.*> The
Gaussian basis functions have been also adopted during this
decade.>® In a previous study,® we showed that excitation
energies obtained by RT-TDHF calculations are well accorded
with frequency-domain TDHF results.

RT-TDDFT with the Gaussian basis functions can treat core
excitations because they can describe localized orbitals. Ex-
change-correlation functionals capable of core excitations are
very limited since the self-interaction severely underestimates’
core excitation energies with conventional functionals such as
B3LYP.!0 The assessments revealed that BHHLYP functional,'!
which uses 50% HF exchange, can accurately describe core
excitations and that B3LYP, which uses 20% HF exchange, can
describe valence excitations. Based on the assessments, two
different kinds of functionals for core excitations have been
proposed: pure'? and hybrid functionals.!!4

The hybrid functional core-valence B3LYP (CVB3LYP)
uses appropriate ratios of HF exchange for core and valence
excitations. Specifically, the CVB3LYP total energy is decom-
posed into core—core (CC), core—valence (CV), and valence—
valence (VV) interactions. The coefficients of CC and VV were
set to those of BHHLYP and B3LYP, respectively. The
coefficients of CV interactions were set to the average values
of those of BHHLYP and B3LYP. The Fock operators for the
CVB3LYP are represented as:
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*12
Fc=h+2J — (accKc + acvKov)
+ (bCC - bCV)VXC [pC] + bCVch [/O] (])
Fov = h+2J — (acyKc + ayvKov)
+ (byv — bev) Vel Poy] + bev Ve[ 0] 2

h, J, and K, are one-electron, Coulomb, and HF exchange
operators, respectively. V represents the exchange-correlation
potential. a and b are the coefficients of HF exchange and
exchange-correlation functional, respectively. p, pc, and poy are
the densities of all occupied, core, and occupied valence orbitals,
respectively. To guarantee invariance under unitary transforma-
tion between core and occupied valence orbitals, Roothaan’s
coupling operator'® was used, which is often adopted in
restricted open-shell HF calculations. Further details of
CVB3LYP and TDDFT procedures with CVB3LYP are given
in ref 13. The CVB3LYP functional is useful for accurately
reproducing not only core but also valence excitation energies
and applied to core excitations of nucleobases.'®

In this paper, we applied the CVB3LYP functional to the
RT-TDKS calculations with Gaussian basis functions. The
TDKS equation is written as the equation of motion in terms
of the time-dependent density matrix, D(¢), and its first-order
term is represented as follows:

i%SD(”(t) = [F?, 8DV ()] + [6FV (1), D] + [V(r), D]
3)

where the orthonormal spatial bases {¢;(r)} are adopted. Here,
D©® and D7) are the static and first-order induced density
matrices, while F© and SF()(¢) are those of Fock matrices,
respectively. An element of the interaction matrix between the
electron and external field, VEX(¥), is

Vi) = e0e™ - (¢Irlg;) @

where £(¢) and e**" are the time-dependent part and unit vector of
the external field, and (¢;|r|¢;) is the dipole integral. Equation 3
corresponds to the linear response, which is usually adopted in
the frequency domain calculation. We obtain an excitation
spectrum as the imaginary part of the Fourier transformation
(FT) of the induced polarizations, §P(f), which is constructed
from 8D(¢) under the dipole approximation.

Numerical applications to small molecules were performed
and compared to frequency-domain TDDFT and experimental
results. The RT-TDDFT -calculations were performed using a
modified version of the GAMESS program!” linked to a original
RT-TDHF/TDDFT code, which has been implemented in the
previous study.® The external field was set to &£(f) = 8(¢) and
e = (1,1, 1). As it was demonstrated that the effect of the
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Figure 1. Excitation spectra of acetylene obtained by applying an FT
analysis to the induced polarization vector of the RT-TD-CVB3LYP/6-
314+G** calculations. (b) Core excitation spectrum is scaled up 107 times
from (a) valence one.
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Figure 2. Core excitation spectra of acetylene obtained by the experi-
ment?® and RT-TDDFT/6-314G** calculations.

Table 1. Valence and core excitation energies Eeyj of acetylene obtained by RT-TDDFT/6-31+G** calculations with CVB3LYP functional (RT-TD-

CVB3LYP) and FT analysis®

Polarization RT-TD-CVB3LYP Frequency-domain TD-CVB3LYP
direction Eexcit/eV (diff.) Eexcit/eV Oscillator strength Main configuration

Valence X,y 7.65% (—0.01) 7.66 0.099 T — 350y
X,y (—0.04) 7.69 <1.5x107¢ T — 350,

X,y 8.89 (—0.02) 8.91 0.149 T—o*

z 8.89 (=0.03) 8.92 0.668 T — ¥

Core X,y 286.60 (0.01) 286.59 0.074 C Iso, — *
z 287.89° (0.03) 287.87 0.010 C 1so, — 3s0,
z (0.02) 287.87 <1.5x107¢ C lso, — 3s0y,
z 288.10° (—0.00) 288.10 0.001 C 1s0, — 3s0,
z (—0.00) 288.10 <1.65 x 1073 C 1s0, — 3s0,

z 289.03 (0.02) 289.01 0.014 C lso, — o*
X,y 289.19 (0.01) 289.18 0.013 C 1so, — 3p7,

*The differences from the frequency-domain results are shown in parentheses. "Corresponding to two quasidegenerate excitations.

core-correlation basis set is small in the TDDFT calculations
with the CVB3LYP functional,'® the 6-31G™* basis set!® was
adopted in this study except for the acetylene calculation where
the 6-31+G** basis set!®!? was adopted.

Figure 1 shows the excitation spectra for (a) valence (0—
10eV) and (b) core (280-290¢V) excitations of acetylene
(parallel to z axis) obtained by RT-TD-CVB3LYP. Simulations
were carried out over f = —0.1 to 80 femtosecond (fs) with the
time step of At =5 x 107*fs. The horizontal axis represents the
energy, iiw (ineV), with a resolution of 0.052¢V, and the
vertical axis represents the intensity as an absolute value,
Im[8P(w)]| (§ ==x, y, z) (in arbitrary units). Because of the
symmetry of the acetylene molecule, 8P, and 8P, are equivalent.
The peak positions correspond to the excitation energies, and
their numerical data are summarized in Table 1. The dipole-
allowed excitation energies, oscillator strengths, and main
configurations from conventional frequency-domain TD-
CVB3LYP calculations are tabulated. The excitation energy
differences between RT and conventional results are also shown
in parentheses. The excitation energies for the dipole-allowed
transitions obtained by the RT-TD-CVB3LYP calculations agree
with the conventional TD-CVB3LYP results within errors of
0.04 and 0.03 eV for valence and core excitations, respectively,
which are less than the resolution. It should be noted that the
peak at 7.65eV corresponds to two excitations from 7T to 3s0,
and 3so, (Rydberg) orbitals because these excitations have the
energy difference of 0.03 eV, which is less than the resolution. In
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a similar way, the peaks at 287.89 and 288.10eV include two
excitations to 3s0, and 3so, orbitals with the energy difference
less than 0.01 eV. These excitations can be separated from each
other when the longer simulation is performed to obtain the
spectrum with higher resolution.

Next, the RT-TDDFT results with B3LYP, BHHLYP, and
CVB3LYP functionals are compared with the experimental
results. Figure 2 shows the core excitation spectra (275-290eV)
of acetylene obtained experimentally?® and theoretically. The
theoretical spectra were obtained by multiplying RT-TDDFT
results [Im[6P(w)]| by the Lorentzian function with the half
width of 0.25eV and normalized on the intensity of the main
peaks corresponding to the C 1so, — 7T excitations at 275.90,
284.16, and 286.60eV for B3LYP, BHHLYP, and CVB3LYP
functionals, respectively. The spectrum by the B3LYP functional
is significantly different from the experimental one. The peak
position of the C 1so, — 7T* excitation is underestimated with
the deviation of 10.0eV. The spectrum by the BHHLYP
functional reproduces the excitation energy with the deviation
of 1.7¢V, while the CVB3LYP functional further reduces the
deviation to 0.7e¢V. The second and third peaks in the
experimental spectrum were assigned to the core excitations to
3s and 3p orbitals, respectively.?’ The CVB3LYP functional
provides the corresponding peaks with the deviations of 0.2 eV,
as shown in Table 1. As a result, the shape of the spectrum by
the CVB3LYP functional becomes closer to the experimental
one than the other functionals.
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Table 2. 1s — 7* excitation energies (ineV) of CH,0, CO, CF,0, N, and N,O molecules obtained by RT-TDDFT/6-31G** calculations with BHHLYP

and CVB3LYP functionals®

Molecule Coné\gi‘rr;ﬁon RT-TD-BHHLYP RT-TD-CVB3LYP Exptl.
CH,0 Cls— 7" 283.50 (—2.53) 286.60 (0.57) 286.03°
co Cls— ¥ 283.91 (—3.49) 287.43 (0.03) 287.4
CF,0 Cls— * 288.15 (—2.74) 291.56 (0.67) 290.89
N, N Is — 7* 398.58 (—2.38) 401.99 (1.03) 400.96°
NNO N Is — 7% 399.20 (—1.90) 402.30 (1.20) 401.14
NN€O N 1s — 7* 402.40 (—2.30) 405.71 (1.01) 404.7¢
CH,0 0 ls— 7* 528.75 (=2.05) 532.26 (1.46) 530.8°
CF,0 0 ls— 7* 530.81 (—1.89) 533.91 (1.21) 532.7°
co 0 ls— 7* 532.36 (—1.84) 535.36 (1.16) 534.2b
N,O 0 ls— 7* 533.71 (—0.89) 535.88 (1.28) 534.6°
CF,0 F ls— * 686.90 (—2.30) 688.28 (—0.92) 689.2°

*The deviations from the experimental results are shown in parentheses. °ref 21. °ref 22. dref 23.

Finally, the energies of core excitations from several
second-row atoms obtained by the RT-TD-CVB3LYP and RT-
TD-BHHLYP calculations are compared to the experimental
data.?'"23 Table 2 shows the dipole-allowed X1s — 7* excita-
tion energies (X =C, N, O, and F) of formaldehyde (CH,0),
carbon monoxide (CO), carbonic difluoride (CF,0), nitrogen
(N3), and nitrous oxide (N,O) molecules obtained by RT-
TDDFT calculations with the BHHLYP and CVB3LYP func-
tionals. Simulations were carried out over = —0.1 to 40 fs with
the time step of At=2 x 10~*fs. C, N, O, and F in bold face
correspond to atoms whose 1s electrons are excited. The
deviations from the experimental values are shown in paren-
theses. The core excitation energies of RT-TD-BHHLYP
calculations are underestimated with the deviations of 1.8-
3.5eV. On the other hand, those of RT-TD-CVB3LYP calcu-
lations showed better performance with the deviations less than
1.5 eV. Although the deviations are rather larger than those of the
previous study,?! the use of higher basis sets can significantly
reduce the deviations to about 0.3eV as shown in ref 13.
Moreover, the incorporation of electron correlation may realize
the performance comparable to that of the previous study.?!

In conclusion, application of the CVB3LYP functional to
the RT-TDDFT calculations enabled evaluation of core and
valence excitations with high accuracy. In the previous study,?
we have clarified that the picture of the electron dynamics is
provided by the short-time Fourier transform (STFT) analysis
of RT-TDHF/TDDFT results. Its extension to the RT-TD-
CVB3LYP calculation is promising for understanding core
excitation electron dynamics.
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