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Electron—vibration coupling in time-dependent density-functional theory:
Application to benzene
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As a test of the time-dependent density-functional th€®BDFT) for electron—vibration coupling,

we apply it to the optical properties of the-7* transitions in benzene. Quantities calculated are the
envelopes of the Franck—Condon factors of the electronic transitions and the oscillator strengths of
symmetry-forbidden transitions. The strengths of thew* transitions span three orders of
magnitude and are reproduced to better than 35% by the theory. Comparable agreement is found for
the Franck—Condon widths. We conclude that rather detailed information about the effects of the
electron—vibrational coupling can be obtained with the TDDFT. 2@1 American Institute of
Physics. [DOI: 10.1063/1.1390513

I. INTRODUCTION spectrum of benzene, th#,, around 5 eV and the thB,
just above 6 eV. Another effect of the coupling is to spread

The time-dependent density-functional the¢f{DDFT)  the transition strength over a spectral region via the Franck—
is now being widely applied in both chemistry and con-Condon factors for individual vibrational states. At short
densed matter physics to describe electron excitations, th#mes, the spreading is describable in terms of moments of
dielectric function, and the optical absorption strength functhe strength functions, and we shall examine the lowest order
tion. (For reviews, see Refs. 1 and 2. More recent citationsnoments induced by the couplings. We thus can avoid the
can be found in Ref. 3While not as accurate for excitations problem of constructing the vibrational eigenstates on the
as the ordinary DFT is for ground properties, the theory hagxcited-energy surface, which is nontrivial due to the stron-
considerable predictive power and is computationally quiteger mixing there.
tractable, allowing calculations for large molecules. These
applications have been for purely electronic excitations. Thg, THEORY AND CALCULATIONAL DETAILS
DFT is also very successful in describing vibrational proper-
ties (e.g., see Ref. 4 and cited references for the frequencies The formal basis of the present calculation is the semi-
and transitions transition strengths of the infrared active viclassical short-time analysis given by Heﬁej’.hat article
brations in Gy). In view of the success in both these areas, itPresents several approximations for calculating the strength
is interesting to apply the TDDFT in more general context,funCt'O” with inclusion of the effects of the vibrational de-

allowing the nuclear degrees of freedom to interact with thedree of freedom. The simplest and the one we employ here is
electronic excitations. the well-known reflection approximation. While less accu-

In this work, we have chosen the benzene model for af@te than the others on the average frequency of the absorp-
exploratory study of the electron—vibration coupling. Ben-tion profile, it reproduces the widttsecond momentvery
zene is an excellent example for this purpose because itgell [for thg nur_’nencal case presented m_Ref. 6, the reflec-
spectrum has been very well characterized, both the eledion @pproximation only has a 2% error in the root-mean-
tronic excitations and the vibrational excitations. The TD-SAuarerms width.]. We shall also assume that the vibrations
DFT has been shown to be quite accurate for calculating th@® harmonic in the ground state. In that case, the semiclas-
energies of ther—=* transitions as well as the transition Sic@l theory gives a Gaussian envelope of the Franck—
strength of the strondE,, transition at 7 eV. Also, the Condon factors. This can also be derived analytically in a

u - ’ . .
electron—vibrational coupling has been calculated to rathef@monic oscillator modé]. o .
good accuracy by other methogls. To apply the reflection approximation, one first calcu-

The TDDFT is an approximation to the dynamics that iSIates the electronic transition strength function as a function
valid at short times, and we wish to examine the effects on the vibrational normal que_ coordlnat@(_. Both _the
the electron—vibrational coupling that are visible in the ENEroy of the electronic excitatiort and thelr.transmon
short-time response. One effect is the promotion of strengtfit'éN9thfi dependence oQ . In the case of forbidden tran-

into symmetry-forbidden electronic transitions due to vibra-Sitions promote_:d by vibrations, th_e transition strength de-
* pends quadratically on the coordinate for small displace-

tion couplings. There are two such transitions in ther ) :
ments and the strength function can be parameterized as

_ 2
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The total transition strength is then given by

o TDDET CASPT2 EXP
_ A2
fi_Ek fikQoks 2) T E, — — —  —
where Qg is the rms amplitude of the zero-point motion in 6 B. _ _—— ]
the ground vibrational statét finite temperature the rms B
amplitude is increased by a factoryianhfw/2kgT)). To spo™ - .

get the widths of the states in the reflection approximation,
we first expand the excitation energy in a power series in the
coordinates

Ei(Qk):Ei(O)+Kika+ %Ki,kQE+"' . 3 |

Then for smallK’ the profile of the absorption is approxi- 2+ .
mately Gaussian with an rms width given by

1 - -t
o= \/2 (KikQoi)?. ©)
X 0

We return now to the problem of calculating the elec-FiG. 1. Electronic excitations in benzene. The two TDDFT calculations our
tronic excitation strength function in the TDDFT. The theory own (leftmosy and one of those of Ref. Giext on righi. The next level
starts with the electronic wave function on the ground poten§,cheme shows the CI calculation of Ref. 20. The rightmost column shows

. . . . the empirical spectrum as compiled in Ref. 3.
tial energy surfacdat fixed Q). The wave function is ob-

tained by solving the Kohn—Sham equations for the electron

Energy (eV)
o~

orbitals ¢; The equations are solved by the conjugate gradient method
V2 Py for the generalized eigenvalue problém.
“om®it 5y biTEidi
IIl. RESULTS

Here £ is the nonkinetic energy functional of the DFT. In . _ .
this work we use a simple local density approximation ~ The pure electronic spectra in the-7" manifold are
(LDA) functionaf for the electron—electron interaction i ~ Shown in Fig. 1, compared with experiment and with other
and a pseudopotential approximafidfito treat the interac- Calculations. It is seen that the TDDFT gives an excellent
tion of the valence electrons with the ions. As in our previousdccount of the energies. In fact the TDDFT gives a good
work,'* we solve equations in a coordinate space represent&lescription of the h|gh?r-frequency absorption including
tion using a mesh. The Hamiltonian operator is sparse in thig—0" transitions as weft: One should also note the close
representation and it also is convenient in checking conver@greement between our TDDFT results calculated with a
gence, which is controlled by the mesh parameters. The imsimple local density approximation and the results of Ref. 3
portant numerical parameters in the calculation are the meshiat used the generalized gradient approximation.
spacing, taken adax=0.3 A, and the volume in which the We next discuss the vibrations. The vibrational wave
wave functions are calculated, which we take as a sphere d#nctions are only needed on the ground potential energy
radius 7 A. With these parameters, orbital energies are corsurface for the purposes of applying the reflection approxi-
verged to better than 0.05 eV. mation. We have opted to treat the vibrations phenomeno-

The excited states of the TDDFT are calculated in thdogically, using the empirical force field of Ref. 13, which
same representation, using the same Kohn—Sham operator 4§ the observed frequencies extremely wah. initio calcu-
in the ground-state calculation. In earlier work we solved theations of the force field in DFT have also reached a high
equations of TDDFT in real time, which is efficient for cal- level of accuracy”~*® However, as mentioned earlier, our
culating the complete optical response. However, in the apPUrpose here is to focus on the electron-vibrational cou-
plication here, the excitations of interest are among the lowPling, and to that end it is both simpler and more direct to
est 10 eigenmodes of the linearized equations, and it is moréSe the empirical force field. We include all the vibrations in
efficient to solve the matrix equations directly. The linearizedOUr calculations, but we find, in agreement with other work,
equations are very similar to the random phase approximahat the most important vibrations are thg, for the widths
tion (RPA) equations, having a structure

v: . 8L, 82 . TABLE |. Properties of selected vibrational modes of benzene, computed
“om ¢ + Sn i + SnZ ongi=(€*xw)p; . with the force field of Ref. 13. Modes are numbered in the Wilson scheme.
Agg Bog Eog

Here the transition densitySn and normalization are
given by mode 1 2 4 5 6 7 8 9

fio (meV) 123 381 87 122 75 379 198 145
5n=2 di(d b)), (D) —(d |d =1 Quk (A) 013 0.07 015 013 0.17 0.07 010 0.12
1
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FIG. 3. Dependence of th,,«— A, transition energy on the vibrational
QQ, coordinate for the mode 1, and linear fit.

FIG. 2. Dependence of the oscillator strength of 1Bg,« A, transition

on the vibrational coordinate for the 8a mode, and parabolic fit. . . . .
Experimentally, the detailed optical properties of the

three transitions have been studied gas phase absotpfion.

The allowedE,, transition is determined to have a strength
and theB,4 andE,4 modes for the strengths of the forbidden in the rangef =0.9-0.95. TheB;, mode is seen as a shoul-
electronic transitions. For reference, we list the properties ofler on theE,, peak. Its total transition strength is about a
these modes in Table I. The displacement of the atoms in thiactor of 10 lower than the strong state; Ref. 17 quotes a
Cartesian basig; is related to the normal mode coordinatesvaluef=0.09. TheB,, transition is very weak and is seen as
by q,= Mi’l’zEkUika whereU is an orthogonal matrix and a partially resolved set of vibrational transitions with a total
M; is the mass in daltons of atom strength abouf~1.3x 10~2.1" The strength associated with

In Figs. 2 and 3 we show the vibrational-coordinate de-the most prominent resolved states is>X08 3.1 We have

pendence of the transition strendthand excitation energies also assigned widths to the three excitations by a three-term
E; in typical cases. We see that the conditions for applyingGaussian fit to the absorption data of Ref. 19.
Egs. (1) and (3) are well satisfied. We may then extract the In the calculation, the only vibrations that contribute in
transition strengthf; and the slopeK;, by fitting the lowest order to the width are the twd,, breathing modes.
Q\-dependence of these quantities. Inserting in Eg)sand  The vibrations affect all three transitions identically; mode 1
(3), we find the widths and transitions strengths shown inhas the larger amplitude of displacement of the carbon atoms
Table II. and gives the greater contribution. The results agree rather

TABLE II. Vibrational coupling properties in benzene molecule. The upper table shows the predicted rms
widths associated with the tw,, vibrations. The total is compared to the CASSCF calculation of Ref. 5 and
to experiment(see text In the middle table, the predicted transition strength associated with the various
vibrations are given, with blank entries having values smaller thart. 1@ the lower table, the predicted total
transition strength is compared with the CASSCF theory and to experifReft17).

Widths (ev) 1 2 Tot. CASSCF Expt.
By, 0.12 0.03 0.15 0.14 0.18
By, 0.12 0.03 0.15 0.14 0.17
By 0.12 0.03 0.15 0.125
fo/10°3 4 5 6 7 8 9 Btal
By 1.4 0.2 - 1.6
272'By, 1.6 0.4 44 13 59
/1073 TDDFT CASSCF Expt.
1B,, 1.6 05 1.3
B 59 75 90
E,, 1100 900-950
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well with the empirical widths. The magnitude of the widths is important, and mode 8 carries the largest fluctuatiod. in
and its independence of the electronic state can be undefaking the samed-dependence as before, the strength ob-
stood in very simple terms with the ldkel model. This is to  tained in the tight-binding model is 0.05, rather close to the
be expected, since the excitation energy of the electroni@#DDFT result. The tight-binding model cannot be used to
states is mainly due to the orbital energy difference, and thagéstimate the very weaB,, transition because the charge
is describe quite well by the Hitel model. For benzene, the density on the atomic centers is identically zero.

energy difference is related to the hopping matrix elengnt The lower table gives the empirical transition strengths
by E,umo—Enomo=28. Allowing changes in the nuclear and comparison to theory. The agreement between theory
coordinates, the hopping matrix element will depend on theand experiment is quite good for all states. For the weakest
distance between neighboring atoudisthis may be param- transition, theB,,, the TDDFT gives a transition strength

eterized by the form 25% higher than the empirical For the case of Byg tran-
do\® sition, the TDDFT prediction is within 35% of the measured
B(d)=Bo F) value. We also show the previously reported value for the

E4, which is within 20%. We consider this remarkable suc-

Then the highest occupied molecular orbital—lowest UNoCCUzass of the TDDFT considering that the strengths range over
pied molecular orbitalHOMO—-LUMO) gap fluctuates due a0 orders of magpnitude.

to the breathing mode vibrations with widths given by
Ar
AE=2Ba —, IV. CONCLUSION

) ' o In conclusion, we have shown that the TDDFT gives a
wherer is the radial distance of the carbons from the centegemiquantitative account of the effect of zero-point vibra-
andAr is at Q= Qo in an Ayq mode. From fitting orbital  tjonal motion on the optical absorption spectrum in benzene.
energies in various conjugated celllrbon systems one may €} this respect this extends the possible domain of utility
tract valuesa~2.7 andB,=2.5eV.™ Inserting these values from the region of infrared absorption, where it is known that
in the above equation, one obtains 0.145 eV for the widthshe TDDFT gives a description of transition strengths accu-

TDDFT. Similar results are obtained for the rms widths of resylts to consider the TDDFT for other problems involving
the Franck—Condon factors calculated in the complete activghe electron—vibrational coupling, such as temperature ef-

space self-consistent fiel€ASSCH theory? which are also  fects on the optical absorption.
reported in the table. One point should also be noted on the
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