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In this article we explain how the existing linear response theory of time-dependent
density-functional theory can be extended to obtain excitation energies in the framework of
time-dependent current-density-functional theory. We use the Vignale—Kohn current-functional
[G. Vignale and W. Kohn, Phys. Rev. Let7, 2037(1996] which has proven to be successful for
describing ultranonlocal exchange-correlation effects in the case of the axial polarizability of
molecular chaingM. van Faassen, P. L. de Boeij, R. van Leeuwen, J. A. Berger, and J. G. Snijders,
Phys. Rev. Lett88, 186401(2002; J. Chem. Physl18 1044(2003]. We study a variety of singlet
excitations for a benchmark set of molecules. Ffe— transitions obtained with the Vignale—
Kohn functional are in good agreement with experiment and other theoretical results and they are in
general an improvement upon the adiabatic local density approximation. In case of th@
transitions the Vignale—Kohn functional fails, giving results that strongly overestimate the
experimental and other theoretical results. The benchmark set also contains some other types of
excitations for which no clear failures or improvements are observed20@ American Institute

of Physics. [DOI: 10.1063/1.1697372

I. INTRODUCTION functional. They were the first to propose such a
functionat**°in which the current-density is used as a local

Time-dependent density-functional theory has the potenindicator of global changes. From a careful analysis of the
tial to be a very versatile method to calculate excitation andveakly inhomogeneous perturbed electron gas they arrived
response properties of large molecular systems. The theory i& an expressidfi-'’ for the first-order induced exchange-
in principle exact and for many systems even simple apeorrelation contributions in the form of a viscoelastic stress
proximations for the exchange-correlation potential yield afield.
method that becomes competitive in accuracy with other ad-  For the prototype polyacetylene and many other systems
vanced many-particle approachies. However, in some the results obtained significantly improved upon the ALDA
cases simple approximations like the standard adiabatic locaésults and were in excellent agreement with high leel
density approximatioiALDA ) do not suffice. initio quantum chemical methods. However, we also ob-

An important example is the static axial polarizability of served that a similar large correction was not obtained for a
conjugated oligomers, which is greatly overestimated withinhydrogen chain having alternating bond lengths that is seen
the ALDA. This local approximation and also more ad- as a theoretical model for conjugated systgsee Ref. 18,
vanced generalized gradient approximations are unable tand references thergirThis indicates that the VK functional
describe the highly nonlocal exchange and correlation effects not able to describe all features necessary for a correct
found in these quasi-one-dimensional systémh@ne route  description of the axial polarizability.
to overcome these shortcomings is to employ optimized ef- To test the VK functional further, we calculated excita-
fective potentials derived from the energy functional that tion energies for a collection of molecules and analyze the
includes exact exchangsee Refs. 7 and 8, and referencesway in which the VK-functional modifies the ALDA results
therein, or approximations to this potential such as thefor the excitation properties. This benchmark set mainly con-
Krieger—Li—lafrat8d and common-energy-denomenator sists of the collection of molecular excitations devised by
approximationg®-t Parac and Grimnté to benchmark their multireference

In our previous works, Refs. 12 and 13, we have found asecond-order Mgller—PlessetMR-MP2) method. They
successful alternative approach towards the solution of thishose their set such that accurate experimental data are avail-
longstanding problem by using time-dependent currentable and that a broad range of chemical sturctures with states
density-functional theory, in which we describe ultranonlocalof nontrivial electronic character is covered. For our purpose
exchange-correlation effects within a local current descripwe added three other excitations to this set: the prototype
tion. For this we used the Vignale—Koh{VK) current- 7+« excitation in ethylene and the prototype «<—n ex-
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citation in formaldehyde, and finally as example of an exci-  To obtain the excitation energies we will use linear re-

tation in a molecular chain the !B, #* < excitation in  sponse theory. Within the regime of linear response the first

trans-1,3,5,7,9-decapentaene. order changes in the scalar and vector potential are given by,
_ In th.|s grncle we WI|| dgsgrlbe thg theory needed to ob- Svgt o (F, @) = Sup (T, @)+ Sune o (F, @) ()

tain excitation energies within the time-dependent current-

density-functional approach and we will present and discus@nd

our results for the benchmark set of molecules. In a future  SAg (I, 0) = 0Ag( I, w) + 6A o (I, w), (5)
article we will study the excitation energies for the long MO-\where suy (1, ») represents the first order change in the Har-
lecular chains as a function of chain length. tree potential, sA.(r,») is the external field, and

Ovye o(r, @) and 6A,. ,(r,w) are the first order changes in

the spin dependent scalar and vector xc-potentials. Note that
Il. THEORY the external field is completely represented by the vector
potential 5A (1, ), i.e., Sugy(r,w) =0, and that we use the
Coulomb gauge for the induced potentials. For this gauge
choiceAq(r,w) =0 if we neglect retardatioA$and micro-

The theory behind the calculation of excitation energiesscopic magnetic effects. This is consistent with the neglect of
within the TD-DFT is extensively studied. Good descriptionsthe Breit®?* corrections in the ground-state calculation. In
of this theory can be found in Refs. 2, 20, 21. To use athis particular formulation we choose the gauge for the xc-
functional that is dependent on the current-density, such asontribution such that only terms linear ifp,(r,») and
the Vignale—Kohn(VK) functional, one needs to extend this 6p (r,w) are retained inv,. ,(r,w), while all terms linear
theory to time-dependent current-density-functional theoryin 46j,(r,») and &j (r,0) are gauge transformed to
(TD-CDFT). Because much of the derivations are analoguesA,. ,(r,). In this way we keep contact with the ordinary
to the ordinary TD-DFT case we will focus here on the dif- TDDFT formulation. Due to the continuity equation
ferences needed to include the current density. V- 6j,(r,w)—iwdp,(r,0)=0, which holds for each spin

We will consider the response of systems with a grounccomponent separately, we can considgy,(r,») as a func-
state that is described within a spin-restricted formulationtional of 6j,(r,). Therefore 6A,. [ dj,.6j,] is a func-
However, we consider the response for each spin componetibnal of 6j(r,) anddj (r,w) only. The first order changes
separately. The time-dependent Kohn-Sham equationa the xc-contribution can be given in the form,
within the TD-CDFT are

{3(=1V+Ach (1, 0) 2+ Vet o1, D)} do(r,t)

A. Excitation energies within time-dependent
current-density-functional theory

Ovye o1, @)= 2 ffaa rr',w)dpy(r,w)dr’ (6)

P and
=i— ¢nrr(rvt)1 (1)

& A1) = EJf‘”(rr )3l (1 @)dr’, (7)
where ¢ indicates the spin component. The time-dependent
effective potentialsseg ,(r,t) andAg ,(r,t) are uniquely de- wheref;’c" andf;’c" are the spin-dependent scalar and tensor
termined by the exact time-dependent density and currenic-kernels. For the spin restricted ground stafﬁg fll
density. These densities can be obtained from the orbitalg]!=f.!, flI=fl! andfli=f}l.
no(r,t) by The induced density and current density are given in
linear approximation by

XCc

P )=2 Foghho(1t) bny(r,1) 2 ,
" 5p(r(r!w):2, J(XEU (r!rraw)'éAeff,(r’(rlyw)

and o
, Sy ST t + X357 (1,1, @) Sef o (', @))dr (8)
Ju—(r:t)_ = na?[(ﬁn(r(r!t) ¢nu(r1) and

— oDV IR (1 O]+ po(r, DA o(1,1). (3 Sjo(r,w)=2, f({X;jfa'(r,r',w)—xfjf”’(r,r',o)}
Here f,, are the occupation numbers, where for the spin- 7
restricted casd,;=f, =1 for the occupied states arfg; - SA g (,,(r’,w)+Xj‘;”'(r,r’,w)
=f,,=0 for the unoccupied states. We assume that there are ’ , ,
no fractional occupation numbers. Equati@ denotes the X OVeft, o (I, @) )dr . 9

physical current density, that is, the sum of the diamagneti€quation(9) is the physical induced current density, which
and paramagnetic contributions. This physical current deneontains the paramagnetic and diamagnetic terms. The dia-
sity is gauge invariant. For purely longitudinal vector poten-magnetic term is included using the conductivity sum rule,
tials (which can be gauge transformed into scalar potentials S oo

the density calculated from E¢Q) is identical to that calcu- (r,r",0]ij+ poo(r) dggr Gijo(r—r")=0, (10
lated from the time-dependent Kohn-—Sham equations aNherepO,,,(r) is the ground state density for whigiy ,(r)
pure density functional theory. +po, (r)=po(r)/2. This sum rule is exact for the longitudi-
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nal component, but neglects the very small Landau diamag- 1 [ —w

netic contribution for the transverse component. Pias(w)=
The Kohn—Sham response functions can be expressed in

closed form in terms of the unperturbed Kohn—Sham orbitals R

éno(r) and orbital energies,,, XJ Bio(1)] Pag(r) FAexo(r,@)dr

(eio_ fao) - w[(eio_ 6_acr)

7
Xag (11" o)

+2 (KTpPojr(@) + KT pPio(@) |, (16)

= 50'0"2’ (fr‘l(r_ fn’o")

where we have defined an in general frequency dependent

¢m,(r)A¢>n (1) b o (1B () coupling matrix,
. : (11)
(€ng—€nry’) T 0+i7
wheren andn’ run over all states. In this equation the den- iajb(@) = f f ¢w(r)¢a0(r)[| r] +Hie(nr', o)
sity operatorp=1 and the paramagnetic current opergtor 5
- t ; " —w
=—i(V=VI')/2 can be substltuFed for the operatédrsand X ;. Nk (r)drdr + — )
B, and thef,, are the occupation numbers of the Kohn— (€10~ €ac)
Sham orbitals. The infinitesimaj ensures that the response .
function has the correct caus@etarded structure. In the X f f D (Njbac(Nfge(r,r )
following we can set the infinitesimaj to zero because the A
spectrum is discrete below the ionization level, and as men- X (1) pp (r')drdr’. (17

tioned before we assume that there are no fractional occupa-

tion numbers. The response functions then become, Only if the adiabatic local density approximatiOhLDA ) is

* (A £ ("B (1 used for the scalar xc-kernél and if for the tensor xc-
Pig(NAPa(r) far(1)Bio(1') kernelf?, one approximatef(r,r’,w)=c(r,r')/w?, where

XRE(TT,0)= 8,2

ha (€ig—€ar) T c(r,r’)=lim,_ow?f(r,r',o) the coupling matrix be-
+ + comes frequency independent. This is the approximation we
¢"’(r)A Par() bar(r’ )B (T’ ) will use in the sequel. We can rewrite the equations above
(€0~ €ar)— @ and obtain the following set of linear equations:
(12
wherei runs over the occupied states amaver the unoc- 2 [ 85:8ij San((€ap— €1p) + @) + KT TPy ()

cupied statesg and 7 are the corresponding spin variables. ib7
We can express the total spin-integrated induced density and
induced current density as follows: + 2 KiabjPbj- @)

5p(r,w)=§ E [5o(1) i1 Paio( @) =(E__Lé)f¢i*,,(r)f¢aa(r>6Aext,u(r,w)dr 8

+ ¢i*(r(r)¢a(r(r)Pia(r(w)]! (13)

8j(r,w)= 22

and

an(,(r)ng,U(r) aio( @)
(€I0' ac)
Z [507 ab (an ei(r)_w)+ giq,-bj]ijr(w)

— ¢|a(r)l Dac(MNPiag(w)|, (14

(€4 eaa) 2 K b
+ oT. by

where we define a so-calledP*matrix,” G2 aiibtib (@)

1 —w
. = = oA d 19
Pla(r(w) (Eiu—_ an—)_w (Eiu—_ Ea(,) (6|0' an- f ¢aa' r)J d’lo’(r) exta(r w) r. ( )
X f ¢Tg(r)f¢ag(f)5Aefr,a(r,w)dr These equations may be compared with @4) on p. 124 of

Ref. 21; the form of this equation is identical to E8)
and (19). Solving this set of linear equations can therefore
(15 proceed completely analogous to Ref. 21. The set of equa-
tions can be transformed to a set of equations Fgy,
and we defind®,;,(w) = Pj;,(— w). Inserting the definitions  + Py,;, and Pj,,— Py;,. One then obtains fobPj,,= (P,
for Aqi and Svgg In EQ. (15) and substitutinglp and & with + Pyj,)/2 an equation that is analogous to E2@) on p. 125
Egs.(13) and(14) we obtain, of Ref. 21,

+ [ 91011 v (1,00 g 10,
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This defines the longitudinal and transverse xc-kernels

% 85+0ab0ij (€ €ag) = 2K{T iy 77" (k,w) and f2% (k,w). The smallk expansion of these
kernels is given b3

2 5075ab5ij

( €ig— eao)

OPjp )

- Alw) oo’ py?

£70 _(K,w)= — = 4B7 (w)+0(K3), (26
xcL(T)( ) k2 4P0,0P0,gr L(T)( ) ( ) ( )

w ~
= ff Gl Pag(r) SAexo(r w)dr, (20

(€10~ €ac) !
the only difference being that our external perturbation hadhe regular componerB{(y)(w) are complex functions of
the form of a vector potential instead of a scalar potential and€ fréqUeNCcYpo=po;+po,, ando=+1 for spin-up and
that the coupling matrix contains extra terms. In case of af= 1 for spin-down. Note that for the spin restricted singlet
excitation energy a finite external vector potential leads to agXcitations we need to sum over all spin variables, in that
infinite change in theé® matrix. This argument leads to the €2S€ the contribution o&(w) vanishes.

where the singular componeA{ ) (in the k—0 limit) and

- ; 8
following eigenvalue equation from which the excitation en- It has been shown by Vignale, Ullrich, and Cdfti*that _
ergies and oscillator strengths can be obtained: the \_/K expression for t.he sp|n-|_nde_pendent case can be writ-
) ten in the form of a viscoelastic field. The spin dependent
QOF,=wFy, (21)  description of the VK functional is given B%?’

where thewn are the excitation energies and the elements of 5Exw(r,w):ngﬁégA(r,w)Jriw5 \x’icsffoetf,w)
F are given by

. ipo(1)?A(w)
Fiao:—(Piao+ PaiO')' (22) 4w
V€ag ™ €ix
. . . 0-0-, .
The oscillator strengths can be obtained from the eigenvec- Wﬂ (M), (27
torsF,. For a spin-restricted calculation tfematrix can be o' Poctl)Poo’

splitinto a singlet and triplet part by a unitary transformationThe first two terms in this expression are the ALDA contri-
giving for the components of the four-index matrid@$and  pytion and the viscoelastic force term. The former is ob-

Q' tained using the ALDA expression for the scalar xc-kernel,
Qisé,jb: 8ij Oan( €a— €))7+ 2\~ Ei(KiTaT,jb—’_ KiTal,jb) W oA
fecapa(r,r’ @)=8(r—r") ———— ; (28)
X \ep— €, (23 o WLy o,
Qf jo= 8 Sap €a— €)2+ 2\ €a— ei(K 1=Kt i) while the latter is related to the viscoelastic stress tensor
X \er—e;. (29 Txcoll@) BY,
- . . ) i
With _the comput_auonal method outlined we are now ready to 6A‘X"§f,°fkr,w) _ 2 0,004 (1), (29)
consider a particular form for the xc-kernel for the vector wpo(r) 5
potentialf3] .
ch,o,ij(ryw)ZE {5 (r,0)[dju, i(r,®)
B. The Vignale—Kohn functional o’
and excitation spectra + iU () — §5ijV~u(,r(r,w)]
For the spin independent case we have already explained ~ oo
our implementation of the Vignale—Kohn functional in detail t& (Nw) &V Uy (o). (30

in Ref. 13.. Herg we will explain the use of th.e \(ignale— In this expression, (1, )= 8j,(r,®)/po.(r) is the velocity
Kohn functional in case of the calculation of excitation spec-e|q. in which 8j,(r, ) is the induced current density. The

tra. For this it is necessary to consider the spin dependent ~ o

101 ~(J’(7‘I
case to arrive at expressions for the singlet and triplet excigoemCmms%‘C (0) and &' () are related to the regular

component of the xc-kernel of the homogeneous electron gas

tations. by the following relation?

Before we consider the spin dependent VK functional y 9 '
for general systems, we consider first the’ case of the homo- ~oals Poo()pog(I) poo’ -
geneous electron gas. In this cadé’ (r,r',w) and e (@)=— o T (), (31
fod (r,r',w) merely depend on the separatipr-r’|. If we
Fourier transfornf)((’c‘"(r,r’,w) with respect tar —r’ one ar- E,‘{c‘"(w)z _ M
rives at the following form: lw

, 1 , , oo’ 4 oo’ &Zexc
fodi (k)= 125 (K 0)kik + F55 (k,w) (k28— kikj) 1. X\ B (@)= 3Br” (@)= o)

w a?Po,

(25 (32
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FIG. 1. Overview of the studied molecules with their structure and orientation in case there is an ambiguity.

wheree,(po) is the xc-energy per unit volume of the homo- The VK functional is, if one wants to be consistent with

geneous electron gas of densjiy. The third term in Eq. the derivation of the VK functiondf®to be used in con-

(27) is new in the spin dependent formulation and comegunction with the local density approximation for the ground-

directly from the singular component of the xc-kernel of thestate calculation.

homogeneous electron gas. The essential feature of this new

tgrm is that it prodyces damping of the spin-current Propory;  coMPUTATIONAL DETAILS

tional to the relative velocity between up- and down-spin

electrons’® Similar to the response calculatidfé® we con- We want to test the performance of the VK-functional

sider the coefficient\(w) andB(w) only in the static limit ~ for different types of excitations. For this purpose we use the

(w—0) for which the following exact results hofd: benchmark set devised by Parac and Grittaed augment

Im A(w)*w® and ReA(w)*w? In this limit the third term in it with the prototypen™ < excitation in ethylene, the pro-

Eq. (270 hence vanishes. For the regular componentO’EYDe 7*—n transition in formaldehyde and the B,

BY{n(w) we have the exact relatidhlim, o{(B" (w) 7 * 7 t][a”S'“?” 'rl‘”ar;]&,l’3=5'7’9'de§?‘pde,”ta§”fe 3152 a”de>l<'3

_48(,0/(“))/3_ Peol 9pondpo,r)lwh=0, hence the coeffi- ample of a molecular chain as we studied in Refs. 12 an .
T xc! P00 P0c The molecules are shown in Fig. 1.

cientwy;” (w) also vanishes in this limit. . All calculations were performed with our modified ver-
For the singlet and triplet excitations as derived fromgjon of ADF29-34

Egs.(23) and(24) we need to consider the following singlet We optimized the geometries within the standard ADF

and triplet combinations of thfé)‘(’c‘"(w): TZ2P basis set, which is a triple zeta Slater-type basis set
augmented with two polarization functions. Cores were kept

~s poo(Npoe(r) frozen for carbon, oxygen, and nitrogen up te and for
el @) = _2, — 5, Bt (o), (33 phosphorus, sodium, silicon, chromium, and iron up o 2
77 Geometry optimizations were performed with a generalized
gradient approximated potentilbGA) by Becke® for ex-
Tw)=—>, UU/M B (w), (34  change and Perdéfifor correlation(BP functiona).

oo’ iw For the excitation energy calculations a larger basis set
was used. We used the standard ADF ET-pVQZ basis, which

respectively, called the density—density and spin—spin charis an even tempered Slater-type basis set of quadruple zeta
nels by Qian, Constantinescu, and Vign%flé’.he?yfc(w) is  quality. For pyrrole and hexamethyldisilane, for which we
identical to the?,(w) of the spin-independent case which will study Rydberg-type excitations, we used the standard
we used before in our response calculatitiis.in the static  ADF ET-QZ3P-1DIFFUSE basis, which is an even tempered
limit an expression fo'n"ylc(w) can be derived in terms of the Slater-type basis set of quadruple zeta quality with diffuse
Landau parameters of the electron §a#n this article we  functions. For the beryllium atom we used a very large even-
will focus on the singlet excitations, and postpone the distempered basis set calledFFuseiowhich can be obtained
cussion of the triplet to a forthcoming article. via Ref. 29. This basis is close to the basis set limit.
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TABLE I. This table shows the excitation energies of transitions witk—7 character. All values are in eV.

MR Other LDA/  LDA/
Molecule State Expt. -MP2  CCZ2 theory ALDA VK

(1) GCH, 1By, 7.66 7.94¢ 7.8 7.55 8.05
(2)  CiHio 1By, (L)  3.3183.43 3.69 3.99 457 2.86 3.53
1'B,, (Ly)  3.4593.47 3.35 3.93 5.29 3.57 3.61

(3) CgH;N 21A" (Lp) 4.37 4.25 493 443 434 4.66
31A’ (Ly) 4.77 4.95 433 4.78 4.5 4.74

(4)  CuHuN, 1'B,,(Q,)  1.98-2.02 1.67 232 163 2.18 2.23
1By, (Q))  2.33-2.4% 2.33 271 211 2.30 2.34

2'By, (B,)  3.13-3.3% 3.28 3.66 3.08 2.99 3.10

2B, (By)  3.13-3.3% 3.08 357 312 2.97 3.45

(5) CigHiN,0, 1B, 2.30" 2.10 236 1.9% 1.93 2.89
(6) CigHiz 1B, 4.02 4.3394.08 3.26 4.33

®Reference 19.

PReference 38.

‘MR-SDCI results from Ref. 39.

YEOM-CCSDT-3 results from Ref. 41.

‘Reference 45, im-heptane solution.

'Reference 47, these are ttextrapolatejiresults for thefree molecule.
9Reference 46, in cyclohexane.

"CASSCF results from Ref. 48.

iReference 49.

ICASPT2 results from Ref. 50.

“The character of these stated.isfor the 2*A’ state and.,, for the 3'A’ state.
'From Ref. 53, Ref. 75, and Ref. 76.

MCASPT2 results from Ref. 77.

"Vapor spectra from Ref. 54.

°CASPT2 results from Ref. 55.

PGas phase measurements from Ref. 56.

9CIS results from Ref. 58.

"'MRMP results from Ref. 57, these values are corrected for the basis set and active space effects.

In all excitation energy calculations the ground state hasvave function method&or a discussion and references, see
been calculated with the LDA functional in the VWN Ref. 39. It is generally agreed that this experimental value
parameterizatiol’ The response calculations themselvesdoes not correspond to a vertical transitf@iTherefore a
were done with the standard adiabatic local density approxitheoretical estimate of 8 eV is generally used to compare
mation (ALDA) and the Vignale—Kohn functionalVK).  results with*#? Davidson and Jarz&i*® derived equations
From now on we denote these calculations simply as ALDAto relate the vertical excitation to the average energy of the

and VK instead of LDA/ALDA and LDA/VK. observed value. They obtain a value of 7.8 eV for tH&1,
In the excitation energy calculations the numerical inte-state. The multireference singles-doubles configuration inter-
gration accuracy was set to at least five decimals. action (MR-SDCI) results of 7.94 eV calculated by Lindh
and Roo¥’ and the more recent equation of motion singles
IV. RESULTS doubles triples coupled cluster resulfEOM-CCSDT-3,

) o where the 3 means that an iterative method is used for the
In the following we will discuss our results for the yipje excitations by Watts, Gwaltney, and Bartléttof 7.89
benchmark set. We have divided this part into three mainyy |ie close to these values. We obtain a value of 7.55 eV
sections. The first section contains tht— 7 transitions, the with the ALDA and a value of 8.05 eV with VK. The VK
second section the™ —n transitions, and the final section yaiye corrects for the underestimation of the ALDA result

contains the remaining transitions in the benchmark set. Thg,4 \we obtain a value in reasonable agreement with the es-
reason for this division is that it turns out that thé—mand  (imates for the experimental value.

* «n transitions form distinct classes as far as the behavior

of the VK functional is concerned. 2 Anthracene

. o N
A. @ transitions For anthracene we focus on two transitionsgf—a

The results for thew* < transitions is shown in character, the HOMG:-LUMO transition (L, band in Platt's
Table 1. notatior!’) and the transition resulting from the nearly de-
generate HOMG1—-LUMO and HOMO—-LUMO+1
1. Ethylene states [, band in Platt's notation The absorption spectrum
The prototype of ar* —r transition is the transition to of anthracen®*’ shows that the transition to the'B,,
the 1B, state in ethylenéknown as the V—N transitionlt ~ state (, band is hidden under the more intenség,, state
turns out that the experimental value of 7.66 @ef. 38 is (L, band. Using two-photon spectra thg, band could be
difficult to reproduce even with highly accuratd initio  assigned with more certaintgee Ref. 47 for a discussion on
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this mattey. Wolf and Hollneichet’ did measurements on raised in energy by almost 0.5 eV with VK. The VK value
anthracene in several solvents, from this they found the sofor these states lie close to the experimental values for the
vent shift and extrapolated their values to the free moleculebroadB band.

This shows that the splitting between thg andL,, band in

the free molecule should be very small. Our VK results alsos. Indigo

show a small splitting and the values are also in good agree-
ment with experiment and other theoretical values. The[he

ALDA results give a splitting that is too large and the posi-,, - :
. ) . ) ) alue of 2.30 eV(Ref. 54 by 0.37 eV. The VK shifts this
tion of theL , band is underestimated with ALDA, while the excitation energy upward, but the correction is too large

position of thel., band is already in reasonable agreemenﬁeading to an overestimation compared to the experimental

with experiment. The order of the transitions is predictedV ; 5
: alue (by 0.59 eV} and the other theoretical results’
correctly with TDDFT contrary to the CCPRef. 19 and ue (by v I !

MR-MP2 (Ref. 19 results. The CASSCIRef. 48 results
strongly overestimate the excitation energies.

The lowestr™* +— 1 transition in indigo is the transition to
1'B,, state. The ALDA underestimates the experimental

6. Trans-1,3,5,7,9-decapentaene

In our previous studi¢é*®we saw that the VK corrects
3 Indole the large overestimation of the static polarizability of oligo-
' mer chains obtained by the ALDA. It is expected that the VK
For indole we again focus on thé,(3'A’) and functional will also have a large effect on the excitation en-
L, (2*A") bands. The VK results for the, andL, bands ergies of these systems. In a forthcoming article we will
are in good agreement with experiniérand CASPT2Ref.  study the excitation energies of these oligomers in more de-
50) results. The ALDA results for the 22" state and the tail. Here we will focus ortrans-1,3,5,7,9-decapentaene. For
3'A’ state are also in good agreement, but the ALDA asthis molecule experimental valtisand MRMP (Ref. 57
signs the ZA’ state to the HOMG-LUMO transition (L,)  and CIS(Ref. 58 results are available, while we observed
and the 3A’ state to a transition consisting of contributions already in this short chain a correction by VK of the static
from HOMO—-1—-LUMO and HOMO—LUMO+1 transi-  polarizability. The ALDA considerably underestimates the
tions (Lp). The ALDA thus predicts the wrong ordering of excitation energy for this moleculgnore than 1 ey. The
the transitions. The VK corrects for this by giving the correctyK corrects the underestimation and we obtain a value equal
character without changing the energies too much. to the CIS result, which lies close to the experimental and
MRMP values.
4. Free base porphin

. , X .
An extensive study of free base porpliFBP) with TD- B. Discussion of the "« transitions

DFT has already been performed using ADF by van Gisber- In nearly all cases studied we see an improvement by
gen et al®® They studied the excitation energies using theusing the VK functional, with indigo being the only excep-
LDA, the BP xc-functional and the Van Leeuwen/Baerendstion where there is an overestimation by VK of 0.59 eV
model xc-potentia(LB94) (Ref. 52 in the ground-state part which is larger then the underestimation by the ALDA of
of their calculations. From this study it turned out that there0.37 eV. The correction is most profound for the molecular
was not much difference between the results obtained witkchaintrans-1,3,5,7,9-decapentaene, where we observe an in-
the different ground-state functionals. They found that thecrease of 1.7 eV for the B, in going from ALDA to VK,
BP results support the interpretation of the spectrum by Edthe VK value being close to experiment and other theory.
wardset al>® and the CASPT2 interpretatiof We will dis-  Another nice result of the VK functional is that is gives the
cuss how the VK functional affects these results. Like thecorrect ordering of thé , andL, states for indole, contrary
study by Parac and Grimntéwe studied the first four exci- to the ALDA.
tation energies. The lowest two form tigebands of experi- Until now we have not looked explicitly at the oscillator
ment. After these two distinct bands, the spectrum shows atrengths. All them* — & excitations studied are dipole al-
broad band with a distinct shoulder. These are calledBhe lowed and have finite oscillator strength. In Table Il we show
andN bands. There is still much debate on the assignment ahe oscillator strengths for the various transitions together
these higher excitations. More information about this andwith the absolute difference in excitation energy obtained
references can be found in Ref. 51. Since the purpose of thisith ALDA and VK, |AEAPAVK| "We also give the transi-
paper is to see how well VK performs, we will not discusstion dipole moments and their orientation. If one looks, for
the assignment of the two higher excitations. example, at the four excitations of porpherin, it can be seen

The lowest twoQ bands are calle®, andQ, according  that the larger the ALDA oscillator strength the larger the
to their polarization. These bands are formed by the transieffect of VK on this transition. This trend can also be ob-
tion to the 1'B,, and 1'B,, states. The VK functional does served for the excitations of anthracene and indole. More
not have a big effect on the excitation energies of these stategnerally we can state that the larger the transition dipole
compared to the ALDA. The splitting between the states isnoment obtained within the ALDA is along the long axis of
small with VK just like with the ALDA. The splitting is 0.11 the molecule the larger the VK correction will be for that
eV with VK. The experimental gas phase splitting is 0.44 eV.excitation. In case of porpherin this is true for both yhand

The energy of the 2B, state is hardly affected by go- z direction. This indicates that the larger the current in the
ing from ALDA to VK while the energy of the 2B, state is  axial molecular direction the larger the VK correction. This
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TABLE II. Oscillator strengths, transition dipole moments, and their correlation to the difference between the
ALDA and VK excitation energies for the* < transitions. The direction of the transition dipole moment is
denoted in italic. All values are in eV.

Transition dipole moments

Molecule State Oscillator strengtla.u) (a.u) | AEALDA-VK]
ALDA VK ALDA VK
1) CpH, 11B,, 0.32 032  13% 1.292 0.50
(2)  CuHio 11B,, 0.033 0.019  0.69 0.47z 0.68
1 1BZu <0.001 <0.001 0.03y 0.078y 0.05
(3) CgHN 21A/ 0.050 0.006  0.4&; 0.51y 0.20x; 0.11y 0.32
3A’ 0.017 0.035 0.3%; 0.11y 0.42x; 0.36y 0.15
@) CypHN, 1By, <0.001 <0.001 0.1% 0.0262 0.05
11B,, 0.001 <0.001  0.14 0.041y 0.04
21B,, 0.034 <0.001  0.68 0.035y 0.11
21B,, 0.11 0.004 1.26 0.22z 0.48
(5) CigHhiN,0, 1B, 0.22 013  2.0% 0.65y 1.30x; 0.38y 0.96
(6) CigHiy 11B, 1.78 150 4.7k 028y 3.75x; 0.15y 1.07

may indicate that the VK functional is able to include for 2. Pyridazine

these excitations the counteracting field that the ALDA fails  The lowest excitation in pyridazine is the transition to

to describe. the 1'B, state. This excitation has been experimentally
found at 3.30 eV° The ALDA underestimates this value by
0.35 eV. The VK functional overestimates strongly with a

. "
C. @™ «n transitions value of 7.03 eV.
The results for ther* «n transitions are shown in
Table Il 3. Benzocyclobutenedione
The 7* «—n transitions to the 1B; and 1A, states
1. Formaldehyde have been observed for benzocyclobutenedione liexane

The prototype of ar* < n transition is the transition to solution®! The ALDA again underestimates the experimental
the 1%A, state in formaldehyde. This state has a clear va@nd theoretical values. The VK functional leads to an over-

lence character and can be clearly identified in the absorptioRStimation by more than 2 eV for both excitations.
spectrum. The coupled-cluster CCSD value is 4.02%Mr
calculations give a value of 3.68 eV for ALDA and 8.34 eV 4 Benzaldehyde
for VK for this transition. This is a large overestimation For benzaldehyde the vertical transition to théAt
by VK. state is not directly observed. A value of 3.8 eV is estimated
on the basis of the experimentally obtained band offgamd
the CASPT2 difference between the vertical and adiabatic
TABLE IIl. This table shows the excitation energies of transitions with transitions>> The ALDA underestimates this value by 0.72
7" «—n character. All values are in eV. eV and also underestimates the other theoretical results. The
VK functional overestimates by 0.66 eV.

MR- Other LDA/ LDA/
Molecule State Expt. MP2® CCZ theory ALDA VK
5 C
(1) H,CO 1'A, 3.79°4.07 404 368 834 ° ] N N
(2 CHN, 1B, 3.3C 362 3.87 348 295 7.03 As the final example of ar* < n transition the transition
(3 CgH,0, 1B, 279 2.68 2.99 201 467 to the 11, state of the highly unsaturated; @olecule is
1 1A2 3-;1193 362 3.83 276 527 studied. The ALDA underestimates the experimental Vdlue
@) CGHO 1°A" 38 398 392 37l 308 446y 28 eV. The VK functional overestimates this value by
(5 Cs 11, 2.78 261 335 290 250 6.74
more than 3 eV.
dReference 19.
PElectron impact spectroscopy values from Ref. 78. D. Discussion of the #* «n transitions
‘Reference 68.
:CCSD results from Ref. 59. All the 7* <n transitions are strongly overestimated by
Reference 60. the Vignale—Kohn functional except for benzaldehyde for

fCASPT2 results from Ref. 79. hich th . ) . .
9absorption spectra im-hexane solution from Ref. 61. which the overestimation is not as severe. For a more in

"This value is estimated on the basis of the experimentally obtained ban@epth look at the effect of the VK functional for these exci-
origin (at 3.34 eV, Ref. 6Pand the CASPT2 difference between the vertical tgtions we consider the matrix elements of the contribution
igggg-?—??:gﬁlga;cs)mogz 16§V_3'27 ev-0.44 eV, Ref. 63 of the xc-vector potential to the Hamiltoniafwp; | Ay da)-

iGas phase measurements by Motylewski, Vaizert, and Giezen and MRAF tUrns out that these matrix elements become excessively

results from Ref. 64. large for these transitions. This is unlike th&«— case.
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TABLE IV. This table shows the excitation energies of transitions with gnd 5.41 eV. The ALDA underestimates the transition to the

various character, see the text for more detail. All values are in eV. 1 1T1u state and overestimates the transition to th'lél—l%
MR other LDA/ LDA/  State. The VK again shifts these excitation energies to higher
Molecule State Expt.-MP2 CC2 theory ALDA VK values. The excitation energy for the'T,, state obtained
with VK is in reement with the experiment and other
O P, 1T, 56 538 552 515 569 t s in good agreement with the experiment and othe

@ Na 11B,, 18F 185 1.83 1.7% 179 260 theoreticgl yalues(excep;[ for CQZ 'Whiph underestimates

(3 CiHiFe 1'E,, 28F 285 2.65 293 517 b_oth excitation¥). The 21Ty, excnatlo_n is already overes-

(4 Crco) 1'T,, 443 456 3.96 454-4.f1 414 462 timated by the ALDA and the VK functional makes this even
2'T,, 541 542 436 507-520 568 6.31  worse.

(5) C4HzN 1'A, 5272 526 514 510 481 5.04

1'B, 586 6.00 580 585 520 529
(6) Si,(CH3)s 1 1Ei 6.3% 6.52 5.72 532 555 5. Pyrrole

For pyrrole the first two low-lying Rydberg-type transi-

:igfs%rrert‘;en 159-ectra " solid ardon from Ref. 65 tions are studied. These are experimentally observed at 5.22
cPhotogepleﬁgn spectra from ,gef_ s eV (Ref. 69 and 5.86 e\?° The ALDA underestimates these
dCl results from Ref. 81. values and the other theoretical results. The VK increases the
fAbsorption spectra from Ref. 66. ALDA values but not enough; the VK values still underesti-
Vapor spectra from Ref. 67. mate the experiment.

9CASPT2 results from Ref. 82.
"Reference 68. o
'Vapor spectra from Ref. 69. 6. Hexamethyldisilane

IcC3 results from Ref. 83.

KElectron energy loss spectra from Ref. 70. Another example of a Rydberg excitation is the transi-

tion to the 1'E, state in hexamethyldisilane. The experimen-
tally found value is 6.35 eYP With the ALDA we find 5.32

E. Miscellaneous transitions eV which is an underestimation of more than 1 eV. With VK
this value is raised to 5.55 eV, which is still a strong under-

The remaining results are given in Table IV. As an ex-~ "> "<
estimation.

ample of a system having excitations involviagrbitals the
covalently bound Pcluster and the metallic Necluster are ) . . .
studied. As a severe test some low-lying excited states in-- Discussion of the miscellaneous transitions
volving d orbitals of the transition metal complexes fer- Except for the case of ferrocene the excitation energy
rocene and chromiumhexacarbonyl are considered. Finallghifts due to VK are moderate sometimes improving, some-
we study Rydberg states in pyrrole and hexamethyldisilanetimes worsening the results. The shift due to VK is upward in
1. P, all cases. Except for the transition to théT2,, state in chro-
miumhexacarbonyl and the transition to théEllg state of
ferrocene the ALDA always underestimates. The too high

l . .
E?hthXL]b/l—z s(tjate. Itt IS texpterzlrlmer;tall)l; I%Citsedvatbsgh%r’v\'mexcitation energies cannot be corrected by including a coun-
€ underestimates this vaiue by U.2> €v, but the teracting field term through the VK functional. The VK shift

corrects to a value of 5.69 eV. This value is very close to thefn the transition metal complex chromiumhexacarbonyl is

experiment. not very large, contrary to the case of ferrocene for which the
transition to the iLElg state is strongly overestimated by
2. Nay VK. The Rydberg excitation energies are still underestimated
The optically allowed £B,, state of the Nacluster is  with VK, but it should be noted that for these excitations use
another example of a system involvingorbitals. Only in  of an asymptotically correct functional such as the LB94
this case the system contains only metal atoms. The experiRef. 52 functional is necessary to obtain good results. A
mental excitation energy is located at 1.81 eV. The ALDAlarge correction is not necessary for these systems if the
value of 1.79 eV lies very close to this value. The VK over- | B94 is used in the ground state, indicating that the fact that
estimates by 0.8 eV. VK does not correct the ALDA a lot in case of the Rydberg
states is not a failure of the VK.

The first dipole-allowed transition in,As the transition

3. Ferrocene
For ferrocene in thd® sy symmetry the transition to the V. CONCLUSION

1 ?Elg stallt.e is_ studied. The experimentally found value for |, this paper we have shown that the TDCDFT approach
this transition is 2.81 e% The ALDA results are reasonably \yhich we used before to obtain polarizabilities can be refor-

close to the experiment and other theoretical results. The VK, j1ated to describe the excitation spectrum in a way analo-

strongly overestimates by more than 2 eV. gous to the ordinary TDDFT approach. The final equations
) are of similar form in which only the coupling matrix in the
4. Chromiumhexacarbonyl TDCDFT case contains extra terms involving a tensor xc-

Another example of a transition metal compound iskernel. For this tensor xc-kernel we used the Vignale—Kohn
chromiumhexacarbonyl. Twa* «<—d charge transfer excita- approximation.
tions are present in the test set. These excitations appear in  We applied this method to a benchmark set of molecules
the spectrd as two strong bands with maxima at 4.43 eV and considered excitations of various nature. Ffie— ex-
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citation energies obtained with VK improve the ALDA re- TABLEV. This table shows the lowest two excitation energies of transitions
sults in all cases except indigo. This is in line with the resultg©" the beryllium atom. All values are in eV.

obtained for the polarizabilities in them-conjugated ALDA results by VK results by LDA/ LDA/

systems>*3For them* —n excitation energies and the tran- Transition Expf: Ullrich® Ullich® ~ ALDA VK
g 1 .

S|t.|on to the 1°E,4 state of ferrocgne_ the VK dr_amat!cally 2s - 2p 527 507 6.24 186 562

fails. For the other type of excitations contained in the ,5_ 35 ¢77 5.62 567 565 663

benchmark set no clear picture emerged: sometimes the VK
improves and sometimes it worsens upon the ALDA, but inZReference 84.
Reference 74.

general no large effects were observed.

A possible explanation that the VK functional behaves
differently for different kinds of transitions may be found in
the fact that the functional is derived for a system that is very
different from the ones we study. The VK functional was gime, for which the VK derivation is not justified, is to a
derived by an expansion to second order in wave vedtors |arge extent taken into account by the explicit evaluation of
and g, which characterize the Fourier component of thethe Kohn—Sham response functions.
current—current response function for the electron gas and |1 is our observation that for the™ <1 transitions the
the wavelength of the inhomogeneity, respectively. This ex

. h b id in th : Tesults obtained are much improved when including the VK

pansion was shown to be vald in the - regimieq contribution to the exchange-correlation potentials. For the

<kg,wl/ve wherekg is the Fermi momentum andg the * . ) . .
7« transitions the region where the xc-field contributes

Fermi velocity of the electron gas. This is the region above

the particle—hole continuum. For the wave vector of the ameOSt to the matrix elements is neither close to the nuclei nor

plied optical field the constrainte<ke,w/v are trivially N the remote outer region: the induced current associated
met ask= w/c<kg , and the speed of light> v . However, with such transitions is mainly in the-system in the direc-
since we consider excitations in molecular systems, the selfion of the long axis of the molecules, and it is more or less
consistent perturbing field associated with a given excitatiotiniform along this axis. Even though the equilibrium density
will vary on a length scale that is determined by the inhomo-s far from homogeneousjt=kg) in the relevant region, the
geneity of the induced density and current density describinglensity gradient is mostly in a direction perpendicular to the
the excitation, and hence by the particular orbital structure oinduced current. We may speculate that this remnant of a
the transitions involved. An optimistic estimate for this per-weak inhomogeneity might result in the xc-functional to be-

turbing field will bek~27/L, with L the characteristic size have in a graceful manner. A similar argument cannot be

siderk~q, i.e., of the same order as the inhomogeneity. FOkne \/k functional severely fails to describe these transitions

the wave vector characterizing the inhomogeneity of the,,ectly. The systems studied are however too complicated

ground—statg den3|ty, we hage= |V pol/po. In the core52a7nld to analyze this conjecture. We propose to study simpler sys-
valence regiorg is of the same order ds: and 10,

whereas in the asympiotic outer regiapk. and g tems, that are chemically relevant, and that can be analyzed

<1l . The constraints on the wave vectrare violated, to a larger extent. As turns out the VK functional also fails

although not strongly, almost everywhere in the moleculefor some transitions in atoms. Ullrich and Burke has done an

while the extent of the violation of the constraints lowill  ndependent study of excitation energies of atoms with the
depend on the particular excitation considered. VK functional. They obtained excitation energies using the
One should keep in mind that meeting the constraints o$0-called single pole approximation, in which only the diag-
k andq in itself does not justify the use of an xc-functional onal elements of the coupling matrix are included. Tleir-
derived for the weakly inhomogeneous metallic electron gapublished result$* show that also in the case of atoms there
to inhomogeneous systems with an excitation gap. This probare certain excitations that are strongly overcorrected by VK
lem is not unique to the VK functional, but is already presentwhile others remain nearly unchanged. For example in case
for the local density approximation and for the gradient cor-of beryllium (Table V) the 2p—2s excitation energy is
rections. However, the VK functional satisfies two importantstrongly overestimated by VK, while thes3-2s excitation
constraints, Which are valid for systems with arbi'Frary timeenergy is shifted only slightly by VK, improving over the
dependence and inhomogenelfyich as molecules in exter- A| pa result. We see a similar effect for our implementation

nal fieldg, stating that in linear response the xc-electric fleIdOf the VK functional, which takes into account all matrix
does not exert any forces or torques on the system. Another, . o .
L - ) elements of the coupling matrix: the large shift observed for
exact property, which is satisfied for any system, is that un;[h 2s excitation enerav in the sinal | coxim
der rigid translation of the center of mass, described by po-. € 2p<— ds € (;:ba 0 k'e ergy €s gﬁedPO € ar;p IO a
sition vectorx(w), the xc-potential is also translated over this 10N 1S reduced by taking into account off diagonal elements
vector. This immediately implies that the VK functional sat- Put it is still 0.35 eV too Iargg. For thes3-2s excitation -
isfies the so-called harmonic potential theor&rft In view ~ Poth methods find a small shift. We hope to gain more in-
of these exact properties one may hope that the VK funcsight in the range of applicability of the VK functional in
tional is still applicable to the inhomogeneous systems wittmolecules, and to find the cause of its failure for particular

an excitation gap such as molecules. The particle—hole rdransitions, by studying atoms in more detail.
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