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Static and frequency-dependent polarizabilities of excited singlet states
using coupled cluster response theory

Christof Hättig, Ove Christiansen,a) Sonia Coriani, and Poul Jo”rgensen
Department of Chemistry, University of Aarhus, DK-8000 Aarhus C, Denmark

~Received 29 May 1998; accepted 21 August 1998!

We report an implementation of the linear response function for singlet excited states for the
coupled cluster models CCS, CC2 and CCSD. The implementation is based on the derivation of
excited state response functions as derivatives of excited state quasienergy Lagrangians. Secular
divergencies are explicitly eliminated and response equations and response functions therefore are
numerical stable in the static limit. Calculations are performed for the polarizabilities of pyrimidine
ands-tetrazine in their lowest singlet excited states. We find that the results for the excited state
polarizabilities are sensitive to the accuracy of the excitation energies and that a qualitative correct
description of the dispersion is first obtained at a correlated level. ©1998 American Institute of
Physics.@S0021-9606~98!31244-1#
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I. INTRODUCTION

Static and frequency-dependent polarizabilities of
cited states are key quantities in the understanding and
scription of a number of experimental phenomena includi
for example, the Stark effect, electrochromic properties
solvatochromatic shifts of excitation energies. While the
perimental determination of electro- and solvatochrom
properties refers to measurements in solution1–4 and can
therefore not be compared directly with single moleculeab
initio calculations, laser Stark spectroscopy measurem
are directly related to~excited state! properties of isolated
molecules as they are performed in the gas phase.5–8 In re-
cent years, experimental results for excited state polariza
ities and other excited state molecular properties have
come increasingly more abundant in the literature.1–4,6–9 In
some cases it was, however, not possible to determine
components of the excited state polarizability tensors,
the assignment of the tensor components has often been
ficult without additional information from calculations.6,10

The ab initio calculation of excited state polarizabilitie
is also a difficult task. It requires a method capable of p
dicting accurate excitation energies. Static polarizabilities
excited states can be calculated by combining such meth
with a numerical differentiation~finite field! technique. Fi-
nite field calculations of static excited state polarizabilit
have, for example, been carried out for theS1 (1 1B3u) state
of s-tetrazine by Schu¨tz et al.10 employing the CASPT2
method and by Stanton and Gauss11 using the coupled cluste
singles and doubles~CCSD! model. Frequency-depende
excited state polarizabilities have been calculated, for
ample, by Pipin and Bishop12 for Li in the 2 2P1/2 state em-
ploying a sum-over-state approach and wave functions
tained by a combined configuration-interaction-Hyllera
method. However, sum-over-state approaches are only a
cable for few-electron systems or for semi-empirical wa

a!Present address: Institut fu¨r Physikalische Chemie, Universita¨t Mainz, D-
55099 Mainz, Germany.
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functions and the finite field technique can only be used
calculate static polarizabilities. A more general and efficie
approach is offered by the concept of analytic response fu
tions.

In response theory, excited state polarizabilities can
obtained in two different ways: either by an explicit optim
zation of the excited state wave function combined with
linear response calculation or as the second-residue of
cubic response function of the ground state. These two
proaches are only equivalent for a linear parametrization
the wave function, as used in configuration interaction~CI!
based methods. For nonlinear parametrizations as in s
consistent-field~SCF!, multiconfigurational self-consistent
field ~MCSCF! or coupled cluster response theory, the tw
approaches lead in general to different results. The appa
advantage of calculating excited state polarizabilities
second-residues of the ground state cubic response fun
is that this does not require a nonlinear optimization of
excited state wave function. This approach is therefore
plicable to a wider range ofab initio methods, including SCF
and coupled cluster theory, where excited state optimizati
cannot easily be performed. An implementation of excit
state polarizabilities as second-residues of the ground s
cubic response function was recently reported by Norm
et al. for SCF13 and by Jonssonet al. for MCSCF14 wave
functions. For CCSD wave functions excited state first-or
properties were derived by Koch and Jo”rgensen15 and by
Stanton and Gauss,16–18 who also discussed the theory fo
static excited state second-order properties.19

In the present publication we report an implementat
of coupled cluster response theory15,20–23 for static and
frequency-dependent polarizabilities of excited states for
coupled cluster models CCS, CC2 and CCSD. The imp
mentation is based on a Lagrangian for the exci
state,21,23,24leading to excited state response functions wh
are equivalent to those identified from the double residue
the ground state response functions but with the artific
secular divergent terms removed.23 Thereby the respons
7 © 1998 American Institute of Physics
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equations and the expressions for the response function
main numerical stable in the limit of static external field
Applications of the implemented approach are presented
the dipole polarizabilities of theS1 (1 1B3u) state of
s-tetrazine and theS1 (1 1B1) state of pyrimidine.

II. THEORY

In Ref. 23 we showed that in coupled cluster respo
theory the difference between the response functions of
excited statef and the ground state can be calculated
derivatives of the real part of the quasienergy difference
tween the two states:

^^X1 ; X2 ,...,Xn&&v2 ,...,vn

~ f ! 2^^X1 ; X2 ,...,Xn&&v2 ,...,vn

~0!

5S dn$ 1
2DW 0 f~ t,e!1 1

2DW 0 f~ t,e!* %T

de1~v1!de2~v2!...den~vn!
D

0

. ~1!

In Eq. ~1! the derivatives are taken with respect to the fie
strengths of the external perturbation:

V̂~ t,e!5(
j

ĤXje j~v j !e
2 iv j t, ~2!

Ĥ~ t,e!5Ĥ ~0!1V̂~ t,e!, ~3!

and the lower index 0 indicates that the derivative is tak
for the zero field strength limit, i.e., for the unperturbed m
ecule. With$DW 0 f(t,e)%T we denote the quasienergy diffe
ence between statef and the ground state, defined as

$DW 0 f~ t,e!%T5 lim
t0→`

1

2t0
E

2t0

1t0
DW 0 f~ t,e! dt, ~4!

DW 0 f~ t,e!5S E! f~ t,e!FA~ t,e!2 i
d

dtG Ẽf~ t,e! D
3~E! f~ t,e!Ẽf~ t,e!!21. ~5!

The matrixA(t,e) is the field- and time-dependent couple
cluster Jacobian defined22,23 as derivative of the time-
dependent cluster equations with respect to the cluster
plitudes. Denoting the cluster equations in a shorthand fo
as em(t,e)5 i (d/dt)tm(t,e), where tm(t,e) are the cluster
amplitudes, the matrixA(t,e) is defined as the derivative:

Amn~ t,e!5
dem~ t,e!

dtn
. ~6!

The vectorsE! f(t,e) and Ẽf(t,e) represent, respectively, th
phase-isolatedbra and ket wave functions of the excite
statef in the biorthogonal basis spanned by the coupled c
ter left projection manifold and the singles, doubles, etc.
citations out of the coupled cluster ground state wa
function.23 In the presence of a~quasi-!periodic perturbation
as considered in Eq.~2!, E! f(t,e) and Ẽf(t,e) can be ex-
panded in the field strengths of the perturbations as:23
re-
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Ẽf~ t,e!5Ef~v f !1 (
n51

`
1

n! (
j 1

...(
j n

Ẽf Xj 1
...Xj n~v f ,v j 1

,...,v j n
!

3 )
m51

n

e j m
~v j m

!e2 iv j m
t, ~7!

E! f~ t,e!5Ēf~2v f !1 (
n51

`
1

n! (
j 1

...(
j n

E! f Xj 1
...Xj n~2v f ,v j 1

,...,v j n
!

3 )
m51

n

e j m
~v j m

!e2 iv j m
t. ~8!

The time-evolution of the excited state vectorsẼf(t,e) and
E! f(t,e) can be determined up to a normalization and a ph
factor from a generalized Frenkel variation principle or
requiring$DW 0 f%T to be stationary.23 The normalization and
the phase ofE! f(t,e) andẼf(t,e) are determined by the con
ditions:

E! f~ t,e!Ẽf~ t,e!51, ~9!

E! f~ t,e!Ef~v f !5Ēf~2v f !Ẽ
f~ t,e!. ~10!

Inserting expansions~7! and ~8! into Eqs.~9! and ~10!, the
latter two equations can be combined to:

Ēf~v f !Ẽ
f X1 ...Xn~v f ,v1 ,...,vn!

5E! f X1 ...Xn~2v f ,v1 ,...,vn!Ef~v f !

5
1

2
P̂X1 ...Xn(

k51

n21

E! f X1 ...Xk~2v f ,v1 ,...,vk!

3Ẽf Xk11 ...Xn~2v f ,vk11 ,...,vn!. ~11!

Thus the independent variables of the expansions in~7! and
~8! are the coefficients of the projections of the excited st
responses onto the orthogonal complement of the statef :

'Ẽf X1 ...Xn~v f ,v1 ,...,vn!5Q f Ẽf X1 ...Xn~v f ,v1 ,...,vn!,
~12!

'E! f X1 ...Xn~2v f ,v1 ,...,vn!

5E! f X1 ...Xn~2v f ,v1 ,...,vn!Q f , ~13!

where the projection operatorQ f is defined as:

Qmn
f 5dmn2Em

f ~v f !Ēn
f ~2v f !. ~14!

To obtain efficient expressions for the calculation of the e
cited state response functions as derivatives of$DW 0 f%T ,
we combine Eqs.~4! and~5! with the time-dependent groun
state cluster equations to aquasienergy differenceLagrang-
ian:
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DL f~ t,e!5DW 0 f1(
m

N! m
f ~ t,e!S em~ t,e!2 i

d

dt
tm~ t,e! D ,

~15!

$DL f~ t,e!%T5 lim
t0→`

1

2t0
E

2t0

1t0
DL f~ t,e!dt. ~16!

The time-average$DL f%T can now be required to be station
ary with respect to all its independent variables, i.e.,
components of Ēf(2v f), Ef(v f),

'E! f X1 ...Xn(2v f ,
v1 ,...,vn), and 'Ẽf X1 ...Xn(v f ,v1 ,...,vn), as well as the
ground state cluster amplitudest(t,e) and the excited state
Lagrangian multipliersN! f(t,e):

d$DL f~ t,e!%T50. ~17!

From the variational Lagrangian$DL f(t,e)%T the excited
state quasienergy derivatives can be evaluated employing
2n11 and 2n12 rules of variational perturbation
theory25–27,21in order to minimize the maximum order of th
response equations that have to be solved. To facilitate
calculations of derivatives of$DL f(t,e)%T with respect to the
field strengths we introduce for the time-dependent clu
amplitudes the expansion:

t~ t,e!5 (
n50

`
1

n! (
j 1

...(
j n

tXj 1
...Xj n~v j 1

,...,v j n
!

3 )
m51

n

e j m
~v j m

!e2 iv j m
t, ~18!

and similar expansions forN! f(t,e) andDW 0 f(t,e). The ex-
pression for the difference between the linear response f
tion of an excited statef and the ground state response fun
tion is in accordance with a 2n11 rule for t(t,e) and
Ẽf(t,e) and a 2n12 rule forE! f(t,e) andN! f(t,e) found as:23

^^A;B&&vB

~ f !2^^A;B&&vB

~0!

5 1
2Ĉ

6vP̂AB$Ēf~2v f !~BtB~vB!1AB!Ẽf A~v f ,vA!

1Ēf~2v f !~
1
2 CtA~vA!tB~vB!1BAtB~vB!!Ef~v f !

1N! f~ 1
2BtA~vA!tB~vB!1AAtB~vB!!%, ~19!

with vA52vB . The operatorĈ6v enforces symmetrization
of the response function with respect to complex conjuga
together with a simultaneous sign reversal of the frequen
vA , vB and implements a practical way of taking the deriv
tive of the real part of the quasienergy difference Lagrang
The matricesAX, B, BX andC are defined as partial deriva
tives of the JacobianA(t,e):22,23

Amn
X 5S ]Amn~ t,e!

]eX~0! D
0

, ~20!

Bgmn5S ]Amn~ t,e!

]tg
D

0

, ~21!

Bgmn
X 5S ]2Amn~ t,e!

]eX~0!]tg
D

0

, ~22!
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Chgmn5S ]2Amn~ t,e!

]th]tg
D

0

. ~23!

The stationarity conditions for$DL f%T with respects to varia-
tions of the independent variables ofE! f(t,e) and Ẽf(t,e)
lead to the same equations as the stationarity conditions
$DW 0 f%T , which give in zeroth-order the eigenvalue equ
tions

~A2v f1!Ef~v f !50, ~24!

Ēf~2v f !~A2v f1!50, ~25!

and for the first-order response of the right excited state v
tors the response equation:

~A2~v f1vA!1! 'Ẽf A~v f ,vA!

52Q f~BtA~vA!1AA!Ẽf~v f !. ~26!

The reference state component ofẼf A(v f ,vA) is found from
Eq. ~11! as

Ēf~2v f !Ẽ
f A~v f ,vA!50. ~27!

The A matrix occurring in the above equations is the sta
dard time- and field-independent coupled cluster Jacob
Since Eq.~26! is projected to the orthogonal complement
f , the first-order response of the excited stateẼf A(v f ,vA)
remains well-defined and finite in the static limitvA→0, as
long as the statef is not degenerated. This is in contrast
the secular divergencies obtained in a nonphase-isol
approach23 as used, for example, in recent implementatio
of SCF and MCSCF response theory for excited state lin
response properties.13,14

For the cluster amplitudes Eq.~17! leads to the same
equations as obtained from the ground state quasienergy
grangian, i.e., the usual zeroth-order cluster equatione(0)

50 and the first-order response equations:

~A2vA1!tA~vA!52jA, ~28!

with the right hand side vectors defined as:

jm
X5S ]em~ t,e!

]eX~0! D
0

. ~29!

The zeroth-order equations for the Lagrangian multipli
N! f , which are obtained from the requirement that$DL f%T is
stationary in the cluster amplitudes, are found as:

N! fA52Ēf~2v f !BEf~v f !. ~30!

Equations~1!–~30! were formulated for a general couple
cluster model, but are also valid for other nonvariationalab
initio methods, if the equations for the wave function para
etersem(t,e) are replaced by the equations for the meth
under consideration. Expressions for the specific coup
cluster methods CCS, CC228 and CCSD are obtained b
truncating the cluster amplitudest(t,e) and the vectors
Ẽf(t,e), E! f(t,e) and N! f(t,e) for CCS to the single excita
tion manifold and for CC2 and CCSD to the single a
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double excitation manifold, and by replacingem(t,e)
5 i (d/dt)tm(t,e) by the respective time-dependent amp
tude equations.28–33

Before proceeding to the description of the excited st
polarizability calculation a few comments on the impleme
tation are warranted. The presented theory is implemente
a local version of the Dalton program34 using the integral
direct CC algorithm as previously described for ground st
energies,35 excitation energies,36 and ground state linear an
nonlinear properties.30,32,33,37 The solution of the left and
right eigenvector equations together with the solution of
first-order amplitude response equations@Eq. ~28!# and the
N! f(t,e) equations@Eq. ~30!# proceeds as discussed in Re
33. The new set of equations to be solved in the pres
study are the excited state response equations@Eq. ~26!#.
These equations are very similar to the second-order clu
amplitude response equations used in ground state cubi
sponse calculations.32 The most important modification i
that the right hand side vector of the response equations m
be projected to the orthogonal complement of the exc
reference statef and that the projectorQ f must also be taken
into account whenever the reduced space used in the sol
of the linear equations is extended with a new trial vect
The action of the projectorQ f from the right onto an arbi-
trary vectorr reduces in practice to vector operations, whi
can be evaluated with comparatively low computatio
costs:

(
n

Qmn
f rn5rm1Em

f ~v f !S (
n

Ēn
f ~2v f !rnD . ~31!

The final matrix-vector contractions required for obtaini
the difference between the ground and excited state lin
response functions@Eq. ~19!# are obtained straightforwardl
from the contractions required for CC ground state nonlin
response calculations.30,32

TABLE I. The ground and excited states structures employed in the ca
lations ons-tetrazine and pyrimidine. Bond lengths are in A˚ ngstro”m and
angles are in degrees.

Parameter S0 S1

s-tetrazine
r CH 1.0726a 1.0747b

r CN 1.3405a 1.3280b

r NN 1.3256a 1.3166b

/NCN 126.4a 121.4b

pyrimidine
r C~2!H 1.082c

r C~4!H 1.079c

r C~5!H 1.087c

r C~5!C~4! 1.393c

r C~4!N 1.350c

r C~2!N 1.328c

/CCC 117.8c

/CCN 121.2c

/C~5!C~4!H 120.9c

aExperimental equilibrium structure, Refs. 39, 40.
bAb initio CCSD/TZ2P equilibrium structure, Ref. 11.
cExperimental equilibrium structure, Ref. 41.
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III. COMPUTATIONAL DETAILS

In the calculation of the polarizabilities of s-tetrazine a
pyrimidine in theS0 andS1 states we employed the mediu
sized POL @5s3p2d/3s2p# basis sets of Sadlej.38 For s-
tetrazine we used the experimental ground state geom
from Refs. 39, 40, and for theS1 (1 1B3u) excited state the
equilibrium structure, optimized by Stanton and Gauss at
CCSD/TZ2P level.11 For pyrimidine we used the experimen
tal ground state geometry of Ref. 41 for both the ground s
and the excited state, since no excited state geometry
available in the literature. The bond distances and angles
given in Table I. Fors-tetrazine the molecule was placed
the yz plane with thez axis passing through the carbon an
hydrogen atoms; the pyrimidine molecule was placed in
xy plane with they axis coinciding with the molecularC2

symmetry axis. In the coupled cluster energy and respo
calculations the molecular orbitals corresponding to thes
orbitals of the carbon and nitrogen atoms were kept froz

IV. RESULTS AND DISCUSSION

In Table II we have listed the components of the sta
dipole polarizability of pyrimidine in the ground stateS0 and
the lowest excited stateS1 (1 1B1) obtained with the three
coupled cluster models CCS, CC2 and CCSD. The dyna
dipole polarizabilities for the two states are shown in Fig

FIG. 1. The dynamic polarizability of pyrimidine in the ground stateS0 ,axx

component.

u-

TABLE II. The static dipole polarizability for the ground state and the fi
excited singlet state of pyrimidine~in a.u.!. All results refer to the experi-
mental ground state geometry of pyrimidine given in Table I.

Component SCF CCS CC2 CCSD

S0 ground state
axx 64.6 69.3 71.1 67.8
ayy 66.5 71.5 74.1 70.2
azz 36.7 39.7 38.3 37.5
g a 30.7 34.3 31.5

S1 excited state
axx 111.9 128.6 111.8
ayy 76.0 75.8 71.4
azz 46.2 44.5 42.2
g a 47.8 57.7 49.4
Dazz 6.5 6.2 4.7

ag5(axx1ayy)/22azz .
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1–6 for the frequency rangev50.0– 0.1 a.u. In Table III we
give the excitation energies for a few low lying singlet sta
with symmetriesA1 , B1 and A2 , i.e., states that can b
reached fromS1 by dipole-allowed transitions and whic
therefore are important for the polarizability of this state. F
the excitation energies we find in agreement with the res
of earlier studies42,43 that the CC2 model gives excitatio
energies which are considerably improved compared to
CCS level. This is manifested by the differences to
CCSD results which for CC2 in most cases are much sma
than for CCS. For the states below 7 eV the CC2 excitat
energies differ by not more than 0.3 eV from the CCS
results, while the CCS model gives for some of these st
excitation energies which are wrong by more than 1 eV. T
is also the case for theS1 state for which we are investigatin
the polarizability. The calculated vertical CCSD excitati
energies are slightly higher than the position of the ba
maxima found experimentally. The agreement betwe
theory and experiment, however, is as good as can be
pected considering the uncertainty in the calculated exc
tion energies introduced by the relatively small one-elect
basis set and by the differences between rigorous ver
excitation energies and the observed position for the b
maxima.

Surprisingly, we find that the CCS polarizabilities for th
ground state and for the excitedS1 state are close to th
values obtained with CCSD. For the static polarizabilities

FIG. 2. The dynamic polarizability of pyrimidine in the ground stateS0 ,ayy

component.

FIG. 3. The dynamic polarizability of pyrimidine in the ground stateS0 ,azz

component.
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obtain with the CC2 model no improvement upon the C
results. For theaxx component of the excitedS1 state polar-
izability the difference compared to CCSD even increase
the CC2 level to more than 15%.

The situation changes dramatically if we consider t
frequency-dependence. Due to the large errors in the C
excitation energies the dynamic polarizabilities obtained
CCS get large errors in the dispersion compared with
CCSD results. In particular for the excitedS1 state the errors
in the poles at the CCS level are so large that the CCS
larizabilities over a wide frequency range hardly have a
thing in common with the results obtained with the corr
lated CC2 and CCSD models. At the CC2 level the p
structure of the dynamic polarizabilities is very similar
that obtained in CCSD. Nevertheless, the quantitative dif
ences between the CC2 and the CCSD results for the
namic polarizabilities are rather large.

The theoretically most intensively studied excited st
polarizability is probably the polarizability ofs-tetrazine in
the S1 state.10,11,44–46Heitz, Weidauer, and Hese6 used in
1991 laser Stark spectroscopy to measure the polarizab
anisotropyg5(azz1ayy)/22axx of the ground state and th
S1 state and the shifts of the isotropic polarizabilityā and
the out-of-plane componentaxx for the transitionS1←S0 .
While the experimental value for the shift in the isotrop
polarizability is in qualitative good agreement with the r
sults obtained in severalab initio studies,10,11,46 the anisot-

FIG. 4. The change of the dynamic polarizability of pyrimidine upon ex
tation into the lowest excited singlet stateS1 ,axx component.

FIG. 5. The change of the dynamic polarizability of pyrimidine upon ex
tation into the lowest excited singlet stateS1 ,ayy component.
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ropy of the ground state polarizability and the shift of t
out-of-plane component upon excitation are in strong d
agreement with the results of theab initio calculations~see
Table IV!.

We have employed the CCSD response approach to
culate the static polarizability ofs-tetrazine in the ground
state and in the excitedS1 state. The results are summariz
in Table IV together with the experimental values and res
of previousab initio calculations. For all three componen
of the ground state polarizability we obtained results sim
to the finite field CCSD calculations of Stanton and Gaus11

and the finite field CASPT2 calculations of Schu¨tz et al.10

The finite field calculations of Stanton and Gauss corresp
to an orbital-relaxed CCSD approach where also the Hatr
Fock orbitals can respond to the perturbations, while in
coupled cluster response approach only the cluster am
tudes respond to the external fields.

For the out-of-plane componentaxx in the S1 excited
state the CCSD response result is close to the CAS
value10 and the CCSD finite field result.11 For the in-plane
componentsazz and ayy the differences between the ind
vidual ab initio methods are somewhat larger, showing th

FIG. 6. The change of the dynamic polarizability of pyrimidine upon ex
tation into the lowest excited singlet stateS1 ,azz component.
-

al-

s

r

d
–

e
li-

2

t

these components are more sensitive to the correlation t
ment. The geometry effects originating from shifts in t
bond lengths and angles upon excitation are for all th
polarizability components small, only of the order of a fe
percent.

As in previousab initio investigations, we find agree
ment with the experimental results for the shift of the isot
pic polarizabilityDā and for the polarizability anisotropy in
theS1 state, but large discrepancies for the anisotropy of
ground state polarizability and for the shift of the out-o
plane componentaxx . This supports the conclusions draw
in Ref. 10, where a misassignment of the symmetry axe
the experimental work was suspected.

V. CONCLUSIONS

We have reported an implementation of coupled clus
response theory for static and dynamic polarizabilities of
cited singlet states for the coupled cluster models CCS, C
and CCSD. The approach is based on a quasienergy

TABLE III. Calculated vertical excitation energies to the lowest sing
states in pyrimidine~in eV!, compared to positions of band maxima in VU
measurements.

State CCS CC2 CCSD Exp.

S0 ground state
2 1A1 6.86 6.75 7.01 6.7b

3 1A1 8.28 7.02 7.45
4 1A1 8.72 7.48 7.73 7.6b

1 1B1 5.83 4.37 4.59 4.2a

2 1B1 7.42 6.28 6.51 6.0b

3 1B1 8.21 7.34 7.42
1 1A2 6.68 4.88 5.16 4.6a

2 1A2 7.33 5.84 6.03 5.7c

3 1A2 8.33 7.12 7.74

aReference 48.
bReference 49.
cReference 50.
laxation
TABLE IV. The static dipole polarizability for the ground and first excited singlet state ofs-tetrazine~in a.u.!.

Component SCFa CASSCFb CASPT2c CCSDd CCSD resp.e Experimentf

S0 ground state
axx 29.8 29.8 32.6 32.0 32.7
ayy 52.7 53.4 55.1 54.4 56.0
azz 57.4 53.8 60.0 59.0 60.7
g g 25.2 23.8 25.0 24.7 26.7 5.4

S1 excited state
axx 28.7 38.2 32.4 31.3 31.9~31.1!
ayy 70.8 74.4 67.2 74.0 80.1~83.2!
azz 63.7 66.6 66.0 63.9 61.5~65.7!
g g 38.4 42.3 34.2 37.6 41.1~43.4! 45.2
Da' 21.1 21.6 20.2 20.7 20.9 (20.7) 217.5

aSCF response calculation in a@4s4p2d/2s1p# basis, Ref. 46.
bCASSCF response calculation in a@4s4p2d/2s1p# basis, Ref. 46.
cCASPT2 finite field calculation in Sadlej’s@5s3p2d/3s2p# POL basis, Ref. 10.
dCCSD finite field calculations in Sadlej’s@5s3p2d/3s2p# POL basis, Ref. 11.
eThis work, CCSD response calculation, the number in parentheses were obtained without geometry re
for the S1 state.

fLaser Stark spectroscopy, Ref. 7.
gPolarizability anisotropy parameterg is defined asg50.5(ayy1azz)2axx .
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grangian for the excited states and a phase-isolated pa
etrization of the excited state wave function. Secular div
gent terms are thereby removed from the response func
and the response equations become numerically stable i
static limit. An application to the frequency-dependent pol
izability of the S1 state of pyrimidine demonstrates that t
results for the excited state polarizabilities are very sensi
to the accuracy of the excitation energies. Reliable res
require correlated wave function models and can only
expected for the lowest excited states and only if these st
are well separated from the other excited states. This is
corroborated by the results of a study of the polarizability
benzene in the lowest excited states.47

The results obtained with the CCSD response appro
for the static polarizability ofs-tetrazine in the ground stat
and the excitedS1 state support the findings of earlierab
initio studies which suspected a misassignment of the s
metry axes in the experimental work.
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