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Calculation of frequency-dependent polarizabilities using the approximate
coupled-cluster triples model CC3
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The calculation of frequency-dependent polarizabilities is discussed for the iterative approximate
coupled-cluster singles, doubles and triples model CC3. A new implementation of the linear
response functions is reported, which has the same computationalO(N7) scaling as CC3 ground
state calculations and uses an explicitly spin-coupled excitation space. Sample calculations are
presented for the static and frequency-dependent polarizabilities of Ne and ethylene, as well as for
the static polarizabilities of HF. The largest calculation employs the t-aug-cc-pVTZ basis set for
ethylene giving a total of 328 basis functions. The results obtained agree well with the experimental
data. © 2003 American Institute of Physics.@DOI: 10.1063/1.1523905#
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I. INTRODUCTION

During the last decade the coupled-cluster model
evolved to the method of choice for the calculation of m
lecular properties for smaller single configuration domina
systems. When triple excitations are accounted for the e
tronic structure problem is solved for many molecular pro
erties to an accuracy that is comparable to or even surpa
the one that is obtained in experimental studies. The
relaxation of the triples in the coupled-cluster single
doubles and triples~CCSDT! model1,2 has a computationa
scaling ofO(N8), whereN is the number of basis functions
and is too costly for routine applications. Many models ha
been suggested where the triples are treated in an app
mate fashion, and where the computational scaling ther
has been reduced toO(N7). The most favored approach
the noniterative triples model CCSD~T! ~see Ref. 3! where
the triples contribution is added perturbatively to t
coupled-cluster singles and doubles~CCSD! energy. The
CCSD~T! model has successfully been used to calcu
many molecular properties4,5 such as equilibrium
geometries,6 atomization energies,7–9 and vibrational
frequencies.10

In the noniterative triples models the response functi
have poles that are not affected by the triples excitation sp
and frequency-dependent molecular properties are there
not determined with the same accuracy as static molec
properties. On the contrary, in iterative triples models
poles are relaxed to the triples excitation space and static
frequency-dependent molecular properties are obtained
a similar quality.11 In this paper we consider the calculatio
of the frequency-dependent polarizability using the iterat
triples model CC3,12,13 which as the CCSD~T! model has a
computational scaling of (N7).

a!Author to whom all correspondence should be addressed; electronic
filip@chem.au.dk
1290021-9606/2003/118(3)/1292/9/$20.00
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CC3 is a member of the coupled-cluster model hierarc
CCS, CC2, CCSD, CC3, and CCSDT which is especia
designed to describe frequency-dependent properties. CC
the coupled-cluster singles model, in CCSD doubles
added and in CC2 the doubles of the CCSD model are
proximated using the same strategy as for triples wh
CCSDT is approximated to give CC3. Excitation energ
have been calculated successfully using this hierarchy.
error in the excitation energies is reduced by about a fact
at each level for the models CCS, CC2, CCSD, and CC3,
the CC3 excitation energies closely approximate the one
the CCSDT model.14 Calculation of frequency-dependent p
larizabilities and hyperpolarizabilities have shown simi
systematic improvements to the excitation energies.15–17

In this paper we describe a new implementation of
CC3 frequency-dependent polarizability, which uses an e
tation space that is explicitly spin coupled and has a com
tational scaling ofV4O3, whereO andV denote the numbe
of occupied and virtual orbitals in the Hartree–Fock~HF!
calculation, respectively. CC3 frequency-dependent mole
lar properties have previously been implemented usin
spin-orbital based formalism and with a non-iterativeV4O4

scaling.15

In Sec. II we briefly describe the CC3 model and t
determination of frequency-dependent polarizabilities.
Sec. III we discuss the strategy used in our implementa
and in Sec. IV some results are reported for the static
frequency-dependent polarizabilities of neon and ethyl
and the static polarizability of hydrogenfluoride. In the la
section we give some concluding remarks.

II. THE CC3 LINEAR RESPONSE FUNCTION

A. Coupled-cluster theory

In response theory we consider the response of a sys
described by the HamiltonianH0 to a time-dependent pertur
bationV(t). The full time-dependent Hamiltonian is given a
il:
2 © 2003 American Institute of Physics
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H~ t !5H01V~ t !, ~1!

whereV(t) is Hermitian and can be expanded as a sum o
Fourier components

V~ t !5 (
k52N

N

exp~2 ivkt !(
X

«X~vk!X, ~2!

where X may be any time-independent Hermitian on
electron operator. To ensure hermiticity ofV(t), we require
that v2k52vk and «X(v2k)5«X(vk)* . For the coupled-
cluster wave function we use a phase-isolated paramet
tion, where the oscillating phase factor caused by the
called level-shift or time-dependent quasienergyW(t) is
explicitly isolated:11,18–20

uCC~ t !&5expS 2 i E
t0

t

W~ t8!dt8D exp~T~ t !!uHF&. ~3!

In the latter equationT(t) is the field- and time-dependen
cluster operator T(t)5( i(m i

tm i
(t)tm i

—the index i

51,2,3,... denotes the excitation level—anduHF& is the
Hartree–Fock reference for the unperturbed molecule.
bital relaxation is not treated explicitly, but only approx
mately through the single excitation manifold of the clus
operator. This avoids a two step approach which would
troduce artifacts into the response functions as, e.g., a
structure incompatible with the exact response function.

The quasienergyW(t) and the time-dependent clust
equations—which determine the cluster amplitudestm—are
obtained by projecting the time-dependent Schro¨dinger equa-
tion onto the Hartree–Fock reference^HFu and the excitation
manifold ^HFutm

† exp(2T(t)), respectively:

W~ t !5^HFuH~ t !exp~T~ t !!uHF&, ~4!

^HFutm
† exp~2T~ t !!H~ t !exp~T~ t !!uHF&2 i ṫ m~ t !50,

~5!

whereṫm(t) are the derivatives of the cluster amplitudes w
respect to time. The coupled-cluster methods CCS, CC
and CCSDT are obtained from the above-given equation
truncating the cluster operatorT(t) after, respectively, the
single, double or triple excitation level.

B. The CC3 linear response function

The CC3 method is obtained as an approximation
CCSDT by truncating the triples equations at second orde
the fluctuation potential.13 The CC3 model gives linea
response properties as, e.g., frequency-depen
polarizabilities—similar as for CCSDT—correct throug
third order in the fluctuation potential. The response fu
tions for CC3 are most conveniently derived if the quasi
ergy is combined with the cluster equations to a quasiene
Lagrangian:12
Downloaded 08 Jan 2003 to 141.52.232.84. Redistribution subject to A
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L~ t !5^HFuĤ1@H0 ,T2~ t !#uHF&1(
m1

t̄ m1
~ t !~^m1uĤ

1@Ĥ,T2~ t !#1@H0 ,T3~ t !#uHF&2 i ṫ m1
~ t !!

1(
m2

t̄ m2
~ t !S ^m2uĤ01@Ĥ,T2~ t !#

1
1

2
@@H0 ,T2~ t !#,T2~ t !#

1@Ĥ,T3~ t !#uHF&2 i ṫ m2
~ t ! D

1(
m3

t̄ m3
~ t !S ^m3u@F1V̂~ t !,T3~ t !#1@Ĥ,T2~ t !#

1
1

2
@@V~ t !,T2~ t !#,T2~ t !#uHF&2 i ṫ m3

~ t ! D , ~6!

whereF is the Fock operator. In Eq.~6! we have introduced
the similarity transformed operators

Ô5exp~2T1!O exp~T1!. ~7!

The time average of the quasienergy Lagrangian, define

$L~ t !%T5
1

T E
2T/2

T/2

L~ t !dt, ~8!

whereT is the least common multiple of periods of the fr
quenciesvk of the perturbations in Eq.~2!, is variational
with respect to the cluster amplitudestm and the Lagrangian
multipliers t̄ m and thus 2n11- and 2n12-rules21,22 can be
exploited to calculate derivatives of$L(t)%T . The linear re-
sponse function is obtained as the second derivative of
real part of the time-averaged quasienergy Lagrangian,11,23,24

^̂ X;Y&&v5
1

2

d2~$L~ t !%T1$L~ t !%T* !

d«X~2v!d«Y~v!
~9!

5
1

2
Ĉ6vP̂~X~2v!,Y~v!!

3H hX1
1

2
FtX~2v!J tY~v!, ~10!

where the operatorP̂(X(2v),Y(v)) symmetries with re-
spect to a simultaneous permutation of the operatorsX andY

and the accompanied frequencies and the action ofĈ6v is
defined by:

C6v f XY~vX ,vY!5 f XY~vX ,vY!1 f XY~2vX ,2vY!* .
~11!

The elements of the vectorhX and the matrixF are defined
as:

hn
X5S ]2$L%T

]tn]«X~vX! D
0

, ~12!

and
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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Fnl5S ]2$L%T

]tn]tl
D

0

, ~13!

where the derivatives are taken at zero perturbation stren
i.e., for the unperturbed system. The vectorhX and the ma-
trix F contain terms which refer only to the singles a
doubles space and are similar in structure to the ones tha
obtained in the CCSD model differing only in the way th
parameters have been determined. Some contributions thX

andF, however, refer explicitly to the triples space. We foc
in the following on these terms and refer the reader to p
vious publications on the CCSD linear response functio25

for a detailed description of the terms depending only on
singles and doubles space.

For CC3,hX may be expressed as

hX5S hn1

X,CCSD

hn2

X,CCSD

0
D 1S hn1

X,CC3

hn2

X,CC3

hn3

X,CC3
D , ~14!

wherehX,CCSD has the same structure ashX in the CCSD
model, but is calculated from different amplitudes and m
ia
-
e
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tipliers, and the second contributions contain the terms or
nating from triples amplitudes and multipliers. Introducin
the short-hand notation̂T̄i

(0)u5(m i
t̄ m i

(0)^m i u, the latter con-

tribution can be written as

hX,CC35S ^T̄3
~0!u@@X,tn1

#,T3
~0!#uHF&

^T̄3
~0!u@@X,tn2

#,T2
~0!#uHF&

^T̄2
~0!u@X,tn3

#uHF&1^T̄3
~0!u@X̂,tn3

#uHF&
D .

~15!

Similarly, the transformed vectorFtY has the form:

FtY5S ~FCCSDtY!n1

~FCCSDtY!n2

0
D 1S ~FCC3tY!n1

~FCC3tY!n2

~FCC3tY!n3

D , ~16!

where the first contribution again has the same structure a
the CCSD model, but is now calculated from the CC3 sin
and double excitation amplitudes and multipliers. The sec
contribution contains all terms dealing with triple excit
tions:
FCC3tY5S ^T̄3
~0!u@~@H̃Y,T2

~0!#1@Ĥ0 ,T2
Y# !,tn1

#uHF&1^T̄2
~0!u@@H0 ,T3

Y#,tn1
#uHF&

^T̄3
~0!u@H̃Y,tn2

#uHF&

^T̄2
~0!u@H̃Y,tn3

#uHF&
D , ~17!
tron
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where we introduced the one-index transformed Hamilton
H̃Y5@Ĥ0 ,T1

Y#. Using Eq.~10! and the above-given expres
sions forhX andFtY we may write the CC3 linear respons
function as

^̂ X;Y&&v
CC35 ^̂ X;Y&&v

CCSD1
1

2
C6vP~X~2v!,Y~v!!

3H hX,CC3tY~v!1
1

2
FCC3tX~2v!tY~v!J ~18!

5 ^̂ X,Y&&vY

CCSD1
1

2
C6vP~X~2v!,Y~v!!

3H ^T̄3
~0!u@X̃Y,T3

~0!#uHF&

1^T̄3
~0!u@X̂,T3

Y~v!#uHF&

1^T̄3
~0!u@@X,T2

Y~v!#,T2
~0!#uHF&

1^T̄2
~0!u@X,T3

Y~v!#uHF&1
1

2
^T̄3

~0!u@H5 XY,T2
~0!#

1@H̃X,T2
Y~v!#uHF&

1^T̄2
~0!u@H̃X,T3

Y~v!#uHF&J , ~19!
nwhere we introduced the one-index transformed one-elec

operator X̃Y5@X,T1
Y(v)# and the double one-index trans

formed Hamiltonian H5 X,Y5@@Ĥ0 ,T1
X(2v)#,T1

Y(v)#. The
contribution^̂ X;Y&&v

CCSD has the same structure as the CCS
linear response function, but is now calculated from the C
singles and doubles amplitudes and multipliers. All contrib
tions arising from triples amplitudes or multipliers are co
tained in the second contribution. Explicit formulas for th
triples contributions to the CC3 linear response function
given in Table I. Note that the first and second triples term
Eq. ~19! are both evaluated from the expression in the fi
row of Table I; for the first term one-index transformed int

grals X̃Y and zeroth-order amplitudes are used, whereas
second term is evaluated with the similarity transformed

tegralsX̂ and first-order amplitudes. Likewise the two co
tributions to the fifth triples term in Eq.~19! are both evalu-
ated from the expression given in the fourth row in Table

using the double one-index transformed HamiltonianH5 XY

and zeroth-order amplitudes or the single one-index tra

formed HamiltonianH̃X and first-order amplitudes. The one
index transformed integrals can easily be obtained. T
single one-index transformed integrals can be found in R
26. The double one-index transformed integrals are obtai
in a similar manner. The formulas needed in order to cal
late the single and double one-index transformed integ
can be found in Table II.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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TABLE I. Formulas for the CC3 linear response function.

(m3
t̄ m3

(0)^m3u@X,T3#uHF& 5
1
2(abdlemnt̄ lmn

deat lmn
debXab2

1
2( i jdlem f t̄ lm j

de ft lmi
de fXi j

(m3
t̄ m3

(0)^m3u@@X,T2
Y(vY)#,T2

(0)#uHF& 52(aib jckdl( t̄ i lk
abctY

i j
abtkl

cdXjd1 t̄ i jk
adctY

i j
abtkl

cdXlb)

(m2
t̄ m2

(0)^m2u@X,T3
Y(vY)#uHF& 2(aib jckt̄ i j

ab@(tY
i jk
abc2tY

k j i
abc)Xkc#

(m3
t̄ m3

(0)^m3u@Ĥ,T2#uHF& 52(aib jckt i j
ab((dt̄ ik j

acdĝckdb2( l t̄ ikl
acbĝdl jm)

(m2
t̄ m2

(0)^m2u@ĤX,T3
Y(vY)#uHF& 5(abi jckt̄ i j

ab@(tY
i jk
abc2tY

k j i
abc)F̃kc

X

1(d(2tY
jik
bcd2tY

ki j
bcd2tY

jki
bcd)g̃ackd

X

2( l(2tY
jkl
bac2tY

lk j
bac2tY

jlk
bac)g̃kilc

X ]
q
pl
e
ed
th
e ng
C. The CC3 first-order amplitude equation

In order to determine the linear response function in E
~19! we need to solve equations for the zeroth-order am
tudes and multipliers as well as for the first-order amplitud
The zeroth-order equations have been solved as describ
Refs. 12, 13, and 27 for the amplitudes and in Ref. 28 for
multipliers. The first-order amplitudes may be determin
from

~A2v1!tY52jY, ~20!

where the components of the vectorjY are defined as

jm
Y5S ]2$L%T

] t̄ m]«Y~vY!
D

0

~21!
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jY5S jn1

YCCSD

jn2

YCCSD

0
D 1S 0

jn2

YCC3

jn3

YCC3
D . ~22!

The last term which contains the contributions originati
from the triples amplitudes is given by

jY,CC35S 0

^m2u@Y,T3
~0!#uHF&

^m3u@Ŷ,T3
~0!#1 1

2@@Y,T2
~0!#,T2

~0!#uHF&
D . ~23!

The CC3 Jacobian is
A5S ^m1u@Ĥ01@H0 ,T2
~0!#,tn1

#uHF& ^m1u@Ĥ0 ,tn2
#uHF& ^m1u@H0 ,tn3

#uHF&

^m2u@Ĥ01@Ĥ0 ,T2
~0!1T3

~0!#,tn1
#uHF& ^m2u@Ĥ01@H0 ,T2

~0!#,tn2
#uHF& ^m2u@Ĥ0 ,tn3

#uHF&

^m3u@@Ĥ0 ,T2#,tn1
#uHF& ^m3u@Ĥ0 ,tn2

#uHF& «m3
dm3n3

D .
st
e
-
sed
The solution to the first-order amplitude equations can
obtained using iterative algorithms where explicit referen
is made only to the subspace of all singles and doubles
citations.

The inverse of a general matrix may be expressed a

S N P

Q SD 21

5S T21 2T21PS21

2S21QT21 S211S21QT21PS21D ,

~24!

where

T5N2PS21Q. ~25!

TABLE II. Formulas for single and double one-index transformed integr

h̃pq
X 5ĥp̄q

X 1ĥpq̄
X

g̃pqrs
X 5ĝp̄qrs

X 1ĝpq̄rs
X 1ĝpqr̄s

X 1ĝpqrs̄
X

ĥā ī
X,Y52(b jĥ jbtX

j
atY

i
b

ĝā ī rs
X,Y 52(b jĝ jbrst

X
j
atY

i
b

ĝārs ī
X,Y 52(b jĝ jrsbtX

j
atY

i
b

e
e
x-

Identifying all single and double excitations with the fir
component of Eq.~24! and the triples excitations with th
second component of Eq.~24!, the singles and doubles com
ponent of the first-order amplitude equation can be expres
as

~Aeff~v!2v1!tSD
Y 52jSD

Y,eff, ~26!

where

jSD
Y,eff5jYCCSD1S 0

^m2u@Y,T3#uHF& D
2(

m3
S ^m1u@H0 ,tm3

#uHF&

^m2u@Ĥ0 ,tm3
#uHF& D ~«m3

2v!21

3 K m3U@Ŷ,T3#1
1

2
@@Y,T2#,T2#UHFL , ~27!

and

.

IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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Aeff~v!5ACCSD1S 0 0

^m2u@@H0 ,T3#,tn1
#uHF& 0D

2(
m3

S ^m1u@H0 ,tm3
#uHF&

^m2u@Ĥ0 ,tm3
#uHF& D ~«m3

2v!21

3~^m3u@@Ĥ0 ,T2#,tn1
#uHF&,

^m3u@Ĥ0 ,tn2
#uHF&!. ~28!

Again, ACCSD has the same structure as the Jacobian in
CCSD model, but differs in the amplitudes. The linear tra
formation of a trial vector containing singles and doub
components withAeff(v) has been described in detail in Ref
12, 13, and 27.

The right-hand side consists of the term that has
same structure as the vectorjY in the CCSD model~but
different amplitudes! and two correction terms. The first co
rection term is the triples contribution which enters direc
into the doubles component of thejY and the second correc
tion term arises from the partitioning of the triples into t
singles and doubles space. Let us consider evaluating the
term in more detail. The singles component of this term c
be rewritten as

K a
i u@H0 ,tm3

#uHFL ~«m3
2v!21^m3u@Ŷ,T3#

1 1
2@@Y,T2#,T2#uHF&52 K a

i u@H0 ,Ť3
Y#uHFL ~29!

and the doubles component as

K ab
i j u@Ĥ0 ,tm3

#uHFL ~«m3
2v!21K m3u@Ŷ,T3#

1
1

2
@@Y,T2#,T2#uHFL 52 K ab

i j u@Ĥ0 ,Ť3
Y#uHFL , ~30!

where

Ť3
Y5

1

G (
abc
i jk

Ťi jk
Yabc

tai,b j ,ck ~31!

and

Ťi jk
Yabc

52
1

«ai,b j ,ck2v
Pi jk

abcK abc
i jk U@Ŷ,T3#

1
1

2
@@Y,T2#,T2#UHFL 5Pi jk

abcť i jk
Yabc

. ~32!

In the evaluation of Eq.~19! we need the triples componen
of the solution vector in Eq.~20!. This vector is obtained a

tm3

Y 52~«m3
2v!213~^m3u@Ŷ,T3#1 1

2@@Y,T2#,T2#uHF&

1^m3u@@Ĥ0 ,T1
Y~vY!#,T2#1@Ĥ0 ,T2

Y~vY!#uHF&!.

~33!

Each term in Eq.~33! has been evaluated in Table III.
should be noted that the third and fourth terms in Eq.~33! are
both evaluated from the fourth term in Table III. For the thi
Downloaded 08 Jan 2003 to 141.52.232.84. Redistribution subject to A
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term we use one-index transformed integrals and zer
order amplitudes whereas we use the normal similarity tra
formed integrals and first-order amplitudes in the fou
term. The exact form fortm3

Y is

Ti jk
Yabc

52
1

« i jk
abc2v

Pi jk
abcF1

2 (
d

t i jk
dbcŶad2

1

2 (
l

t l jk
abcŶli

2(
ld

t i l
act jk

bdYld1(
d

t i j
adg̃ckbd

Y 2(
l

t i l
abg̃ckl j

Y

1(
d

t i j
Yad

ĝckbd2(
l

t i l
Yab

ĝckl jG5Pi jk
abct i jk

Yabc
, ~34!

whereg̃Y refers to one-index transformed two-electron in
grals.

III. IMPLEMENTATION

The CC3 linear response function has been implemen
in a local version of theDALTON29 program package. In the
following, we briefly describe the algorithms used to obtain
O(O4V3) scaling.

A. Implementation of the first-order amplitude
equations

To solve the first-order amplitude equations, we need
implement the different terms on the right-hand side of E
~26! as an efficient right-hand sidejeff

Y . The contribution in
the doubles space is identical to the Fock matrix contribut
in a ground state energy calculation and details about
implementation can be found in Ref. 27. The partitioning
the triples component of the vectorjY into the singles and
doubles space~the last term in Eq.~27!! is given in detailed
form in Eqs.~29! and ~30!.

We use the strategy proposed in Ref. 27 where the trip
amplitudes are calculated for two fixed virtual indices. Sin
we need the zeroth-order amplitudest3 to calculate theť3

Y

amplitudes in Eq.~32! and the first-order triples amplitude
t3
Y in Eq. ~34! we cannot use the usualSandQ intermediates

from Ref. 27. Instead we introduce the intermediatesW̌Y and
WY as

W̌Ybc
~aik j !5 ť i jk

Yabc
1 ť ik j

Yacb
, ~35!

WYbc
~aik j !5t i jk

Yabc
1t ik j

Yacb
. ~36!

It should be noted that

Ťi jk
Yabc

5Pi jk
abcť i jk

Yabc
5W̌Ybc

~aik j !1W̌Yab
~ck j i !

1W̌Yac
~b jki !, ~37!

TABLE III. Various formulas used in the first-order amplitudes equation

^ i j
abu@X,T3#uHF& 52Pi j

ab(kc(t i jk
abc2k j i

abc)Xkc

^ i jk
abcu@X̂,T3#uHF& 1

2Pi jk
abc((dt i jk

dbcX̂ad2( l t l jk
abcX̂li )

1
2^ i jk

abcu@@X,T2#,T2#uHF& 52Pi jk
abc( ldt i l

act jk
bdXld

^ i jk
abcu@Ĥ,T2#uHF& 5(dt i j

adĝckbd2( l t i l
abĝckl j
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Ti jk
Yabc

5Pi jk
abct i jk

Yabc
5WYbc

~aik j !1WYab
~ck j i !

1WYac
~b jki !. ~38!

Using the formulas from Table III we obtain that

W̌Ybc
~aik j !52

1

« i jk
abc2v

Pjk
bcS 1

2 (
d

t i jk
dbcYad

2
1

2 (
l

t l jk
abcYli 2(

ld
t i l
act jk

bdYldD ~39!

and

WYbc
~aik j !5W̌bc~aik j !2

1

« i jk
abc2v

Pjk
bcS (

d
t i j
adg̃ckbd

Y

2(
l

t i l
abg̃ckl j

Y 1(
d

t i j
Yad

ĝckbd

2(
l

t i l
Yab

ĝckl j D ~40!

and Eqs.~29! and ~30! may be evaluated using the conve
tional CC3 energy expression in Eqs.~100! and~101! of Ref.
13 where the zeroth-order amplitudes are replaced by thŤ
intermediates in Eq.~37!. The calculation can therefore b
summarized as follows.

Sum overC

Sum over B

Construct W̌YBC
~aik j !

Vai←Vai1W̌YBC
~aik j !L jBkC

VB j←VB j12W̌YBC
~aik j !LkCia

Vai,B j←Vai,B j12W̌YBC
~aik j !F̂kC

VB j ,Ck←VB j ,Ck1W̌YBC
~aik j !F̂ ia

Vd j ,ai←Vd j ,ai14(
d

W̌YBC
~aik j !ĝdBkC

Vd j ,Bk←Vd j ,Bk14(
d

W̌YBC
~aik j !ĝdCia

Vdi,B j←Vdi,B j14(
d

W̌YBC
~aik j !ĝdakC

VBl,ai←VBl,ai14(
l

W̌YBC
~aik j !ĝ j lkC

VCl,Bk←VCl,Bk14(
l

W̌YBC
~aik j !ĝ j l ia

Val,B j←Val,B j14(
l

W̌YBC
~aik j !ĝi lkC

End sum overB

End sum overC
We have for each term only shown the calculation of the fi
Downloaded 08 Jan 2003 to 141.52.232.84. Redistribution subject to A
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triples amplitude, but the remaining contributions are tri
ally obtained by substitutingW̌Y in each contribution by a
sum ofW̌Y’s where the occupied indices have been permu
in accordance with the formulas in Ref. 13.

B. Implementation of the linear response function

The fifth and sixth terms in the linear response functi
in Eq. ~19! are equal to terms in the calculation of CC
first-order properties28 but with a different mix of integrals
and amplitudes, and these terms will therefore not be
cussed in the following. In the linear response function
also see that the first term is equal to the densities used in
calculation of first-order properties (D0) but multiplied by
T1

Y transformed integrals. The implementation of the
‘‘zeroth-order’’ densities are described in Ref. 28 and a
available on disk. The only conceptually new terms that
need to implement are the second, third, fourth, and the
term in Eq.~19!.

The last term in Eq.~19! can be seen to be identical t
Eq. ~30! multiplied with the doubles multipliers and th

triples amplitudesTi jk
Yabc

replaced byŤi jk
Yabc

. The last term of
Eq. ~19! is therefore implemented in a similar fashion as E
~30!.

The second, third, and fourth terms in Eq.~19! are cal-
culated as follows:

Sum overD

Sum over L

Calculate WLmn
YDeb

Calculate W̃Lmn
YDeb

5WLmn
YDeb

1 1
2WLnm

YDbe

Calculate t̄ Lmn
De f

D f b←D f b1(
emn

t̄ Lmn
De f W̃Lmn

YDeb

Sum over N

DiN←DiN2(
em f

t̄ Lmn
De f W̃Lmi

YDe f

M im, f N←Mim, f N1(
e

t̄ LmN
De f tLi

De

M im, f N←Mim, f N1(
e

t̄ LmN
De f tLi

YDe

End sum overN

DLb←DLb2(
emn

t̄ nm
DeW̃Lmn

YDeb

Dmb←Dmb2(
en

t̄ Ln
DeW̃Lmn

YDeb

Dia←Dia1(
en

t̄ Lm
DeW̃Lmi

YDea

End sum overL
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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End sum overD

Dia←Dia1(
f nm

Mim, f ntmn
Ya f

Dia←Dia1(
f nm

Mim, f ntmn
a f

Dia←Dia2(
b

t i
Yb

Dba
0

Dia←Dia1(
j

t j
Ya

Di j
0

and the total contribution is then obtained by contracting
densitiesDab , Di j , and Dia with the T1-transformed one-
electron integrals.

IV. RESULTS

We have calculated the frequency-dependent polariza
ities of Ne for the frequencies 0.1, 0.2, and 0.3 and for e
ylene for the wavelengthl5632.8 nm. In addition, we cal
culated the static polarizabilities for Ne, HF, and ethyle
Besides reporting the individual polarizability componen
(axx ,ayy ,azz) we give for HF the anisotropyDa5azz

2axx . All the calculations were carried out using th
correlation-consistent basis sets of Dunning and co-work
augmented with diffuse functions,30,31 n-aug-cc-pVXZ,
whereX is the cardinal number of the basis set andn is the
augmentation level.

A. Ne

In Table IV we listed the calculated polarizabilities fo
the neon atom. Single, double, and triple augmented b
sets have been used up to d-aug-cc-pV6Z. The result
Table IV converge nicely toward the basis set limit and

TABLE IV. Polarizability of Ne.

Basis set

a

v50.0 v50.1 v50.2 v50.3

aug-cc-pVDZ 1.981 1.998 2.053 2.158
d-aug-cc-pVDZ 2.676 2.705 2.798 2.978
t-aug-cc-pVDZ 2.684 2.714 2.810 2.999
aug-cc-pVTZ 2.421 2.443 2.512 2.647
d-aug-cc-pVTZ 2.691 2.721 2.816 3.003
t-aug-cc-pVTZ 2.693 2.723 2.819 3.008
aug-cc-pVQZ 2.594 2.619 2.700 2.856
d-aug-cc-pVQZ 2.680 2.709 2.804 2.989
t-aug-cc-pVQZ 2.680 2.709 2.804 2.990
aug-cc-pV5Z 2.643 2.671 2.758 2.928
d-aug-cc-pV5Z 2.670 2.699 2.793 2.978
t-aug-cc-pV5Z 2.670 2.699 2.793 2.978
aug-cc-pV6Z 2.652 2.680 2.771 2.945
d-aug-cc-pV6Z 2.665 2.694 2.788 2.972
Experimenta 2.663 ¯ ¯ ¯

Empirical 2.669b 2.699c 2.794c 2.980c

aReference 36.
bReference 37. The result are derived from dipole oscillator strength di
butions.

cCalculated from the empirical dipole oscillator strength distributions fr
Ref. 37.
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have changes of about 0.005–0.006 a.u. when we go f
d-aug-cc-pV5Z to d-aug-cc-pV6Z. Note that double augm
tation is sufficient to saturate the calculation in the diffu
region already from the TZ level. In a previous study it w
found that the CC3 polarizability for Ne in the d-aug-c
pVDZ basis set differed from the full configuration intera
tion ~FCI! polarizability by less than 0.004 a.u. for freque
cies up to 0.3 a.u.17 Comparing the experimental and th
empirical values of the static polarizability with the CC3/
aug-cc-pV6Z result we see a good agreement as shoul
expected since correlation effects beyond CC3 are small.
frequency-dependent polarizabilities are also close to the
pirical numbers.

B. HF

The calculations on the polarizability of HF were carrie
out at the internuclear distanceRe51.732 879 5 a.u. which is
the distance used in a previous polarizability calculation.17 In
Table V the individual components of the polarizability
HF—axx andazz—are presented along with the anisotrop
In a previous study the difference between the FCI res
and the CC3 results using the aug-cc-pVDZ basis set w
found to be 0.006 and 0.011 a.u. for theaxx andazz compo-
nents, respectively.17 The N-electron error in the CC3 calcu
lations of the polarizability of HF with the basis sets that w
use may therefore be expected not to significantly exc
these values. Looking at the basis set convergence of the
calculations in Table V it is clear that adding diffuse fun
tions beyond double augmentation has only a very little
fect, which decreases with increasing cardinal number. Lo
ing at the convergence of the results obtained in the d-a
cc-pVXZ basis sets with increasing cardinal number,
d-aug-cc-pV5Z results may be expected to be within 0
a.u. of the basis set limit. In Ref. 32 the vibrational avera
and the pure vibrational contribution was calculated at
CCSD~T!/aug-cc-pVQZ level. Adding these corrections
the CC3/d-aug-cc-pV5Z results we obtain our best estima
for the static polarizability of HF, denoted ‘‘Estimate’’ in
Table V. Our best estimate for the anisotropy is nearly id
tical with the experimental result obtained in Ref. 33 fro
Stark effect measurements.

i-

TABLE V. Static polarizability of HF.

Basis set axx azz Da

aug-cc-pVDZ 4.29 6.22 1.93
d-aug-cc-pVDZ 5.23 6.40 1.17
t-aug-cc-pVDZ 5.25 6.38 1.13
aug-cc-pVTZ 4.89 6.33 1.44
d-aug-cc-pVTZ 5.26 6.38 1.12
t-aug-cc-pVTZ 5.25 6.39 1.14
aug-cc-pVQZ 5.09 6.33 1.24
d-aug-cc-pVQZ 5.21 6.34 1.13
t-aug-cc-pVQZ 5.21 6.35 1.14
aug-cc-pV5Z 5.14 6.32 1.18
d-aug-cc-pV5Z 5.19 6.33 1.14
Estimatea 5.23 6.73 1.50
Experimentb ¯ ¯ 1.49

ad-aug-cc-pV5Z polarizability1vibrational contributions~see the text!.
bFrom Ref. 33. From Stark effect measurements.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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C. Ethylene

The static polarizability and the frequency-depend
polarizability atl5632.8 nm have been calculated for et
ylene, using the equilibrium geometry in Ref. 34, where e
perimental rotational constants and calculated vibratio
rotation interaction constants have been combined to g
highly accurate equilibrium geometries. The static polar
abilities are presented in Table VI and the frequen
dependent polarizabilities in Table VII. The largest basis
employed is t-aug-cc-pVTZ, which was seen to give reas
able basis set saturation in the Ne and HF calculations.
results in Tables VI and VII support that the one-electr
basis set error in the t-aug-cc-pVTZ calculation is small.
Ref. 35 the zero point vibrational correction~ZPVC! was
calculated at the MP2/DZP-ANO2 level of theory. Addin
the ZPVC to the polarizabilities obtained using the t-aug-
pVTZ basis set we obtain a best estimates for the polariza
ities of ethylene, denoted ‘‘Estimate’’ in Tables VI and VI
These estimates are very close to the experimental value
axx andayy , whereasazz falls just outside the experimenta
uncertainty.

V. SUMMARY

We have in this article presented the implementation
frequency-dependent polarizabilities in the approxim
coupled-cluster singles, doubles, and triples model CC3.
implementation scales asO(V4O3) and the triples ampli-

TABLE VI. Static polarizability of C2H4 .

Basis set axx ayy azz

aug-cc-pVDZ 24.38 21.80 34.14
d-aug-cc-pVDZ 24.89 22.26 34.12
t-aug-cc-pVDZ 24.92 22.25 34.13
aug-cc-pVTZ 24.73 21.89 34.03
d-aug-cc-pVTZ 24.88 21.93 34.04
t-aug-cc-pVTZ 24.88 21.93 34.04
Estimatea 26.05 22.37 35.21
Experimentb 26.02~24! 22.38~18! 35.06~12!

at-aug-cc-pVTZ polarizability1ZPVC ~see the text!.
bFrom Ref. 38. Static polarizability tensor component from the Kerr effe

TABLE VII. Frequency-dependent polarizability for C2H4 for the wave-
lengthl5632.8 nm.

Basis set axx ayy azz

aug-cc-pVDZ 4.088 3.690 5.820
d-aug-cc-pVDZ 4.181 3.772 5.817
t-aug-cc-pVDZ 4.185 3.770 5.819
aug-cc-pVTZ 4.151 3.706 5.803
d-aug-cc-pVTZ 4.179 3.714 5.804
t-aug-cc-pVTZ 4.179 3.714 5.804
Estimatea 4.372 3.787 5.997
Experimentb 4.4160.04 3.7960.03 5.9460.02
Experimentc 4.3460.15 3.7860.13 6.0260.20

at-aug-cc-pVTZ polarizability1ZPVC ~see the text!.
bFrom Ref. 38. Derived from the Cotton–Mouton effect mean polarizabi
and Kerr effect.

cFrom Ref. 39. Derived from the Cotton–Mouton effect Rayleigh depo
ization ratio and mean polarizability.
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tudes are calculated ‘‘on-the-fly’’ whenever they are need
ensuring that an appropriate balance between opera
count, I/O and storage requirements is obtained. Sample
culations have been performed for the frequency-depen
polarizabilities of neon and ethylene and the static pola
abilities for hydrogenfluoride. The results compare favora
with experimental data.
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