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Transition moments and excited-state first-order properties
in the coupled-cluster model CC2 using the resolution-of-the-identity
approximation
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An implementation of transition moments and excited-state first-order properties is reported for the
approximate coupled-cluster singles-and-doubles model~CC2! using the resolution of the identity
~RI! approximation. In parallel to the previously reported code for the ground- and excited-state
amplitude equations, we utilize a partitioned form of the CC2 equations and thus eliminate the need
to store anyN4 intermediates. This opens the perspective for applications on molecules with 30 and
more atoms. The accuracy of the RI approximation is tested for a set of 29 molecules for the
aug-cc-pVXZ (X5D,T,Q) basis sets in connection with the recently optimized auxiliary basis sets.
These auxiliary basis sets are found to be sufficient even for the description of diffuse states. The RI
error is compared to the usual basis set error and is demonstrated to be insignificant. ©2002
American Institute of Physics.@DOI: 10.1063/1.1506918#
e
ula
tte
e
a

bl
in
t
e
ry
h
n

h
o

,
ed
p

pe
lit
P

by

ing

n
e

ous
s,
nd

xi-
e
r-

n of
of
the
ne-

ed

les

en

set
ude
ap-

ing
ets

y
tion
sec-
I. INTRODUCTION

Transition moments and excited-state first-order prop
ties are important links between quantum-chemical calc
tions and experimental observations, which allow a be
characterization of excited states than just the excitation
ergies. Transition moments are directly related, e.g., to
sorption and emission strengths, rotation strengths,
excited-state lifetimes. First-order properties give valua
information about the character of the excited state, for
stance whether valence or Rydberg states are presen
whether charge transfer takes place in the excitation proc
Response theory1–5 has shown to provide a theoretically ve
clear-cut and well-defined access to these properties. It
been successfully applied to variational wave functio
@Hartree–Fock~HF!, density functional theory~DFT!, mul-
ticonfiguration self-consistent field~MCSCF!, and configura-
tion interaction~CI!# ~Refs. 4 and 6–8! and nonvariational
wave functions, such as the coupled-cluster~CC! models
~Refs. 9–12!.

The great advantage of the coupled-cluster approac
that it gives a systematic hierarchy of well-defined blackb
methods with increasing accuracy,13,14 named CCS, CC2
CCSD, CC3,15–17 etc., for which response-theory-bas
codes for excited states and their properties have been im
mented. Among these, CC2 is the computationally chea
method that incorporates dynamical correlation. The qua
of the description of the ground state is comparable to M
but CC2 is better suited for response theory.15

The applicability of CC2 can be largely extended
employing a partitioned form of the CC2 equations,18 which
avoids the storage of intermediates scaling asN4, either on a
disk or in memory. The necessary recalculation of theT2
6930021-9606/2002/117(15)/6939/13/$19.00
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amplitudes can be accomplished very efficiently employ
the resolution-of-the-identity~RI! approximation.19,20 Using
this T2-direct methodology, calculations with more tha
1000 basis functions inC1 symmetry have been shown to b
feasible.18

In the present communication, we present an analog
partitioned,T2-direct formulation of the response equation
which need to be solved to obtain transition moments a
excited-state first-order properties~Sec. II!, and give a brief
description of the implementation and how the RI appro
mation is exploited~Sec. III!. As pointed out above, thes
quantities provide itself important information about the ve
tical transitions and the excited states. The implementatio
this functionality is also the first step for the development
analytic gradients for excited states, since these require
solution of the same response equations and similar o
electron densities. Analytic RI-CC2 gradients for excit
states will open the perspective of accurate correlatedab
initio geometry optimizations for excited states of molecu
with 30 or more atoms.

The error introduced by the RI approximation has be
shown to be very small for selected examples.18 Detailed
studies have been carried out for the RI-MP2~Ref. 20!
ground-state correlation energies.21,22 In one of the latter
studies,22 it was established that the conventional basis
truncation error is between one and two orders of magnit
larger than the corresponding error introduced by the RI
proximation~RI error!. In Sec. IV we will present a similar
study for excited states obtained from the CC2 method, us
the augmented correlation consistent basis s
aug-cc-pVXZ (X5D,T,Q) and the corresponding auxiliar
basis sets. The size of the RI error is evaluated for excita
energies, oscillator strengths, dipole moments, and the
9 © 2002 American Institute of Physics
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ond moments of the difference density. For selected sta
we will also examine the conventional basis set error, wh
is to our knowledge the first study of that kind. A short a
count of the efficiency is given in Sec. V.

II. THEORY

The CC2 model was defined by Christiansenet al.15 us-
ing a Møller–Plesset-type partitioning of the Hamiltonian

H5F1U, ~1!

whereF is the Fock matrix andU the fluctuation potential.
Retaining only those terms in the double-excitation part
the cluster equations—also known as the vector functio
which enter up to first order inU leads to the following
equations for the cluster operatorsTi5(m i

tm i
tm i

with
i 51,2:

Vm1
5^m1uĤ1@Ĥ,T2#uHF&50, ~2!

Vm2
5^m2uĤ1@F,T2#uHF&50. ~3!

Here,uHF& is the closed-shell Hartree–Fock ground-state
terminant and$^m1u,^m2u% represent the~singlet! singles and
doubles projection manifold.Ĥ is the T1-transformed
Hamiltonian23

Ĥ5e2T1HeT1. ~4!

The double-excitation part of the cluster equations,Vm2
, can

be inverted directly, recovering an MP2-like expression
the doubles amplitudes,

t i j
ab5

1

11d i j dab

~ai ûb j !

e i2ea1e j2eb
, ~5!

with T1-transformed two-electron integrals

~pqû rs!5 (
mnkl

Lmp
p Lnq

h Lkr
p Lls

h ~mnukl!, ~6!

Lp5C~12t1
T!, Lh5C~11t1!. ~7!

Here and in the following, indicesi , j , k, etc., denote occu
pied molecular orbitals~MO’s!, a, b, c, etc., virtual MO’s,
and p, q, r , s general~occupied or virtual! MO’s, while
Greek indicesm, n, k, etc., indicate basis functions.C is the
usual transformation matrix for canonical MO’s. Carets a
used to indicate that the quantities refer to the simila
transformedLp, Lh basis. Inserting Eq.~5! into Eq.~2!, one
obtains an effective equation for only the singles amplitud
This allows us to avoid the storage of the doubles amplitu
and to recalculate these whenever needed via Eq.~5!. By
virtue of the RI approximation this can be done very e
ciently, as demonstrated in a previous communication.18 The
four-index electron repulsion integrals~ERI’s! in the atomic
orbital basis are expanded in an auxiliary basis$P% as

~mnukl!5(
PQ

~mnuP!VPQ
21~Qukl!, ~8!

where (mnuP) are three-index ERI’s and the Coulom
metric19
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VPQ5~PuQ! ~9!

is constituted by two-index ERI’s. It is convenient to use
symmetric decomposition of the metricVPQ and to introduce
the quantity

B̂pq
Q 5(

m
Lmp

p (
n

Lnq
h (

P
~mnuP!VPQ

2 1/2. ~10!

The transformation into the MO basis scales now merely
ONxN

2, whereO is the number of occupied orbitals,N the
number of one-electron basis functions, andNx the number
of auxiliary basis functions. The disk space required for st
age of B̂ai

Q is aboutOVNx words, V being the number of
virtual orbitals. The formation of four-index MO integrals

~ai ûb j !5(
Q

B̂ai
Q B̂b j

Q ~11!

is still scaling with the fifth power of the system size, how
ever, with a small prefactor since two indices run only ov
occupied orbitals. For a detailed algorithm for the groun
state vector function see Ref. 18.

The CC2 excitation energies are obtained as the eig
values of the unsymmetric Jacobian matrix

Am in j
5

]Vm i

]tn j

. ~12!

The doubles–doubles blockAm2n2
5dm2n2

em2
is diagonal

with diagonal elements equal to the SCF orbital energy
ferenceseaib j5ea2e i1eb2e j . This enables us to define a
effective Jacobian matrix for the singles–singles block,

Am1n1

eff ~v!5Am1n1
2(

g2

Am1g2
Ag2n1

eg2
2v

, ~13!

which reduces the dimensionality of the eigenvalue probl
and again avoids storage of the doubles part of the trial v
tors. However, the effective eigenvalue problem is no lon
linear sinceAeff(v) depends on the eigenvaluev. In Ref. 18
a combination of a semilinear eigenvalue solver and aDIIS

algorithm has been developed for the iterative solution of
right-hand-side eigenvalue problem,

(
n1

Am1n1

eff ~v!En1
~v!5vEm1

~v!, ~14!

which in practice typically requires the same number of
erations as a conventional algorithm would need for the
ear eigenvalue problem. In the same reference, explicit
pressions were given for the transformation of a trial vec
Rm1

with the effective Jacobian where the trial vector a
pears on the right-hand side:

sm1
~v,R1!5(

n1

Am1n1

eff ~v!Rn1
~v!. ~15!

For the calculation of transition moments and propert
the left eigenvectorsĒm1

(2v) are needed as well. The tran
formation of a trial vector with the effective Jacobian fro
the left,
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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TABLE I. Explicit expressions for vectors transformed with the effective Jacobian either from the left or from the right and for effective right-ha-side
vectors derived fromLBR-like contractions. All three types of vectors can be split into six contributions,sS5sS

01sS
G1sS

H1sS
I 1sS

J , which involve the
same contractions for all vectors.

sS ASS
(eff)(vR)RS LSASS

(eff)(vL)
~LBR!S2(D

~LBR!DADS

eD1vL2vR

sai
0 (dEadRdi2( lRalEli (dEdaLdi2( lLalEil (dĒdaLdi2( lLalĒil

sai
G

(dlc@2Ril
cd2Ril

dc#( ld ûac) (dlcLil
cd( ld ûca) (dlcFil

cd( ld ûca)1(dlcLil
cd(dl ū ca)

sai
H

2(dlk@2Rkl
ad2Rkl

da#( ld ûki) 2(dlkLkl
ad( ld û ik) 2(dlkFkl

ad( ld û ik)2(dlkLkl
ad(dl ū ik)

sai
I

(ck(@2Rik
ac2Rik

ca#F̂kc1@2t ik
ac2tki

ac#F̄kc) (ck@2(kcu ia)2( icuka)#Cck (ck@2(kcu ia)2( icuka)#C̄ck

sai
J (ck@2(kcuai)2(kiuac)#Rck (ckLck@2(cku ia)2(caû ik)# (ckLck@2(ck ū ia)2(ca ū ik)#

F̄ck5(dl@2(kcu ld)2(kdu lc)#Rdl
Cck5(dl@2tkl

cd2tkl
dc#Ldl C̄ck5(dl@2Rkl

cd2Rkl
dc#Ldl

Eab5F̂ab2(dkl(2tkl
ad2t lk

ad)( ldukb) Ēab5F̄ab2(dkl(2Rkl
ad2Rkl

da)( ldukb)

Eji 5F̂ j i 1(cdk(2t ik
cd2tki

cd)(kdu jc) Ēj i 5F̄ j i 1(cdk(2Rik
cd2Rik

dc)(kdu jc)
a
ea

it

of
c

rs
a

-
n

trix
s-

of
uc-
ton
s̄n1
~2v,L1!5(

m1

Lm1
~2v!Am1n1

eff ~v!, ~16!

can be formulated in a similar way. Again, the doubles p
of the trial vector need not be stored on disk, but can inst
be calculated on-the-fly as

Li j
ab~2v!5

2~ ia ŭ jb !2~ ib ŭ ja !1Pi j
ab@2LaiF̂ jb2LbiF̂ ja#

e i2ea1e j2eb1v
,

~17!

whereF̂ denotes theT1-transformed Fock matrix,23

F̂pq5(
pq

Lmp
p Lnq

h Fmn1(
ck

@2~pqûck!2~pkûcq!#tck ,

andPi j
ab is an operator which symmetrizes the index pairsia,

jb as Pi j
abt i j

ab5t i j
ab1t j i

ba . The modified two-electron MO in-
tegrals

~pqŭ rs!5Ppr
qs (

mnkl
~L̆mp

p Lnq
h 1Lmp

p L̆nq
h !Lkr

p Lls
h ~mnukl!

~18!

can be calculated using a similar algorithm as in Ref. 18 w

L̆p5LpL1 and L̆h52LhL1
T . Explicit expressions for

s̄(2v,L1) can be found in Table I. The left eigenvectors
Aeff can then be obtained iteratively. Taking right eigenve
tors as start vectors, theDIIS algorithm proposed in Ref. 18
proves to be very stable and converges fast.

For CC methods the expressions for ground-state fi
and higher-order properties and for transition moments
most conveniently derived using the Lagrangian24
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L5ECC1(
i

(
m i

t̄ m i
Vm i

, ~19!

where ECC5^HFuĤ1@Ĥ,T2#uHF& is the ground-state en
ergy. The Lagrangian multiplierst̄ are obtained as a solutio
of the linear equations

t̄A52h (0), ~20!

hm
(0)5

]ECC

]tm
. ~21!

From the cluster amplitudestm and the Lagrangian multipli-
ers t̄ m the unrelaxed ground-state one-particle density ma
in the Lp, Lh basis,Dpq

L , can be calculated by the expre
sion given in Table II.

Transition moments are obtained from the residues
the linear response function. Due to the nonvariational str
ture of CC response theory, one obtains for the one-pho
transition strength25

SV1V2

0 f 5
1

2
$M0← f

V1 M f←0
V2 1~M0← f

V2 M f←0
V1 !* %, ~22!

where the ‘‘left’’ (M0← f
V ) and ‘‘right’’ ( M f←0

V ) transition mo-
ments can be calculated as

M0← f
V 5(

pq
@Dpq

h ~E!1Dpq
j ~M̄ !#V̂pq , ~23!

M f←0
V 5(

pq
Dpq

j ~Ē!V̂pq . ~24!
TABLE II. Expressions for the one-particle density matricesDL, Dj(L), andDA(L,R). The density matrix

Dh(R) can be expressed asDh5Dh,01DA( t̄ ,R), whereDia
h,052Ria .

Block DL Dj(L) DA(L,R)

occ/occ:Di j 5 2d i j 2(abkt̄ jk
abt ik

ab 2(abkL jk
abt ik

ab 2(aLa jRai2(abkL jk
abRik

ab

occ/vir: Dia5 (ckt̄ ck@2t ik
ac2tki

ac# (ckLck@2t ik
ac2tki

ac# (ckLckRik
ac

2(b((k jcLk j
bctk j

ac)Rbi

2( j ((cbkL jk
cbt ik

cb)Ra j

vir/occ: Dai5 t̄ ai
Lai 0

vir/vir: Dab5 ( i jc t̄ i j
act i j

bc ( i jcLi j
act i j

bc ( iLaiRbi1( i jcLi j
acRi j

bc
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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In the latter equations we introduced the generalized o
particle ~transition! density matricesDh(R) and Dj(L) and
the transition moment Lagrangian multipliers24 M̄ . Explicit
expressions forDh(R) andDj(L) are given in Table II. The
Lagrangian multipliersM̄ are obtained as a solution of th
linear equations

M̄ ~v!~A1v1!52m̄~v!52FE~v!, ~25!

where the matrixF is defined as partial second derivative
the Lagrangian Eq.~19!:

Fmn5
]2L

]tm]tn
. ~26!

The difference between the unrelaxed one-particle dens
of the ground state and an excited state is obtained as

Dpq
ex,di f f5Dpq

A ~Ē,E!1Dpq
j ~N̄!. ~27!

Explicit expressions for the generalized one-particle den
matricesDA(L,R) andDj(L) in the Lp, Lh basis are given
in Table II. In Eq.~27! we introduced the excited-state La
grangian multipliers,24 N̄ defined by the linear equation

N̄A52n̄52Ē~2v!BE~v!, ~28!

with

Bmng5
]Amn

]tg
. ~29!

The additional sets of linear equations that need to
solved for the Lagrangian multiplierst̄ , M̄ , andN̄ have the
common form

L~v!~A1v1!52 j̄~v!. ~30!

Exploiting the structure of the CC2 Jacobian, Eq.~30!, can
for the single-excitation part be cast into the partitioned fo

Lm1
~v!@Am1n1

eff ~2v!1v1#52 j̄n1

eff~v!, ~31!

j̄n1

eff~v!5 j̄n1
~v!2(

g2

j̄g2
Ag2n1

eg2
1v

. ~32!

Unlike for the eigenvalue problem, no nonlinearity is intr
duced by this reformulation; thus for the solution of Eq.~31!
the standard algorithms can be applied. Again, storage o
doubles parts of the right-hand-side vector and the Lagra
ian multipliers is no longer required. Whenever needed,
double-excitation part of the solution vector can be cal
lated on-the-fly as

Lm2
~v!52

j̄m2
~v!1(n1

Ln1
~v!An1m2

em2
1v

. ~33!

The effective right-hand-side vector for the ground-state
grangian multiplierst̄ is obtained as

h ia
eff52F̂ ia1(

cdk
h̃ki

cd~ckûda!1(
ckl

h̃kl
ca~ckû i l !, ~34!

with
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ab522

2~ iau jb !2~ ibu ja !

ea2e i1eb2e j
. ~35!

The doubles partt̄ i j
ab can be calculated from

t̄ i j
ab5h̃ i j

ab

1
2~ ia ŭ jb !2~ ib ŭ ja !1Pi j

ab@2 t̄ aiF̂ jb2 t̄ biF̂ ja#

e i2ea1e j2eb
.

~36!

The transformed two-electron integrals (ia ŭ jb) are obtained

as in Eq.~18!, but with transformation matricesL̆p5Lpt̄ m1

and L̆h52Lht̄ m1

T . Similarly, the effective right-hand side

for the transition moment Lagrangian multipliersM̄ is ob-
tained as

m̄m1

eff ~v!5(
n1

Fn1m1
En1

~v!1(
n2

Fn2m1
En2

~v!

2(
n2

m̄n2
~v!An2m1

en2
1v

, ~37!

whereas the effective right-hand side for the excited-s
Lagrangian multipliersN̄ is

n̄m1

eff5(
i 51

2

(
g in1

Ēg i
~2v!Bg in1m1

En1
~v!

1 (
g1n2

Ēg1
~2v!Bg1n2m1

En2
~v!2(

n2

n̄n2
An2m1

en2

.

~38!

The matricesF andB are related by the equation

Fmn5
]hm

(0)

]tn
1(

g
t̄ gBgmn , ~39!

where the first term gives a nonvanishing contribution o
for the singles–singles block:

]hm1

(0)

]tn1

5^HFu@@H,tm1
#,tn1

#uHF&5Fm1n1

(0) . ~40!

Using this relation Eq.~37! can be cast into almost the sam
form as Eq.~38!:

m̄m1

eff ~v!5(
n1

Fn1m1

(0) En1
~v!1(

i 51

2

(
g in1

t̄ g i
Bg in1m1

En1
~v!

1 (
g1n2

t̄ g1
Bg1n2m1

En2
~v!

2(
n2

m̄n2
~v!An2m1

en2
1v

. ~41!

The double-excitation parts of the right-hand-side vect
m̄m2

and n̄m2
are
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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m̄m2
~v!5 (

n1g2

t̄ n1
Bn1g1m2

Eg1
~v!, ~42!

n̄m2
5 (

n1g2

Ēn1
~2v!Bn1g1m2

Eg1
~v!. ~43!

The effective right-hand-side vectorm̄eff can thus be ob-
tained from the same routines asn̄eff by replacingĒ(2v)
with t̄ . The expression for the only remaining contribution

(
b j

Fb j ,ai
(0) Eb j~v!5(

b j
@2~ iau jb !2~ ibu ja !#Eb j~v!.

~44!

From Table I it is apparent that the necessary contractions
the calculation ofm̄eff and n̄eff, which are given in the las
column, resemble those of the Jacobian right and left tra
formations. The double-excitation amplitudesFi j

ab

5(LBR)aib j are

Fi j
ab5

2~aiub j̃ !2~a j ubĩ !1Pi j
ab~2LaiF̄b j2La jF̄bi!

e i2ea1e j2eb
, ~45!

with the one-index transformed integrals

~aiub j̃ !52Pi j
abS (

kc
LciRck~kaûb j !

1(
ck

LakRck~ ic ûb j ! D . ~46!

The integrals (pq ū rs) needed for some contributions in th
last column of Table I are defined as

~pq ū rs!5Pqs
pr (

mnkl
~L̄mp

p Lnq
h 1Lmp

p L̄nq
h !

3Lkr
p Lls

h ~mnukl!,

with L̄p52CR1
T andL̄h5CR1 , and the response Fock ma

trix F̄pq is defined as

F̄pq5(
pq

~L̄mp
p Lnq

h 1Lmp
p L̄nq

h !Fmn

1(
ck

@2~pqûck!2~pkûcq!#Rck .

A generalization of the above approach for excited trip
states was reported in Refs. 26 and 27.

III. IMPLEMENTATION

The calculation of transition moments and excited-st
first-order properties within the RI-CC2 approach follows
similar route as used in conventional CC2 implementatio

~i! After solution of the ground-state cluster equation
the excitation energies and the single-excitation parts of
eigenvectors are determined by solving the effective eig
value problem, Eq.~14!, and the corresponding equation
the left eigenvectors.

~ii ! Then the effective right-hand-side vectorheff is cal-
culated via Eq.~34! and the equations for ground-state L
grangian multipliers, Eq.~20!, are solved.
Downloaded 02 Oct 2002 to 141.52.232.84. Redistribution subject to A
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~iii ! After the ground-state Lagrangian multipliers a
available the right-hand-side vectorm̄eff for the transition
moment Lagrangian multipliers can be set up and Eq.~25!

can be solved for the single-excitation part ofM̄ .
~iv! For the calculation of excited-state first-order pro

erties also the right-hand-side vectorsn̄eff are set up and the
single excitation parts of the excited-state Lagrangian mu
pliers are determined from Eq.~28!.

~v! In the next step the different one-particle density m
trices needed for the calculation of transition mome

„Dh(E), Dj(M̄ ), Dj(Ē)… and excited-state first-order prop
erties„DL, DA(Ē,E), Dj(N̄)… are computed and stored o
disk.

~vi! Finally, the transition moments and first-order pro
erties are evaluated from the density matrices and o
electron integrals.

The evaluation of the vector function, i.e., the residual
the ground-state cluster equations, and the contraction o
effective Jacobian matrix defined in Eq.~13! with a trial
vector from the right have been described in detail in R
18. The multiplication ofAm1n1

eff (v) with a trial vector from

the left—needed for the calculation of the left eigenvect
and for the solution of the response equations for the sin
excitation parts of the Lagrangian multiplierst̄ m1

, M̄m1
, and

N̄n1
—involves similar intermediates and contractions as

multiplication with a vector from the right. Thus similar a
gorithms can be used to evaluate these contractions and
will therefore not discuss them here further.

As can be seen from Table I and Eqs.~34!, ~38!, and~41!
the evaluation of the effective right-hand-side vectors for
different Lagrangian multiplier vectors involves similar co
tractions as needed for the vector function and the trans
mation of trial vectors with the effective Jacobian. The ind
vidual contributions to these vectors can thus again
computed by similar algorithms as described in Ref. 18. T
calculation of the vectorsn̄eff andm̄eff can be summarized a
follows:

~i! The double-excitation part of the ‘‘left’’ vectorLkl
cd ,

which for m̄m1

eff contains the ground-state Lagrangian mu

pliers t̄ m2
and for n̄m1

eff the left eigenvectorĒm2
, is calculated

on-the-fly in a batched loop over two occupied indices a
immediately contracted with the three-index ERI’sB̂dl

Q

to a three-index intermediateY̆ck
0,Q5( ldLkl

cdB̂dl
Q which is

stored on disk.
~ii ! Then a similar intermediate—Ȳck

Q 5( ldRkl
cdB̂ld

Q—and
C̄ck5( ldRkl

cdLdl are calculated from the double-excitatio
part of the ‘‘right’’ vector Rkl

cd , which for bothm̄m1

eff and n̄m1

eff

is the right eigenvector.
~iii ! From Ȳck

Q and the response Fock matrixF̄pq the
intermediatesĒj i and Ēab , defined in Table I, are con
structed and used to calculate the contributionsai

0 of the
result vectors.

~iv! In the next step the double-excitation part of the l
vector is recalculated once again to construct aY intermedi-
ate fromLkl

cd and the integralsB̄dl
Q . Then the doubles vecto

Fkl
cd is constructed and contracted on-the-fly withB̂ld

Q to an-
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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otherY intermediate which is added to the previously calc
lated one, resulting inY̆ck

1,Q5( ldLkl
cdB̄dl

Q 1( ldFkl
cdB̂ld

Q .
~v! The Y̆0 and Y̆1 are contracted with precomputed in

tegralsB̄ik
Q andB̂i j

Q , giving thesai
H contribution to the result

vectors.
~vi! The sai

G contribution is combined withsai
J and cal-

culated from the intermediatesY̆0 andY̆1 and different three-
index ERI’s by a similar algorithm as described in Ref.
for the corresponding contribution to the vector function.

~vii ! The last contributionsai
I is calculated from the

intermediateC̄ck and the integralsB̂ia
Q using the scheme de

scribed in Ref. 18 for the Fock matricesF̂ ia and F̄ ia .
The memory requirements for the calculation of the v

tors m̄eff and n̄eff are about the same as for the ground-st
vector function and the transformations with the Jacob
Am1n1

eff , although the disk-space requirements are somew

larger since more intermediates need to be stored on d
However, the scaling of the required resources CPU ti
memory, and disk space with the system size, i.e., with
number of electronsn and the number of basis functionsN,
is the same as for ground-state calculations: CPU time sc
asO(n2N3), the required minimum memory asO(N2), and
the required disk space asO(nN2).

The right-hand-side vectorheff needed for the calcula
tion of the ground-state Lagrangian multiplierst̄ can be ob-
tained as simplification of the vectorsm̄eff andn̄eff: The pure
single-excitation contributionhai

(0) is twice the intermediate
F̂ ia . The remaining two contributions can be written
(QdY̆di

Q B̂da
Q and (QlY̆al

Q B̂il
Q with Y̆ck

Q 5( ldhkl
cdB̂dl

Q and can
thus be evaluated using the same algorithms as for thesai

G

andsai
H contributions tom̄eff and n̄eff.

The last computationally expensive task is the calcu
tion of the different one-electron density matrices which
quire again the recalculation of double-excitation amplitud
and Lagrangian multipliers. For the explicit formulas s
Table II. The computationally difficult contributions are th
two contractions( i jcLi j

acRi j
bc and (bckLik

abRjk
ab . To keep the

minimum memory requirements down atO(N2) the contrac-
tion ( i jcLi j

acRi j
bc is evaluated in a batched loop over the tw

occupied orbital indicesi and j . Within this loop the doubles
excitation amplitudesLi j

ac and Ri j
bc are calculated on-the-fly

from the corresponding precomputed three-index ERI’s
contracted immediately to the final result by a matrix–mat
multiplication with fixed indicesi and j . In the same loop
the double-excitation amplitudesRi j

ab are contracted with the
vector Lia to (b jLb j@2Ri j

ab2Rji
ab#. The contractions

(bckLik
abRjk

ab are evaluated using same algorithm but with o
cupied and virtual orbital indices interchanged. All oth
contributions are easily calculated from the single-excitat
amplitudes and Lagrangian multipliers and the abo
mentioned contractions.

IV. ACCURACY OF THE RI APPROXIMATION

The error in the total energy and in molecular propert
introduced by the RI approximation has been shown in s
eral investigations20–22to have the same behavior as the on
electron basis set error; i.e., it behaves globally consis
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without introducing discontinuities in the hypersurface. T
RI error can be kept reasonably small by using optimiz
auxiliary basis sets. An efficient approach for the optimiz
tion has been devised in Ref. 21: The auxiliary basis sets
required to minimize the functional

dRI5
1

4 (
ia jb

~^abuu i j &2^abuu i j &RI!2

ea2e i1eb2e j
, ~47!

for the atoms in their electronic ground state. Here,i , j and
a, b denote, respectively, occupied and virtual spin-orbit
and ^abuu i j & are antisymmetrized two-electron integrals.

For the calculation of excitation energies and groun
and excited-state expectation values the correlation con
tent basis sets augmented with diffuse functio
aug-cc-pVXZ with X5D, T, Q, . . . developed by Dunning
and co-workers28–32are a very valuable tool since they allo
a systematic investigation of basis set effects. In a rec
communication,22 optimized auxiliary basis sets for the s
ries of correlation-consistent basis sets cc-pVXZ and
aug-cc-pVXZ (X5D,T,Q) were presented. With these au
iliary basis sets, the RI error in the MP2 energy was sho
to be about two orders of magnitude smaller than the b
set truncation error. The RI error in the MP2 relaxed fir
order properties is about one order of magnitude smaller t
the basis set error.

For CC2, two questions arise:
~a! Is the choice of MP2-optimized auxiliary basis se

appropriate for CC2, since here also integrals with three
cupied or three virtual indices enter?

~b! Is it necessary to extent the auxiliary basis sets w
additional functions if the underlying one-electron basis
is augmented with further diffuse functions~e.g., if Rydberg
states are examined!?

A. Typical example: C 2H4

As a first illustrative example, we study the basis s
convergence and the RI error of vertical excitation energ
DEv and the isotropic second moment of the electron diff
ence densityDa51/3(^r 2&2^r 2&0) of the two lowest1B1u

states of ethene~lying in the xy plane!. The first state has
largely valence character; the second one is a diffuse R
berg state. Calculations were carried out at the RI-MP
TZVPP ~Ref. 33! optimized geometry. The frozen core a
proximation was used throughout. The influence of diffu
functions was tested employing the seriesx-aug-cc-pVDZ
(x5s,d,t,q); the basis set convergence was then tested
the sequenced-aug-cc-pVXZ (X5D,T,Q,5). The RI-CC2
calculations were carried out using a development versio
the RICC2 module of theTURBOMOLE ~Ref. 34! package.
The conventional CC2 calculations were done withDALTON

~Ref. 35!. The auxiliary basis sets from Ref. 22 were use
The quintuplez calculation was carried out in the RI ap
proximation only, using a specially optimized auxiliary bas
set for carbon and hydrogen~available from the authors!.
The results are depicted in Figs. 1 and 2.

With respect to additional diffuse functions, the valen
state converges at the doubly augmented level, while for
Rydberg state at least three sets of diffuse functions are
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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FIG. 1. Basis set convergence and RI error of vertical CC2 excitation energies for ethene1B1u valence and Rydberg states.
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essary in the one-electron basis. The RI error is small, be
0.02% for the excitation energy and 0.4% forDa. Additional
diffuseauxiliary functions improve the result little. Howeve
for the vertical excitation energy of the valence state this
not the case, and forDa of the Rydberg state the improve
ment is not convincing either.

The necessity of additional diffuse auxiliary function
becomes even more questionable if the basis set converg
with respect to basis functions with higher angular mome
is taken into account. While saturation with diffuse functio
is achieved soon, the convergence of the cardinal expan
~where the cardinal numberX refers to the respective bas
set in the series aug-cc-pVXZ) is known to be very slow.36,37

The limit is only accessible using explicitly correlate
methods38–40 or extrapolation schemes.37,41 Relative to this
Downloaded 02 Oct 2002 to 141.52.232.84. Redistribution subject to A
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kind of basis-set-induced uncertainty, the RI error is clea
negligible. Furthermore, we find that with the auxiliary bas
sets aug-cc-pVTZ and aug-cc-pVQZ the RI error is more
diminished than by additional diffuse sets of functions at
double-z level.

The explanation for this is that convergence to the ba
set limit is for both the one-electron and the auxiliary bas
only obtained in the cardinal expansion and not by just a
menting with diffuse functions. At the aug-cc-pVXZ level
for the auxiliary basis set the dominating error apparen
stems from the incompleteness in the valence region and
from the incompleteness with respect to diffuse functio
irrespective of the augmentation level of the one-elect
basis.
I
e

FIG. 2. Basis set convergence and R
error of the second moment of th
CC2 difference density for ethene
1B1u valence and Rydberg states.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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B. Investigation of the RI error

For a single molecule, this result may be fortuitou
Therefore, we have set up a test set of 29 small molec
and 248 excited states, respectively, as displayed in Table
As in Ref. 22, the set is divided into first-row, second-ro
and third-row compounds. Only a few representatives
third-row element compounds were chosen due to the p
lem of excluding the semivalenced shell from the correla-
tion treatment: This is not possible if thed shell becomes
near degenerate with low-lying valence shells of other ato
in the molecule.31 However, the correlation-consistent bas
sets are currently not designed for correlation of thed elec-
trons; cf. Refs. 31 and 22. Thus, mainly only hydrides
these elements were chosen and thed shell was kept frozen
The geometries of the molecules have been optimized a
RI-MP2/TZVPP~Ref. 33! level. As in the preceding section
the RI-CC2 calculations employed a development version
the RICC2 module of theTURBOMOLE ~Ref. 34! package
while the conventional CC2 calculations were done w
DALTON ~Ref. 35!. We used again the correlation-consiste
basis sets aug-cc-pVXZ and n-aug-cc-pVDZ (X
5D,T,Q; n5s,d,t) of Dunning and co-workers in connec
tion with the recently published auxiliary basis sets. F
Al-Ar the aug-cc-pV(X1d)Z basis sets were used throug
out.

In Table IV, the relative basis set error and the relat
RI error in the ground-state MP2 and CC2 correlation en
gies are displayed. Both energies are normalized with res

TABLE III. Test set of 29 sample molecules~248 excited states!. The num-
ber of states considered for each molecule is given in parentheses.

Row 1 Row 2 Row 3

H2 ~5!, HeH1 ~2!, AlH2NH2 ~12!, OAlF ~10!, GaH3 ~7!, GeH2 ~8!,
BH2F ~10!,
BH2NH2 ~10!,

SiH2 ~12!, SiH2O ~12!,
H2POH ~10!, HCP ~10!,

AsH2Cl ~10!,
SeH2 ~10!,

C2H4 ~12!, CH2F1 ~9!, BBr ~9!, KrH1 ~4!

CH2NH ~8!, CH2O ~11!, SF2 ~11!, H2S2 ~12!,
CO2 ~5!, N2 ~5!, CCl2 ~12!, ClF ~6!,
H2O ~9!, NeH1 ~4! ArH1 ~4!
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to the basis set limit, which has been estimated by two-po
extrapolation of the aug-cc-pVTZ and aug-cc-pVQZ
results.37 It is clearly demonstrated that the same accuracy
the RI approximation is obtained for both RI-MP2 and R
CC2 correlation energies. This is the expected result, s
the dominant contributions to the CC2 energy originate fr
MP2-like terms. The average error, the standard deviat
the average absolute error, and the maximum error are
small ~maximum error below 0.15%! and the latter three er
rors also decrease significantly for the larger aug-cc-pVTZ
and aug-cc-pVQZ auxiliary basis sets. This has to be co
trasted with the mean basis set error which is 30%, 10%,
4% at the double-, triple-, and quadruple-z levels, respec-
tively. These findings are in perfect agreement with those
Ref. 22.

In order to characterize the RI error for excited stat
we examined vertical excitation energiesDEv , the oscillator
strengths~velocity gauge! f v, the isotropic second momen
of the difference densityDa, and the change in the dipol
momentDm. The results are listed in Tables V–IX.

The RI error in the vertical excitation energies is we
below 0.01 eV. The largest errors found in our test set ar
meV ~the largest relative error is 0.12%!. As for the ground-
state correlation energies, no significant difference is fou
comparing results for the first-, second-, and third-row co
pounds. The mean absolute error, being a measure for
typical RI error to be expected in calculations, decrease
1.3, 0.4, and 0.2 meV for double-, triple-, and quadruplez
calculations. Similarly the mean error and the standard
viation become smaller. No marked differences in the er
statistics for the doubly and triply augmented basis set
found although for these the same fitting basis is used. T
confirms the findings for the ethene example above. The r
tively large maximum error obtained in the aug-cc-pVQZ
basis originates from the 11Du state of N2 ~2.1 meV!. This
state and the 11Su

2 state of N2 ~deviation 1.5 meV! are,
however, the only cases with errors larger than 0.5 meV
the aug-cc-pVQZ basis in our test set.

The oscillator strength was examined in the veloc
gauge; results in the length gauge are essentially the sa
sis set
TABLE IV. Relative basis set and RI error in MP2 and CC2 ground-state correlation energies. The ba
limit is extrapolated from the triple- and quadruple-z results. The errors are defined asD5(EX

corr2Elim
corr)/Elim

corr

3100% andD5(EX,RI
corr 2EX

corr)/Elim
corr3100% respectively.

aug-cc-pVDZa aug-cc-pVTZa aug-cc-pVQZa

Basis RI Basis RI Basis RI

MP2
^D& 27.187 0.007 10.417 0.008 4.395 0.006
sD 3.817 0.032 1.739 0.009 0.734 0.004
^uDu& 27.187 0.017 10.417 0.008 4.395 0.006
maxuDu 37.129 0.157 14.551 0.042 6.139 0.024

CC2
^D& 26.979 0.005 10.303 0.007 4.347 0.006
sD 3.769 0.032 1.704 0.009 0.719 0.004
^uDu& 26.979 0.017 10.303 0.007 4.347 0.006
maxuDu 37.015 0.157 14.524 0.043 6.127 0.024

aFor Al-Ar the respectivex-aug-cc-pV(X1d)Z basis sets were used.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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TABLE V. Absolute RI errors~meV! in vertical excitation energies. The auxiliary basis sets optimized
aug-cc-pVXZ have been used~no further diffuse functions were added!.

aug-cc-pVDZa d-aug-cc-pVDZa t-aug-cc-pVDZa aug-cc-pVTZa aug-cc-pVQZa

All ( n5248)

^DRI& 21.13 21.02 21.03 20.37 20.16
sDRI 1.09 1.08 1.09 0.34 0.20
^uDRIu& 1.23 1.20 1.20 0.39 0.17
maxuDRIu 5.14 5.00 5.03 2.02 2.10

aFor Al-Ar the respectivex-aug-cc-pV(X1d)Z basis sets were used.
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The results are summarized in Table VI. For oscilla
strengths above 0.001 we find mean absolute errors
0.28%–0.36%, 0.07%, or 0.03% for double, triple, and q
druplez, respectively. The spread is somewhat larger than
excitation energies and we find maximum errors of 3.8%
4.7%, 0.8%, and 0.6%. Again, no significant change of
RI error for the doubly and triply augmented basis sets
doublez is observed. We note that the errors for second-
third-row elements are a bit larger, especially for t
double-z calculations.

The oscillator strengths below 0.001 are collected in
separate statistic. We find absolute RI errors of the orde
31024 ~doublez! to 131025 ~quadruplez!. Relative errors
are eventually larger than for the stronger transitions d
cussed in the preceeding paragraph. However, for near-
values the relative error is meaningless in practice.

For Da the results were subdivided in a similar fashio
We chose a value of 1 a.u., which for the small molecules
the current test set also constitutes a weak criterion wheth
valence state or a mixed or Rydberg state is present.

In both cases (Da,1 andDa.1) we find the RI error
to increase with additional diffuse functions in the on
electron basis sets~cf. Table VII!. For aug-cc-pVTZ and
aug-cc-pVQZ it becomes smaller again. We redid the calc
lations in thet-aug-cc-pVDZ basis using other auxiliary ba
sis sets~Table VIII!. First, we tested an aug-cc-pVDZ fitting
basis augmented with a set of diffuse functions, which w
extrapolated for eachl quantum number from the lowes
ct 2002 to 141.52.232.84. Redistribution subject to A
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exponents. The results forDa.1 are improved by roughly a
factor of 1.5, whereas the cases with smallDa do not change
significantly. However, if instead the aug-cc-pVTZ auxiliary
basis set is used~without adding further diffuse functions!,
results for both regimes ofDa are improved by nearly one
order of magnitude. This demonstrates clearly that the m
important source of the RI error is not a lack of diffus
functions; the problem is rather to correctly fit the density
the valence region of the ionic core in Rydberg states.

A similar picture is encountered for the change of t
dipole moment upon excitation. The mean absolute erro
0.1%–0.2%, 0.03%, and 0.02% for the double-, triple-, a
quadruple-z calculations, respectively. For small changes
the dipole moment (Dm,0.5 a.u.), maximum errors are o
the order 231022 a.u. for x-aug-cc-pVDZ, and 3
31023 a.u. for aug-cc-pVTZ and aug-cc-pVQZ. The error
again increases, if diffuse functions are added. Similar
described above forDa the main source of error is found t
be the fitting of the valence region.

C. RI error versus basis set convergence

For excited-state energies, transition moments, and p
erties, so far no extrapolation scheme has been establi
and thoroughly tested. Therefore we take the aug-cc-pVQZ
result as the best estimate. The basis set error in the sen
convergence with respect to thez level is only meaningful if
the result is converged with respect to saturation with diffu
r
TABLE VI. RI errors in the oscillator strength~velocity gauge!. The auxiliary basis sets optimized fo
aug-cc-pVXZ have been used~no further diffuse functions were added!.

Absolute RI error~ppm! for very weak transitions (f v,0.001)

aug-cc-pVDZa d-aug-cc-pVDZa t-aug-cc-pVDZa aug-cc-pVTZa aug-cc-pVQZa

n517 n518 n524 n518 n521

^DRI& 22.9 23.4 23.4 20.1 0.4
sDRI 12.3 15.0 13.5 2.5 1.3
^uDRIu& 8.9 10.4 9.3 1.8 0.9
maxuDRIu 29.1 37.5 38.1 5.8 4.9

Relative RI error~%! for transitions withf v.0.001

aug-cc-pVDZa d-aug-cc-pVDZa t-aug-cc-pVDZa aug-cc-pVTZa aug-cc-pVQZa

n5159 n5158 n5152 n5157 n5155

^DRI& 20.05 20.01 0.00 20.01 20.01
sDRI 0.59 0.69 0.76 0.13 0.07
^uDRIu& 0.28 0.34 0.36 0.07 0.03
maxuDRIu 3.73 4.59 4.68 0.76 0.57

aFor Al-Ar the respectivex-aug-cc-pV(X1d)Z basis sets were used.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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TABLE VII. RI errors in the change of the second moment of chargeDa. The auxiliary basis sets optimized fo
aug-cc-pVXZ have been used~no further diffuse functions were added!.

Absolute RI error (1023 a.u.) for transitions withDa,1 a.u.

aug-cc-pVDZa d-aug-cc-pVDZa t-aug-cc-pVDZa aug-cc-pVTZa aug-cc-pVQZa

n531 n528 n526 n533 n534

^DRI& 20.28 20.73 20.50 20.10 20.02
sDRI 1.12 1.84 1.59 0.13 0.05
^uDRIu& 0.69 0.90 0.69 0.12 0.04
maxuDRIu 4.60 7.94 8.13 0.54 0.19

Relative RI error~%! for transitions withDa.1 a.u.

aug-cc-pVDZa d-aug-cc-pVDZa t-aug-cc-pVDZa aug-cc-pVTZa aug-cc-pVQZa

n5217 n5220 n5222 n5215 n5214

^DRI& 20.03 20.03 20.05 20.01 20.01
sDRI 0.10 0.15 0.15 0.05 0.03
^uDRIu& 0.06 0.09 0.08 0.02 0.01
maxuDRIu 0.61 0.96 1.00 0.56 0.31

aFor Al-Ar the respectivex-aug-cc-pV(X1d)Z basis sets were used.
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functions. Hence, only those states were included which
not differ more than 5% for the respective property wh
going from aug-cc-pVDZ to d-aug-cc-pVDZ. The vertical
excitation energies were in addition required to differ by le
than 0.2 eV between the aug-cc-pVDZ and the
aug-cc-pVTZ basis. Thus, the test set employed in this s
tion is restricted to valence states. The results are sum
rized in Table X.

The most important finding is that in all cases the
error is nearly two orders of magnitude smaller than the c
responding basis set error. For instance excitation ener
have a mean absolute deviation from the aug-cc-pVQZ re-
sult of approximately 0.08 eV at the double-z level and 0.02
eV at the triple-z level. The associated mean absolute
error is 1.1 meV at the double-z level and 0.4 meV at the
triple-z level. It is interesting to note that the mean basis
error ^D& is negative, indicating that typically the excitatio
energies will increase when a larger basis set is emplo
Very similar results are obtained for oscillator strengths a
excited state properties.

Strictly, this has only been established for valence sta
in this section. For diffuse states thed-aug-pVXZ or even
t-aug-pVXZ series must be employed which is too tim
consuming for a conventional CC2 implementation. Ho
ever, no serious deviations from our present conclusions
expected from such a study. Concerning the one-electron
sis set convergence it was found in previous studies26,42–44

that excitation energies of Rydberg states always incre
when the basis sets are enlarged.

D. Larger molecules: Benzene

Rydberg states of somewhat larger molecules like b
zene are studied using special Rydberg-basis functions w
are located at the center of charge~in the case of benzen
identical with the center of mass c.m.!. In the course of such
a study,26 the question arose, whether and how to consi
these in the fitting basis.

The basis set considered here is aug-cc-pVDZ1c.m.2,
where c.m.2 is an uncontracted 2s2p2d set with exponents
ct 2002 to 141.52.232.84. Redistribution subject to A
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0.01 and 0.0033 for each shell. Larger basis sets were
time consuming for the conventional CC2 calculations.
fitting basis sets the aug-cc-pVDZ optimized basis was con
sidered~a! without further augmentation,~b! with additional
diffuse auxiliary basis functions obtained by extrapolatio
and~c! with additional diffuse auxiliary basis functions at th
center of mass (4s4p4d4 f ; exponents 0.02, 0.01, 0.0066
0,0033!. For comparison also the aug-cc-pVTZ optimized
fitting basis was included. The ‘‘test set’’ here consists of t
19 lowest excited states.

From the results displayed in Table XI it is evident th
no diffuse auxiliary functions are necessary. Neither the at
centered diffuse functions nor the center-of-mass functi
change the results significantly. No qualitative difference
the results for the four valence states, which are included
the test set, and the Rydberg states was found. The RI err

TABLE VIII. Influence of different auxiliary basis sets on the change of t
second moment of chargeDa for t-aug-cc-pVDZ basis sets. The auxiliary
basis sets optimized for aug-cc-pVDZ and aug-cc-pVTZ have been used:
the set of diffuse functions used in the middle column has been obtaine
extrapolation from the two most diffuse functions of eachl quantum num-
ber.

Absolute RI error (1023 a.u.) for transitions withDa,1 a.u.

Basis t-aug-cc-pVDZa t-aug-cc-pVDZa t-aug-cc-pVDZa

Auxbasis aug-cc-pVDZ aug-cc-pVDZ1diffuse aug-cc-pVTZ

^DRI& 20.50 20.57 20.01
sDRI 1.59 1.77 0.06
^uDRIu& 0.69 0.73 0.04
maxuDRIu 8.13 9.22 0.26

Relative RI error~%! for transitions withDa.1 a.u.

Basis t-aug-cc-pVDZa t-aug-cc-pVDZa t-aug-cc-pVDZa

Auxbasis aug-cc-pVDZ aug-cc-pVDZ1diffuse aug-cc-pVTZ

^DRI& 20.05 20.05 0.00
sDRI 0.15 0.10 0.03
^uDRIu& 0.08 0.06 0.02
maxuDRIu 1.00 0.70 0.16

aFor Al-Ar the respectivex-aug-cc-pV(X1d)Z basis sets were used.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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TABLE IX. RI errors in the change of the dipole momentDm. The auxiliary basis sets optimized fo
aug-cc-pVXZ have been used~no further diffuse functions were added!.

Absolute RI error (1023 a.u.) for transitions withDm,0.5 a.u.

aug-cc-pVDZa d-aug-cc-pVDZa t-aug-cc-pVDZa aug-cc-pVTZa aug-cc-pVQZa

Dm,0.5 a.u. n560 n553 n554 n561 n561

^DRI& 20.27 20.90 1.09 20.04 20.11
sDRI 3.18 5.27 5.63 0.66 0.54
^uDRIu& 1.56 2.94 3.15 0.40 0.21
maxuDRIu 17.82 21.23 23.86 2.97 3.85

Relative RI error~%! for transitions withDm.0.5 a.u.

aug-cc-pVDZa d-aug-cc-pVDZa t-aug-cc-pVDZa aug-cc-pVTZa aug-cc-pVQZa

n5159 n5166 n5165 n5158 n5158

^DRI& 20.01 20.01 20.03 0.01 0.01
sDRI 0.12 0.30 0.37 0.07 0.05
^uDRIu& 0.07 0.18 0.22 0.03 0.02
maxuDRIu 0.86 1.68 1.63 0.76 0.48

aFor Al-Ar the respectivex-aug-cc-pV(X1d)Z basis sets were used.
u
in

t

m
g
on
C

es

of
en-
within the range expected from the results of the previo
sections and is solely determined by the quality of the fitt
basis at the atoms. The latter is demonstrated by applying
larger aug-cc-pVTZ auxiliary basis which now significantly
decreases the errors. However, it also increases the co
tation time by nearly 40% without significantly improvin
the overall accuracy which is limited by the one-electr
basis set error and the correlation error inherent to the C
method.
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This result is in line with the findings for Rydberg stat
in the previous sections.

V. EFFICIENCY OF THE T2-DIRECT RI-CC2
APPROACH

TheT2-direct code has been developed with the scope
large-scale calculations. As discussed in Ref. 26 the conv
tional approach, which storesN4 intermediates, is restricted
-

TABLE X. Comparison of RI and basis set errors for vertical excitation energies~meV!, oscillator strengths
~velocity gauge, 1023), change in the second moments of charge (1023 a.u.), and change in the dipole mo
ments (1023 a.u.). The errors for each observableO are defined asDbasis5(OX2OQ) and DRI5(OX,RI

2OX), respectively.

aug-cc-pVDZa aug-cc-pVTZa aug-cc-pVQZa

Basis RI Basis RI RI

DEvert (n5132)

^D& 236.57 21.03 216.59 20.34 20.14
sD 89.17 1.07 24.54 0.30 0.11
^uDu& 81.30 1.11 23.18 0.36 0.15
maxuDu 223.09 4.92 112.67 2.02 0.55

f v (n532)

^D& 20.80 20.03 20.22 20.01 0.00
sD 4.55 0.12 1.07 0.03 0.01
^uDu& 3.53 0.05 0.80 0.02 0.01
maxuDu 12.82 0.67 2.99 0.17 0.03

Da (n556)

^D& 227.15 21.06 41.55 20.14 20.13
sD 493.98 2.20 285.06 0.95 0.26
^uDu& 297.37 1.62 107.56 0.41 0.18
maxuDu 1962.67 9.66 1848.31 6.67 1.23

Dm (n557)

^D& 21.85 20.12 5.73 20.05 0.00
sD 136.33 0.64 51.44 0.25 0.12
^uDu& 83.27 0.46 21.90 0.15 0.07
maxuDu 551.21 2.17 301.19 1.12 0.63

aFor Al-Ar the respectivex-aug-cc-pV(X1d)Z basis sets were used.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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to calculations with below approximately 43108 double-
excitation amplitudes~requiring 3 GB of disk space for eac
doubles intermediate!, e.g.,'40 occupied orbitals and'500
basis functions inC1 symmetry. It is, however, interesting t
note that even for small molecules as employed in the ab
test set, the RI approximation makes the code very effici

In Table XII the timings of SF2 are presented. All thes
timings were obtained on standard Athlon 1.2GHz PCs w
750 MB RAM and 25 GB mass storage.

For the aug-cc-pVDZ basis set, the RI code is onl
slightly faster. Augmentation with further diffuse function
increases the computation times of RI-CC2 only slowly~by a
factor of 2!, while the timings of the conventional code in
crease by a factor of 8. This reflects the fact that the size
the auxiliary basis set stays constant, which leads to a lo
scaling of the time determining steps.

At the triple-z level the RI calculation runs 5 times fast
than its conventional counterpart. The CPU/wall ratio of co
ventional nondirect calculations begins to drop significan
due to the limited I/O rate of the PC system employed;
other triple-z examples of the test set with more than 1
basis functions the observed ratio goes down to 0.5.

TABLE XI. Relative RI error~%! of excitation energy, change of electron
second moment~Da! and oscillator strength~velocity gauge! for 19 excited
states of benzene. The aug-cc-pVDZ basis set augmented with a set
center-of-mass functions and the geometry of Ref. 45 was used in con
tion with different RI basis sets~see text!.

Auxiliary
basis aug-cc-pVDZ 1extrapolated 1c.m.(4,4,4,4) aug-cc-pVTZ

DE (n519)
^D& 0.0030 0.0059 0.0038 0.0010
sD 0.0039 0.0049 0.0042 0.0008
^uDu& 0.0045 0.0073 0.0054 0.0010
max(D) 0.0083 0.0101 0.0085 0.0029

Da (n519)
^D& 0.002 20.014 20.004 20.008
sD 0.108 0.107 0.098 0.012
^uDu& 0.051 0.053 0.050 0.010
max(D) 0.379 0.363 0.332 0.046

f v(n54)
^D& 20.012 0.014 20.028 0.006
sD 0.347 0.365 0.332 0.036
^uDu& 0.249 0.243 0.249 0.025
max(D) 0.474 0.514 0.443 0.054
Downloaded 02 Oct 2002 to 141.52.232.84. Redistribution subject to A
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In the quadruple-z basis, the conventional CC2 calcula
tions were all run either in the integral-direct mode24 or on
workstations with fast I/O capacities. The RI code still ru
efficiently on the standard PC’s. For SF2 it is over 50 times
faster than the conventional calculation. The largest calc
tion in the test set was AlH2NH2 ~353 basis function inC2v
symmetry!, which took only 340 min for 12 states.

These observations confirm the efficiency of the curr
CC2 approach. As already stated in previous studies
RI-MP2,21,22 the RI approximation becomes increasingly e
ficient for large basis sets, as the most expensive step,
~11!, scales withO2V2Nx . Large-scale applications of th
RI-CC2 approach for transition moments and first-ord
properties of excited states have already been reported in
previous communications where the excited states
benzene26 and trans-azobenzene27 were studied employing
up to 828 and 874 basis functions, respectively.

VI. CONCLUSIONS

We have presented a partitioned,T2-direct formulation
of the CC2 response equations, which allows us to calcu
transition moments and ground- and excited-state first-o
properties without the need of storing anyN4 intermediates
either in memory or on disk. In connection with the RI a
proximation for the electron repulsion integrals this leads
a very efficient implementation, which extends the applic
bility of the CC2 method significantly. Already for relativel
small molecules the performance is much improved. Unl
for the conventional implementation inDALTON,35 all calcu-
lations for the present investigation could be run with lo
computational requirements, especially concerning the I/

The accuracy of the RI approximation and convergen
with respect to the one-electron basis set has been studie
the CC2 ground state and excitation energies, transition
ments, and first-order properties of excited states. The tes
employed in the present investigation, which consists of
molecules and 248 excited states, does not reveal any se
problems with auxiliary basis sets optimized for MP2 cor
lation energies, at least for the correlation-consistent b
sets used in the present study. We find errors of typicall
meV and below for excitation energies, with relative erro
below 0.1%. Oscillator strengths exhibit RI errors of at mo
5% for the x-aug-cc-pVDZ basis sets and below 1% fo
aug-cc-pVTZ and aug-cc-pVQZ. For excited-state first-

c-
tion
s

l

TABLE XII. Timings for the SF2 molecule obtained with RI-CC2 and a conventional CC2 implementa
~DALTON!. The elapsed wall time and CPU time for the coupled-cluster part~ground state and 11 excited state
including transition moments and first-order properties! are given.N is the number of basis functions. Al
examples were run on an Athlon 1.2 GHz system with 750 MHz memory and 25 GB mass storage.

N

tRICC2 tCC2

Wall CPU Wall CPU

aug-cc-pVDZa 78 13.2 13.2 21.3 20.9
d-aug-cc-pVDZa 105 15.5 15.5 67.3 66.6
t-aug-cc-pVDZa 132 22.8 22.8 168.1 166.0
aug-cc-pVTZa 147 44.4 44.4 221.3 211.6
aug-cc-pVQZa 249 189.9 189.7 12984.8b 10692.6b

aFor sulfur the respectivex-aug-cc-pV(X1d)Z basis set was used.
bIntegral-direct run.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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order properties the relative RI errors are at most about
unless the respective transition moment or differential pr
erty is very small. The aug-cc-pVXZ auxiliary basis sets are
found to be sufficient even for the description of diffu
states. Additional diffuse auxiliary functions are only of m
nor importance. For the investigated energies and prope
the RI error is found to be between one and two orders
magnitude smaller than the corresponding one-electron b
set errors. Thus, this error does not diminish the accurac
the calculations; nor does it constitute a problem for basis
extrapolation schemes.

For the convergence with respect to the one-electron
sis set, we found for the 132 valence states in the presen
set that excitation energies have at the aug-cc-pVDZ level
mean absolute basis set errors of about 0.08 eV and a
aug-cc-pVTZ level of 0.02 eV, with the tendency that th
excitation energies are underestimated in the smaller b
sets; i.e.,̂ D& is found to be negative. These findings are
agreement with what has been observed before in studie
some individual molecules.42–44,26 For oscillator strengths
mean absolute basis set errors of about
31023 (aug-cc-pVDZ) and 0.831023 (aug-cc-pVTZ) are
found. Thus, the error decreases from the double- to tripz
level by a factor of about 4, which is almost the same fac
as for the excitation energies. Similar results are found
the change of the second moment of charge and of the di
moment upon excitation.

The implementation presented here has already been
ployed in investigations of the excited states of benzene
of trans-azobenzene. Forthcoming publications will rep
the spectra of free-base porphyrin and helicenes.
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