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CC2 excitation energy calculations on large molecules using the resolution
of the identity approximation

Christof Hättig and Florian Weigend
Universität Karlsruhe (TH), Institut fu¨r Physikalische Chemie, Lehrstuhl fu¨r Theoretische Chemie,
Kaiserstraße 12, D-76128 Karlsruhe, Germany

~Received 10 April 2000; accepted 7 July 2000!

A new implementation of the approximate coupled cluster singles and doubles method CC2 is
reported, which is suitable for large scale integral-direct calculations. It employs the resolution of
the identity ~RI! approximation for two-electron integrals to reduce the CPU time needed for
calculation and I/O of these integrals. We use a partitioned form of the CC2 equations which
eliminates the need to store double excitation cluster amplitudes. In combination with the RI
approximation this formulation of the CC2 equations leads to a reduced scaling of memory and disk
space requirements with the number of correlated electrons (n) and basis functions (N) to,
respectively,O(N2) andO(nN2), compared toO(n2N2) in previous implementations. The reduced
CPU, memory and disk space requirements make it possible to perform CC2 calculations with
accurate basis sets on large molecules, which would not be accessible with conventional
implementations of the CC2 method. We present an application to vertical excitation energies of
alkenes C2nH2n12 , for n51 – 12, and report results for the lowest lying dipole-allowed transitions
for the TZVPP basis sets, which forn512 contain 1108 basis functions. Comparison with
conventional CC2 results for the smaller alkenes show that for CC2 ground state energies and for
excitation energies of valence states, the error due to the RI approximation is negligible compared
to the usual basis set error, if auxiliary basis sets are used, which have been optimized for MP2
energy calculations. ©2000 American Institute of Physics.@S0021-9606~00!31237-5#
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I. INTRODUCTION

Since the first implementations of excitation energ
within the framework of coupled cluster response the
were reported1–4 between 1984 and 1990 for the coupl
cluster singles and doubles~CCSD! model, the coupled clus
ter response approach has gained increasing popularity
has been applied to many different properties. Today it
be considered one of the most important standard approa
for the calculation of accurate excitation energies a
frequency-dependent molecular properties for small and
dium sized molecules. Implementations for excitation en
gies have now been reported for a broad spectrum of m
ods covering coupled cluster singles~CCS, for excitation
energies also known as configuration interaction sing
CIS, or Tamm–Dancoff approximation, TDA!, the approxi-
mate coupled cluster singles and doubles method CC2,5 the
CCSD model, and numerous methods with iterative or n
iterative approximations for the contributions of connec
triples ~CCSDT-1a,6,7 CCSDT-1b,8 CCSDT-3,9

EOM-CCSD~T!,10 CC3,11,12 CCSDR~3!,13 CCSDR~1a!,13

CCSDR~1b!13 . . .!. With increasing complexity and compu
tational costs, these methods give increasingly accurate
sults for excitation energies. In particular the sequence C
CC2, CCSD and CC3 has been shown to form a system
hierarchy for excitation energy calculations with average a
maximum errors decreasing approximately by a factor of 3
each new level.14

Recently, integral-direct implementations have be
reported15,16 for some of these methods which extended
5150021-9606/2000/113(13)/5154/8/$17.00
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particular the applicability of the CC2 and the CCSD mod
to large scale calculations on molecules with up to 10–
atoms and 400–600 basis functions, provided that molec
point group symmetry can be employed to reduce comp
tional efforts. Applications to larger systems are hampe
for the CCSD model by the steep increase of the comp
tional costs~in terms of CPU time!, which for the most ex-
pensive contributions scale asn2N4 andn3N3, wheren is the
number of correlated electrons andN the size of the basis se
For integral-direct CC2 calculations16 the most severe bottle
necks are, beside the computational costs for calcula
(}N4), I/O (}N4) and transformation of the two-electro
integrals (}nN4), the large memory and disk space deman
scaling asn2N2. In particular the latter demands restrict t
day the applicability of the implementation to systems w
less than 43108 double excitation amplitudes~e.g., '40
occupied orbitals and'500 basis functions inC1 symme-
try!.

A number of different approaches have been propose
the last years to reduce the computational costs of elec
correlated methods. For example the local correlation an
developed by Pulay and Sæbo17,18 and Schu¨tz and Werner,19

or the Laplace transformation proposed by Almlo¨f and
Häser20–22 for MP2 and the perturbative triples correctio
included in CCSD~T! or the resolution of the identity~RI!
approximation23,24 implemented, e.g., for MP225–28 and
CCSD.29 Despite their unquestionable advantages all of th
approaches still have some weaknesses. The local correl
methods neglect about 1%–5% of the correlation energy
4 © 2000 American Institute of Physics
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rely on the use of small, compact basis sets to obtain effic
screening ratios. Also the efficiency of the Laplace transf
mation methods depends on screening ratios and thus o
use of compact basis sets, and in practice significant sav
in the computational costs can first be expected for relativ
large molecules. The resolution of the identity~RI! approxi-
mation reduces for electron correlated methods enormo
the pre-factor but not the scaling of the computational co
with the size of the system.

However, since the efficiency of the RI approximatio
does not depend on screening ratios and thereby on loca
tion or compact basis sets, it is well suited for correla
methods for excitation energies, which usually require ba
sets of at least polarized triple zeta quality in order to prov
results with a balanced accuracy, i.e., with a basis set e
small compared to the error inherent to the method. As
will show in the following, for the approximate coupled clu
ter singles and doubles model CC2 the RI approximat
leads immediately to significant reductions for all bott
necks present in a conventional AO integral-direct imp
mentation. The computational costs for calculation and tra
formation of two-electron integrals are reduced by about
order of magnitude, and the memory and disk space dem
are reduced fromO(n2N2) to, respectively,O(N2) and
O(nN2). Thereby, the RI approximation extends the app
cability of the CC2 method to systems which are 2–3 tim
larger than those that can be handled with a conventional
integral-direct implementation.

II. THEORY

The equations for the approximated coupled clus
singles and doubles model CC2 in absence of external
turbations have been introduced by Christiansenet al. in Ref.
5 as:

Vm1
5^m1uĤ1@Ĥ,T2#uHF&50, ~1!

Vm2
5^m2uĤ1@F,T2#uHF&50, ~2!

where $^m1u,^m2u% denote the single and double excitatio
manifolds andT25(m2

tm2
tm2

is the double excitation clus
ter operator. The residualV is also called coupled cluste
vector function.^HFu is the SCF wave function andF the
SCF Fock operator.Ĥ is the Hamiltonian, similarity trans
formed with the exponential function of the single excitati
cluster operator exp(T1) with T15(m1

tm1
tm1

:

Ĥ5exp~2T1!H exp~T1!. ~3!

Using the modified two-electron MO integrals:30

~pqû rs!5 (
abgd

Lap
p Lbq

h Lgr
p Lds

h ~abugd!, ~4!

Lp5C~12t1
T!, ~5!

Lh5C~11t1!, ~6!
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whereC is the usual SCF MO coefficient matrix, the explic
expressions for the single and double excitation vec
functionsVm1

and Vm2
can be cast into the form listed i

Table I.
The double excitation part of the CC2 equations ha

particularly simple form, which, apart from the modificatio
of the MO two-electron integrals, is identical to the form
the MP2 equations. For a known set of single excitation a
plitudestm1

, they can thus be solved explicitly for the doub
excitation amplitudes:

taib j5
1

11d i j dab

~ai ûb j !

e i2ea1e j2eb
. ~7!

Substituting Eq.~7! into the expressions forVm1
results in an

effective equation for the single excitation amplitudestm1
,

which references the double excitation amplitudestm2
only

as intermediates, calculated and contracted with two-elec
integrals ‘‘on-the-fly,’’ without need to store a complete s
of tm2

. The effective equations fortm1
can be solved using

the same algorithms as employed to solve the usual CC
CCSD equations, e.g., a simple DIIS algorithm, and requ
about the same number of iterations to converge.

Eliminating the double excitation part of the CC2 equ
tions alone would not reduce the scaling of the memory a
disk space requirements, because an efficient on-the-fly
culation of taib j from four-index AO integrals (abugd) fol-

lowed by a contraction with the integrals (ld ûac) requires
storage of a complete set of either the half-transformed in

grals (a i ûg j ), or the three-quarter-transformed integra

(a i ûb j), scaling with;n2N2. A reduction in the scaling of
disk space requirements to;nN2 and significant savings in
the demands for memory and I/O are obtained with the re
lution of the identity~RI! approximation for the two-electron
integrals. In the RI approximation the four-index two
electron integrals are expanded in an auxiliary basis$P% as

TABLE I. Explicit expressions for the CC2 vector functions and for a tr
vector linear transformed with the effective Jacobian@Eqs.~1!, ~2! and~13!#.
The single and double excitation parts of the vector function are writ
respectively as Vai5Vai

G 1Vai
H 1Vai

I 1Vai
J and Vaib j5(1/1

1d i j dab) $Vaib j
E 1Vaib j

F %, where F̂ is a Fock matrix calculated from the

similarity transformed HamiltonianĤ and t̂ i j
ab5(11d i j dab)$2t i j

ab2t i j
ba%.

The transformed vector is written assai(v,b1)5sai
0 1sai

G 1sai
H 1sai

I

1sai
J . For the definition ofb̂i j

ab see Eq.~14!.

sai
0 5(bEab

(1)bbi2( jba jEji
(2)

Vai
G 51(dlct̂ i l

cd ( ld ûac) sai
G 51(dlcb̂il

cd ( ld ûac)

Vai
H 52(dlkt̂ kl

ad( ld ûki) sai
H 52(dlkb̂kl

ad( ld ûki)

Vai
I 5(dl t̂ i l

adF̂ ld sai
I 5(dl(b̂il

adF̂ ld1 t̂ i l
adF̄ ld)

Vai
J 5F̂ai sai

J 5F̄ai8

Vaib j
E 5(ea2e i1eb2e j )t i j

ab
Eab

(1)5F̂ab2(dlkt̂ kl
ad( ld ûkb)

Vaib j
F 5(ai ûb j) Ei j

(2)5F̂ i j 1(dlct̂ i l
cd( ld û jc)

F̄ ld5(ck@2(ld ûkc)2( lc ûkd)#bck

F̄ai8 5(ck@2(ai ûkc)2(acûki)#bck
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~abugd!5(
PQ

~abuP!VPQ
21~Qugd!, ~8!

VPQ5~PuQ!, ~9!

where (abuP) are three-index two-electron integrals a
(PuQ) two-index two-electron integrals. This allows to pe
form the AO to MO transformation and some of the contra
tions with three-index integrals instead of four-index in
grals and removes the need to save any four-index integ
on disk. The contractions needed for the calculation of
CC2 vectors resemble some of the contractions needed
the calculation of the MP2 density matrices. Thus, we c
for the formulation of an algorithm for the RI-CC2 metho
follow the same strategies as outlined by Weigend a
Häser28 for the RI-MP2 method. A scheme of the algorith
for the calculation of the CC2 vector function is shown
Fig. 1. The three most important steps are:

• calculation of the three-index RI-integrals and the A
to MO transformation~step 2!. This step needsO(nN3)
CPU time and the subsequent storage of the tra
formed integralsB̂pi

Q on file requires;nN2 disk space.

• formation of the four-index MO integrals (ai ûb j), cal-

culation of the amplitudest̂ i j
ab and contraction withBjb

P

and F̂ jb to Yia
P and Vai

I ~step 4!. This is the most ex-
pensive step in terms of CPU time, since the format
l
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e
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n

of the four-index integrals from theB̂ai
Q intermediates

and the contraction of the amplitudes withBjb
P to Yai

P

both needO(n2N3) operations. The memory require
ments for arrays keeping the three-index integra

(ai ûb j), t̂ i j
ab andYia

P scale with;mNNaux, wherem is
the size of the subsets of occupied orbitalsI andJ and
Naux the dimension of the auxiliary basis set~typically
Naux'2.53N). The I/O scales withnN2nI , wherenI is
the number of subsetsI.

• formation of the intermediateG ib
P , recalculation of the

three-index RI-integrals and contraction withG ib
P to

Va i
G ~step 5!. This step requiresO(nN3nJ) operations

andO(nN2nJ) I/O for the Yai
Q intermediate, wherenJ

is the number of subsets of basis functionsJ.

The integralsBjb
Q are due to the structure of theLp andLh

matrices independent of the cluster amplitudestm1
and can

be pre-calculated and stored on disk once at the beginni
A similar technique as outlined above for the CC2 vec

function can be used to reformulate the CC2 eigenva
problem for excitation energies such that no complete dou
excitation amplitude vector needs to be stored in memory
on disk. In coupled cluster response theory excitation en
gies are obtained as eigenvalues of the Jacobian ma
which is defined as derivative of the vector function wi
respect to the cluster amplitudes:3
Am in j
5

]Vm i

]tn j

5S ^m1u@Ĥ,tn1
#1@@Ĥ,tn1

#,T2#uHF& ^m1u@Ĥ,tn2
#uHF&

^m2u@Ĥ,tn1
#uHF& dm2n2

em2

D . ~10!
-
r in
al-
the
The doubles–doubles blockAm2n2
is diagonal with diagona

elementseaib j5ea2e i1eb2e j . This can be employed to
partition the CC2 eigenvalue problem as:

FAm1n1
2

Am1g2
Ag2n1

eg2
2v GEn1

5vEm1
, ~11!

Em2
52

Am2n1
En1

em2
2v

. ~12!

Equation~11! is an effective, but now nonlinear, eigenvalu
equation which has only the dimension of the single exc
tion manifold. Since the double excitation part of the eige
vectorEm2

is related in a simple way to the single excitatio
partEm1

via Eq.~12!, the complete information which can b
obtained from the CC2 model about the excited state
contained in the single excitation part of the eigenvectors
in the excitation energies.

To solve Eq.~11! by iterative techniques, we need th
capability to transform for a given guess forv a trial vector
bm1

with the effective matrix appearing on the left hand si
of Eq. ~11!:
-
-

is
d

sm1
~v,b1!5Am1n1

eff ~v!bn1
5FAm1n1

2
Am1g2

Ag2n1

eg2
2v Gbn1

.

~13!

Like the single excitation part of the vector functionVm1
the

transformed vectorsm1
(v,R) can be computed without stor

ing a complete set of double excitation amplitudes, neithe
memory nor on disk. Required is only the capability to c
culate and contract on-the-fly with other intermediates
double excitation cluster amplitudest i j

ab and an auxiliary vec-
tor b̂i j

ab ,

b̂i j
ab5

2~ai ū b j !2~bi ū a j !

e i2ea1e j2eb1v
~14!

calculated from the modified two-electron MO integrals

~ai ū b j !5 P̂i j
ab (

abgd
~L̄aa

p Lb i
h

1Laa
p L̄b i

h !Lgb
p Ld i

h ~abugd!. ~15!
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In the last equation, the operatorP̂i j
ab symmetrizes a function

f ai,b j in the index pairs (ai) and (b j) as P̂i j
abf ai,b j5 f ai,b j

1 f b j ,ai . The transformation matricesL̄p andL̄h are defined
as L̄p52C b1

T and L̄h5C b1 . Explicit formulas for
sm1

(v,b1) are given in Table I. The intermediatesEab
(1) and

Ei j
(1) are independent of the trial vectorb1 and can be pre-

calculated and kept on file once the equations for clu
amplitudestm1

have been solved.15 The contractions required
for the individual contributions tosm1

(v,b1) have the same
structure as the contraction needed for the calculation of
CC2 vector function. The algorithm for calculatin
smq

(v,b1) is thus obtained straightforwardly by generali
ing the algorithm forVm1

.
A nontrivial complication introduced by the partitionin

of the CC2 eigenvalue problem is the nonlinearity of t
resulting effective eigenproblem, which stems from the

FIG. 1. Algorithm for a RI-CC2 vector function calculation.
r

e

-

pendence of the effective JacobianAm1n1

eff (v) on the excita-

tion energyv. As a consequence the transformed trial ve
tors sm1

(v,b1) depend onv and it is no longer possible to
use, e.g., the Davidson algorithm to solve simultaneously
several eigenvalues and eigenvectors using a common s
orthonormal trial vectorsbm1

and the corresponding trans
formed vectorssm1

(v,b1), at least not without modification
of the algorithm.

We have found that in practice a combination of tw
algorithms leads to a sufficiently stable and efficient conv
gence: If an initial guess is available for the eigenvectors
eigenvalues, which is close enough to the final results,
obvious choice for the solution of the nonlinear problem i
DIIS algorithm similar to the one usually applied to solve t
nonlinear coupled cluster equations for the ground state:

~1! In iteration i, the transformed vector sm1

( i )

5sm1
(v ( i ),b1

( i )) is constructed for the present approx

mate eigenvaluev ( i ) and eigenvectorbm1

( i ) . A new ap-

proximation for v is obtained as v ( i 11)

5(sm1

( i )bm1

( i ) )/uub1
( i )uu2 and the residual is calculated a

cording tor m1

( i )5(sm1

( i )2v ( i 11) bm1

( i ) )/uub1
( i )uu.

~2! If the norm of the residual vectoruur m1

( i ) uu has become

smaller than a predefined threshold the procedure is c
verged, else a perturbational estimate for an update
the trial vector is calculated asuai

( i )5r ai
( i )/(e i2ea). In the

first iterationum1

(1) is used without modification to calcu

late the next trial vector asbm1

( i 11)5(bm1

( i )1um1

( i ) )/uub1
( i )uu.

In all subsequent iterations an improved update vec

um1

( i )8 is calculated by solving the DIIS problem for th

series ofum1

( i ) vectors. Then the procedure continues w

step 1.

The DIIS procedure turned out to be a stable and rap
convergent algorithm for the solution of the partitioned CC
eigenvalue problem, provided the initial guesses for eig
values and eigenvectors are close enough to the final C
results. It has the additional advantage of being a single
algorithm, i.e., it is possible to solve for high lying excitatio
energies without converging all lower lying states. An initi
guess for the CC2 excitation energies and eigenvectors
be obtained, e.g., from the coupled cluster singles~CCS!
method. However, often the CCS eigenvalues and eigen
tors or the results of other initial guesses are far from
converged CC2 results and then the DIIS procedure c
verges only slowly or may even diverge. In this case,
eigenvalues and eigenvectors must be pre-optimized usin
alternative algorithm before the DIIS procedure can be
plied. For this purpose we use a modification of the Dav
son algorithm, which employs that a set of converged eig
values and eigenvectors will fulfill the linear generaliz
eigenproblem

Ared5SredVred, ~16!

with

Ai j
red5Em1

( i )Am1n1

eff ~v ( j )!En1

( j )5Em1

( i )sm1
~v ( j ),E( j )!, ~17!
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TABLE II. Vertical excitation energies~in eV! for the lowest singlet excited states in ethene C2H4 , obtained
with the TZVPP basis sets at the RI-MP2 equilibrium geometry.iT1i is the norm of the single excitation par
of the CC3~right! eigenvectors,D RI is the error~in eV! in the RI-CC2 excitation energies due to the R
approximation.

Symmetry B3-LYP RPA CCS RI-CC2 CCSD CC3 iT1i D RI

B1u 7.72 7.58 8.01 8.27 8.34 8.22 0.96 20.7831023

B1g 8.09 9.14 9.19 8.73 8.65 8.59 0.93 20.9731023

B3u 8.11 8.69 8.71 8.84 8.83 8.75 0.94 22.9531023

B1g 8.71 9.39 9.44 9.59 9.58 9.51 0.95 21.1731023

B2g 8.96 9.81 9.84 9.81 9.78 9.68 0.93 20.7031023

B2g 9.56 10.24 10.36 10.20 10.18 10.11 0.95 21.0431023

B3g 10.40 11.90 11.91 11.12 11.19 11.10 0.94 21.3731023

Au 10.52 11.43 11.46 11.53 11.49 11.32 0.86 20.8331023

Au 11.08 12.57 12.61 11.97 11.76 11.58 0.89 20.6231023

B3u 11.39 12.11 12.13 12.23 12.20 12.11 0.94 21.0931023

B2u 11.28 12.85 12.88 12.15 12.23 12.14 0.94 20.5731023

B1u 11.28 13.07 13.13 12.21 12.31 12.22 0.94 20.8931023

Ag 12.08 12.61 12.66 12.75 12.60 12.44 0.86 20.9431023

B3u 12.23 12.48 12.56 12.81 12.75 12.64 0.93 10.8531023

B2g 12.23 13.10 13.13 13.13 13.10 13.00 0.93 21.0831023
vid
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and Si j
red5Em1

( i )Em1

( j ) and V i j
red5d i j v

j . Starting from an initial

set of approximate eigenvalues and trial vectors the Da
son algorithm and Eq.~16! are used to obtain an improve
set of eigenvalues and eigenvectors, ignoring the depend
of sm1

on v ( j ). When the results for the norm of the residu
vectors become comparable to or smaller than the differe
between the present solutions for the eigenvalues and
initial guess, the procedure is restarted using the presen
timum solution as new initial guess. These macro cycles
iterated until self-consistency is obtained:

~1! For the new trial vectorsb( i ) and frequenciesv ( i ) the
sigma vectorss ( i )5Aeff(v ( i ))b( i ) are computed.

~2! The reduced space matricesAred andSred are set up for
the present set of trial vectors and the generalized eig
problem Eq.~16! is solved to obtain new approximat
eigenvaluesv ( j ) and eigenvectorsE( j )5( icj i b

( i ).
~3! For each required eigenvalue/eigenvector the resid

vector is calculated asr m1

( j )5( icj i s ( i )2v ( j ) E( j ). If the

norm of the residual vectors has become smaller than
changes in the eigenvalues since the beginning of
-

ce
l
ce
he
p-

re

n-

al

e
e

macro-iteration, the present macro-iteration is stopp
and the procedure is restarted from the present opti
solutions with step 1, discarding allb( i ) ands ( i ) vectors.
Otherwise the macro-iteration is continued by extend
the reduced space$b( i )% for each nonconverged solutio
E( j ) by a new trial vector generated from the residual
bai

( i )5r ai
( j )/(e i2ea). Provided that not all eigenvalues

eigenvectors are converged, the procedure contin
with step 1.

III. EXCITATION ENERGIES FOR THE ALKENES
C2nH2n¿2 FOR nÄ1,. . . ,12

To test the performance of the RI-CC2 method we a
plied it to the calculation of excitation energies for the lowe
singlet excited states in the all-trans alkenes C2nH2n12 with
n51,. . . ,12, to investigate in particular two questions:

• How large are the errors in the excitation energies d
to the resolution of the identity~RI! approximation?
for
lot

es
as
FIG. 2. Performance of different response methods
the lowest 15 excited singlet states of ethane. The p
shows the deviation~in eV! of the B3-LYP, shifted B3-
LYP, RPA, CCS, CC2, and CCSD excitation energi
from the corresponding CC3 results which are used
benchmark.~For geometry and basis set see text.!
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TABLE III. Vertical excitation energies~in eV! for the lowest singlet excited states intrans-butadiene C4H6 ,
obtained with the TZVPP basis sets at the RI-MP2 equilibrium geometry.iT1i is the norm of the single
excitation part of the CCSD~right! eigenvectors,D RI is the error~in eV! in the RI-CC2 excitation energies du
to the RI approximation.

Symmetry B3-LYP RPA CCS RI-CC2 CCSD iT1i D RI

Bu 5.75 6.07 6.42 6.37 6.57 0.95 21.20 3 1023

Ag 6.84 8.00 8.33 7.57 7.47 0.88 22.11 3 1023

Au 7.15 8.03 8.05 7.90 7.92 0.94 22.82 3 1023

Au 7.20 8.49 8.51 8.04 8.09 0.95 24.01 3 1023

Bg 7.38 8.20 8.22 8.18 8.22 0.95 26.88 3 1023

Au 7.61 8.77 8.84 8.44 8.49 0.95 28.08 3 1023

Ag 8.06 9.12 9.25 8.59 8.61 0.95 20.23 3 1023

Au 8.23 9.40 9.50 8.98 9.04 0.95 12.53 3 1023

Bg 8.24 9.46 9.52 9.07 9.05 0.94 12.41 3 1023

Bg 8.73 9.76 9.83 9.64 9.65 0.95 25.36 3 1023
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• How efficient is the implementation for large mo
ecules?

An additional point is that the CC2 method never befo
could be applied to molecules with large systems of con
gated double bonds. It is therefore not known how well
CC2 method will perform for such molecules, where t
HOMO-LUMO gap between the SCF orbital energies d
creases continuously and second-order perturbation theo
expected to break eventually down.

For the calculations on the alkenes we employed
TZVPP basis sets31,32from the Turbomole basis set library,33

consisting of a@5s2p1d#/(3s2p1d) contracted set for H
and of a (11s6p2d1 f )/@5s3p2d1 f # contracted set for C
and for the auxiliary basis for hydrogen of a (4s3p2d1 f )
and for carbon of a (8s6p5d3 f 1g) primitive set. This basis
is not sufficient to give accurate results for the excited sta
of the shortest polyenes, in particular of ethene, since
these molecules even the lowest excited states are rathe
fuse and have partially Rydberg character. With increas
chain length, however, the character of the lowest dip
allowed transition becomes dominantlyp→p!, and the
TZVPP basis sets can be expected to give accurate resul
this transition. The geometries used for the CC2 calculati
were obtained by optimizing the structures at the RI-M
level employing the same basis sets.

In Table II we have listed the lowest 15 excitation en
gies of ethene as obtained with RI-CC2 compared with C
RPA, TDDFT~B3-LYP!, CCSD and CC3 results obtained
the same geometry and with the same basis set. The
and TDDFT calculations were performed with the ESC
program of the Turbomole package,34–36 the CCS~non-RI!,
CC2, CCSD, and CC3 calculation were done with t
Coupled Cluster response program of Kochet al.15,30,37

which is interfaced with Dalton, release 1.0.38 In the last
column of Table II the errors of the RI-CC2 excitation ene
gies due to the RI approximation are given. For all sta
investigated, these errors are of the order of meV, and
completely negligible compared to the remaining correlat
error inherent to the CC2 method which is typically of t
order of 0.2–0.3 eV,14,39i.e., two orders of magnitudes large
than the RI error.

Since for C2H4 in the TZVPP basis set full CI calcula
tions are not feasible, we use in the following the CC3
sults, which typically deviate by less than 0.1 eV from t
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corresponding full CI numbers,14,39 as benchmark to asses
the correlation errors inherent to the less accurate meth
Figure 2 shows the deviation of the RPA, CCS, TDDF
CC2 and CCSD results from the corresponding excitat
energies obtained at the CC3 level for the 15 lowest exc
states of ethylene. We find the usual pattern: RPA and C
give similar results with errors as large as 1 eV. For m
excitations the RPA and CCS results are blue shifted co
pared to the CC3 results, but the errors show no correla
with the contributions of double and higher excitations to t
excited state, which can approximately be measured as
2uuT1uu), where uuT1uu is the norm of the single excitation
part of the CC3 eigenvectors. TDDFT with the B3-LY
functional yields excitation energies, which are system
cally red shifted by about 0.7 eV. If this systematic error
corrected by shifting the TDDFT results such that the av
age deviation from the CC3 results becomes zero, the
maining errors in the TDDFT excitation energies are of sim
lar magnitude as the errors in the~uncorrected! CC2 results,
i.e., about 0.15–0.2 eV. At the CCSD level the deviatio
from the CC3 results are reduced to about 0.1 eV. For C
and CCSD the remaining correlation error is correlated w
the measure for the contribution of double and higher ex
tation levels, 12uuT1uu, as obtained at the CC3 level.~This
correlation is less good with theuuT1uu norm obtained at the
CC2 or CCSD level.!

A similar comparison for the lowest 10 excitations
trans-butadiene is presented in Table III. Because for t
molecule CC3 calculations in the TZVPP basis were

TABLE IV. Vertical excitation energies for the 11Bu state for the all-trans
polyenes C2nH2n12 in eV, calculated in the TZVPP basis sets at the M
equilibrium geometries.

n RPA CCS TDDFT CC2

2 6.07 6.42 5.75 6.37
3 5.14 5.44 4.69 5.30
4 4.52 4.79 4.01 4.60
5 4.08 4.32 3.53 4.11
6 3.75 3.98 3.18 3.75
7 3.50 3.72 2.90 3.47
8 3.30 3.51 2.67 3.24
9 3.13 3.34 2.49 3.07

10 3.00 3.21 2.33 2.92
11 2.89 3.10 2.20 2.80
12 2.80 3.01 2.09 2.70
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FIG. 3. The lowest singlet excitation energies in th
all-trans polyenes C2nH2n12 as function of the chain
length. Fit of the CC2, CCS, RPA, and DFT~B3-LYP!
results ~in eV! to a power law of the forma3(n
1b)c, wheren is the number of C2H2 units. ~For ge-
ometries and basis set see text.!
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longer feasible with acceptable costs, we can only comp
the results of the lower-order methods with the CCSD nu
bers. We find the same trends as for ethylene results:
most states the difference between the CC2 and CCSD
sults is less than 0.1 eV; only for the lowest (11Bu) state the
CC2 and CCSD results differ by 0.2 eV. RPA and CCS g
again very similar results, for all but the 11Bu state blue
shifted compared to the CCSD excitation energies. The
viations between the CCSD results and the RPA and C
numbers are unsystematic and as large as 0.5 eV~RPA! and
0.8 eV ~CCS!. Again, TDDFT with the B3-LYP functional
yields excitation energies, which are systematically
shifted, compared to the CCSD results by about 0.8 eV
this systematic deviation is corrected by shifting the TDD
results such that the average deviation from the CCSD
sults becomes zero, the remaining deviations are of sim
magnitude as deviations between CCSD and the~uncor-
rected! CC2 results. The errors introduced by the RI appro
mation (D RI! are for trans-butadiene somewhat larger tha
for ethylene, but still between one and two orders of mag
tude smaller than the remaining correlation error inheren
the CC2 method and much smaller than the expected rem
ing basis set error.
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Table IV lists the vertical excitation energies for th
lowest dipole allowed transition, 11Bu←1 1Ag , for the
polyenes C2nH2n12 for n52, . . . ,12 forRPA, CCS, B3-LYP
and CC2. As shown in Fig. 3, the results fit for all fou
methods nicely to a power law of the form
DE1 1Bu←1 1Au

(n)'a3(n1b)c. Again, we find that CCS

and RPA behave very similar, in particular the exponenc
found by least squares fit to the results forn 5 2, . . .,12, are
with 20.43 ~CCS! and 20.45 ~RPA! very similar. The ex-
citation energies obtained with CC2 decrease significa
more rapid with increasing carbon chain lengthn (c
520.51) and the fastest decrease ofDE1 1Bu←1 1Au

(n) is

found for B3-LYP withc520.67.
Figure 4 shows the CPU timings for the calculation

the CC2 vector functionVm1
and a transformation of a tria

vector with the effective JacobianAm1n1

eff (v) bn1
for the poly-

enes C2nH2n12 as a function of the chain lengthn on an IBM
Power 3 225 MHz processor, which has a peak performa
of 880 MFlops. No molecular point group symmetry w
exploited in these calculations. For the lower oligomersn
<6) a significant fraction of the total CPU time is spent f
integral evaluation and transformations and for comput
-
ng
a
r-
ix
FIG. 4. Scaling of the CPU timings for RI-CC2 calcu
lations with the system size. Shown are the CPU timi
in minutes on a 225 MHz IBM Power 3 processor for
single vector function calculation and for the transfo
mation of a single trial vector with the Jacobian matr
for the all-trans polyenes as function of the chain
length.~For geometries and basis set see text.!
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the VJG intermediate, which leads for this range of mo
ecules to an effective scaling betweenn3 andn5. But for n
.6 the O(n5) steps clearly dominate the operation cou
and the CPU timings for a vector function calculation i
creases asymptotically asn530.004 min. The transformation
of a trial vector with the Jacobian matrix takes about 60
longer, which is due to two additionalO(n5) operations re-
quired for the calculation of as vector compared to the
calculation of V. For the largest polyene investigate
C24H26 with 122 correlated electrons and 1108 basis fu
tions, a vector function calculation takes about 16.7 h an
Jacobian transformation 26.3 h. In the present study we h
not employed the molecular point group symmetry to red
the computational effort, but it can be shown that for t
O(n5) steps this will lead to a reduction of the operati
count by a factor between 1/g2 and 1/g, whereg is the group
order.40 Since for large molecules or basis sets more th
90% of the CPU time is spent in matrix–matrix multiplic
tions, the RI-CC2 method is perfectly suited for paralleliz
tion on shared memory computers and in particular on s
metric multiprocessor~SMP! systems. For example, on a
IBM SP Power 3 SMP machine with nodes which each h
eight processors we obtained just by linking with an SM
version of the BLAS library a reduction of the executio
time by a factor of 3–4. Parallelization of the routines f
computing the AO RI-integrals using OpenMP41 increased
the speed up to 4–6. Taking this into account, one can ex
that RI-CC2 calculations with 1500–2000 basis functio
and 150–200 correlated electrons will be soon become
tine.

IV. CONCLUSIONS

A new implementation of the approximate coupled clu
ter singles and doubles method CC2 is reported, which
ploits the resolution of the identity~RI! approximation for
two-electron integrals and a partitioned form of the C
equations, which makes it possible to avoid the storage
double excitation amplitudes. We obtain thereby a major
duction of the computational costs and the scaling of
memory and disk space requirements are reduced f
O(n2N2) to, respectively,O(N2) and O(nN2), which ex-
tends the applicability of the CC2 method to molecules 2
times larger than can be handled with a conventio
integral-direct implementation using four-index integra
We find that with auxiliary basis sets optimized for MP
energy calculations the errors in excitation energies cau
by the RI approximation are negligible compared to the
maining correlation error inherent in the CC2 method.
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