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of the identity MP2 calculations
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The convergence of the second-order Møller–Ple
with the cardinal numberX is investigated for the
and cc-pV(X1d)Z. For the aug-cc-pVXZ and aug
MP2 correlation contribution to the dipole momen
cannot be frozen, the cc-pVXZ and aug-cc-pVXZ ba
elements then they do for first- and second-row
criteria are deduced for the accuracy of auxiliary b
approximation for electron repulsion integrals
calculations fulfilling these criteria are repo
aug-cc-pVXZ, and aug-cc-pV(X1d)Z with X5D, T
MP2 correlation energy is more than two orders o
For the auxiliary aug-cc-pVXZ and aug-cc-pV(X1d
contribution to the dipole moment is one order of
Therefore extrapolations towards the basis-set l

both energies and properties. The reduction in C
increases rapidly with basis set size. For the cc-pV
is observed. ©2002 American Institute of Physics@

I. INTRODUCTION

During the last decade the series of correlation consiste
basis sets1–5 cc-pVXZ with X5D, T, Q, 5,...have become the
most popular basis sets in correlatedab initio calculations.
Because of the correlation consistent contruction scheme a
plied over severalz levels, i.e., cardinal numbersX, they
provide an invaluable basis for systematic calculations. E
pecially the hierachical structure, which allows application
of extrapolation schemes to estimate the complete basis-
limit, makes these basis sets to a powerful tool for highl
accurate calculations. In particular for second-order Møller
Plesset perturbation theory~MP2! and approximated coupled
cluster singles and doubles~CC2! calculations, a drawback
of these basis sets is their size for higherz levels, increasing
as O(z3), which leads to huge computational expenses fo
the calculation of electron repulsion integrals~ERIs!, in-
creasing withO(z12). Together with the costs for atomic
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set perturbation theory~MP2! correlation energy
rrelation consistent basis-set series cc-pVXZ

c-pV(X1d)Z series the convergence of the
studied. It is found that, whend-shell electrons

is sets converge much slower for third-row
lements. Based on the results of these studies

sis sets used in the resolution of the identity~RI!
Optimized auxiliary basis sets for RI-MP2
d for the sets cc-pVXZ, cc-pV(X1d)Z,
nd Q. For all basis sets the RI error in the

magnitude smaller than the usual basis-set error.
Z sets the RI error in the MP2 correlation
agnitude smaller than the usual basis set error.
it are possible within the RI approximation for

PU time obtained with the RI approximation

QZ basis an acceleration by a factor of up to 170
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orbital ~AO! to molecular orbital~MO! transformation of the
ERIs, the latter dominate the total costs of MP2 and CC2
calculations.

An approximation, which efficiently reduces the compu-
tational demands for MP2 and CC2 without affecting signifi-
cantly the accuracy, is the resolution of the identity~RI!
approximation6,7 of four-index electron repulsion integrals:

~aiub j !5(
PQ

~aiuP!VPQ
21~Qub j !, ~1!

with the Coulomb metric

VPQ5~PuQ!. ~2!

In the latter equations (aiuP) and (PuQ) are, respectively,
three- and two-index ERIs,a,b denote virtual molecular or-
bitals,i,j occupied molecular orbitals, andP,Qauxiliary basis
functions. With this approximation, the computational costs
for RI-MP2 ~Refs. 8 and 9! and RI-CC2~Ref. 10! calcula-
tions increase only as'O(z9) if the basis set size, i.e., thez
level, is increased. The RI approximation is thus a very ap-
pealing approach for benchmark calculations with highly ac-
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