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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 m@I€R) 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 anyN* 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-ccpVXZ (X=D,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 insignifica@02©
American Institute of Physics[DOI: 10.1063/1.150691]8

I. INTRODUCTION amplitudes can be accomplished very efficiently employing
the resolution-of-the-identityRI) approximation->2° Using

Transition moments and excited-state first-order properthis T,-direct methodology, calculations with more than
ties are important links between quantum-chemical calculai000 basis functions i€; symmetry have been shown to be
tions and experimental observations, which allow a bettefeasible!®
characterization of excited states than just the excitation en- |n the present communication, we present an analogous
ergies. Transition moments are directly related, e.g., to abpartitioned,T,-direct formulation of the response equations,
sorption and emission strengths, rotation strengths, oivhich need to be solved to obtain transition moments and
excited-state lifetimes. First-order properties give valuablexcited-state first-order properti€Sec. 1), and give a brief
information about the character of the excited state, for indescription of the implementation and how the RI approxi-
stance whether valence or Rydberg states are present pration is exploitedSec. Ill). As pointed out above, these
whether charge transfer takes place in the excitation procesguantities provide itself important information about the ver-
Response theoty® has shown to provide a theoretically very tical transitions and the excited states. The implementation of
clear-cut and well-defined access to these properties. It hahis functionality is also the first step for the development of
been successfully applied to variational wave functionsanalytic gradients for excited states, since these require the
[Hartree—FockHF), density functional theoryDFT), mul-  solution of the same response equations and similar one-
ticonfiguration self-consistent fieldMCSCH, and configura-  electron densities. Analytic RI-CC2 gradients for excited
tion interaction(Cl)] (Refs. 4 and 6—Band nonvariational states will open the perspective of accurate correlated
wave functions, such as the coupled-clust€C) models initio geometry optimizations for excited states of molecules
(Refs. 9-12 with 30 or more atoms.

The great advantage of the coupled-cluster approach is The error introduced by the RI approximation has been
that it gives a systematic hierarchy of well-defined blackboxshown to be very small for selected exampfe®etailed
methods with increasing accuracdy** named CCS, CC2, studies have been carried out for the RI-MFRef. 20
CCSD, CC3®7 etc., for which response-theory-based ground-state correlation energf@s? In one of the latter
codes for excited states and their properties have been implstudies’? it was established that the conventional basis set
mented. Among these, CC2 is the computationally cheapestuncation error is between one and two orders of magnitude
method that incorporates dynamical correlation. The qualityarger than the corresponding error introduced by the RI ap-
of the description of the ground state is comparable to MP2proximation(RI erron. In Sec. IV we will present a similar
but CC2 is better suited for response thebry. study for excited states obtained from the CC2 method, using

The applicability of CC2 can be largely extended bythe augmented correlation consistent basis sets
employing a partitioned form of the CC2 equatidfisyhich  aug-ccpVXZ (X=D,T,Q) and the corresponding auxiliary
avoids the storage of intermediates scalindNdseither on a  basis sets. The size of the Rl error is evaluated for excitation
disk or in memory. The necessary recalculation of e energies, oscillator strengths, dipole moments, and the sec-
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ond moments of the difference density. For selected states, VPQ=(P|Q) 9
we will also examine the conventional basis set error, which ) ] , ) ]
is to our knowledge the first study of that kind. A short ac- is constituted by two-index ERI’s. It is convenient to use a

count of the efficiency is given in Sec. V. symmetric decomposition of the methG o and to introduce
the quantity
Il. THEORY BRi=2 AL Alg2 (urP)Veg”. (10
M 14

The CC2 model was defined by Christiansral *° us-
ing a Mgller—Plesset-type partitioning of the Hamiltonian The transformation into the MO basis scales now merely as
HeE+U ) ON,N?, whereO is the numper of qccupied orbitall, the
' number of one-electron basis functions, asdthe number
whereF is the Fock matrix and) the fluctuation potential. of auxiliary basis functions. The disk space required for stor-
Retaining only those terms in the double-excitation part ofage of B is aboutOVN, words, V being the number of

the cluster equations—also known as the vector function—yjrtual orbitals. The formation of four-index MO integrals
which enter up to first order ifJ leads to the following

gquations for the cluster operatoff=ZX,t, 7, with (ainj)=2 BRBQ (11)
i=12: Q
O, =(u|A+[A,T,]|HF)=0, (2) s still scaling with the fifth power of the system size, how-
= ever, with a small prefactor since two indices run only over
Q, =(us|A+[F,T,]|HF)=0. (3)  occupied orbitals. For a detailed algorithm for the ground-
2

state vector function see Ref. 18.
Here,|HF) is the closed-shell Hartree—Fock ground-state de-  The CC2 excitation energies are obtained as the eigen-
terminant and(u4|,(uo|} represent thésingle singles and  values of the unsymmetric Jacobian matrix
doubles projection manifoldH is the T;-transformed 50

. . 3 .

Hamiltoniarf A= = “e 12
H=e TiHe™. (4) Y

The double-excitation part of the cluster equatidds,, can The doubles—doubles blocR,, ,,=5,,,.€,, is diagonal

be inverted directly, recovering an MP2-like expression forWlth diagonal elements equal to _the SCF orbital energy dif-
ferencese,;,j= €,— €+ €,— €;. This enables us to define an

the doubles amplitudes, . . ! . :
P effective Jacobian matrix for the singles—singles block,

1 (ai|bj) A A
tab— , (5) H1Y2" "Y2V1
1] 1+ 5”- 5ab €— €51 €~ €p Aif;Vl(w):A/’“lVl_;z 672—_(1), (13)

with T,-transformed two-electron integrals
which reduces the dimensionality of the eigenvalue problem
(palrs)= > AP AT AR AN(pr|rh), (6) and again avoids storage of the doubles part of the trial vec-
TN tors. However, the effective eigenvalue problem is no longer
linear sinceA®"(w) depends on the eigenvalue In Ref. 18
a combination of a semilinear eigenvalue solver amlia
Here and in the following, indices j, k, etc., denote occu- algorithm has been developed for the iterative solution of the
pied molecular orbital§MO's), a, b, c, etc., virtual MO’s,  right-hand-side eigenvalue problem,
andp, g, r, s general(occupied or virtual MO’s, while
Greek indicesu, v, «, etc., indicate basis function€. is the > A (W)E, (0)=wE, (0) (14)
. . : ) H1Vy V1 M1 !
usual transformation matrix for canonical MO’s. Carets are v

used to indicate hthat the quantities refer to the similaritywhich in practice typically requires the same number of it-
transformed\P, A™ basis. Inserting E(5) into Eq.(2), 0n€  gratigns as a conventional algorithm would need for the lin-

obtains an effective equation for only the singles amplitudes,, ;. eigenvalue problem. In the same reference, explicit ex-

This allows us to avoid the storage of the doubles amplitudeg,essions were given for the transformation of a trial vector

and to recalculate these whenever needed via(B0.By g yith the effective Jacobian where the trial vector ap-
virtue of the RI approximation this can be done very effi- " . -
pears on the right-hand side:

ciently, as demonstrated in a previous communicatforhe
four-index electron repulsion integralERI’s) in the atomic

AP=C(1-1t]), AM=C(1+ty). 7)

— ff
orbital basis are expanded in an auxiliary bg$% as U,Ll(w,Rl)—% AL (@R, (0). (15
(,U«V|K7\)=E (MV|P)VEé(Q|K>\), (8) For the calculati_on of transition moments and properties
PQ the left elgenvectorEM(— ) are needed as well. The trans-

where (uv|P) are three-index ERI's and the Coulomb formation of a trial vector with the effective Jacobian from
metric*® the left,
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TABLE |. Explicit expressions for vectors transformed with the effective Jacobian either from the left or from the right and for effective riggidband
vectors derived froni BR-like contractions. All three types of vectors can be split into six contributions; 02+ oS+ o + o5+ o, which involve the
same contractions for all vectors.

(LBR)pADSs
(eff) (ef) (LBR)s=2p —— -
Is Ass'(wr)Rs LASS (o)) ept o —wg
oo ZgEadRai— ZiRalEj ZgEdalai— 2 LalEy S Egalai— = LaEi
G ~ -~ ~ _
Uai Edlc[ZRﬁd*Rﬁc](ldmf) Edlc'—ﬁd(ld‘cfl) Zdlc':ﬁd(ld|Cfl)+2d|c|—ﬁd(d||C_51)
Tai — Sl 2RE - Rﬁﬁ](|d|ki) o _Edlkl-ﬁld(_ld“k)_ —EdlkF§F(|d|ik)—2d|k|-j|d(d||ik)
O-‘Iz]ii e[ 2R~ RICIF ke + [ 25— tifTF o) Eck[Z(kC\la)*(ICIka)A]Cck T ad2(kclia) — (ic[ka) ICq
T Sod 2(kelai) — (kilac) JRek Seled 2(cklia) - (calik)] Seled 2(ck[ia) —(calik)]
Fo=Sal2(kelld) ~ (kdIc) Ry Cor=Zal 2t 1L Coc=Sql2RE-REILy,
Eab:AFab_Edkl(ZtEfj_tﬁd)(ld\kb) Eab:_Fab_Edkl(ZREfj_ RP) (Id[kb)
Eji:Fji+Ecdk(2tickd*tﬁ?)(kd|jc) Eji:Fji+Ecdk(2R?kd7 Rﬂf)(kd|jc)
— _ _ eff _ '
ayl(—w,Ll)—#El Lo, (o)A, (), (16) L_ECC+§i‘, ; t Qs (19)

can be formulated in a similar way. Again, the doubles partyere ECC=(HF|I:|+[I:|,T2]|HF) is the ground-state en-

gf theltrl?l tve(zjctor ?heeg not be stored on disk, but can InSteagrgy. The Lagrangian multiplieEare obtained as a solution
€ calculated on-the-lly as of the linear equations

Lab )_2<ia|jb>—(ib|ja>+Pﬁb[ZLaiﬁjb—Lbiﬁja] TA=— 7O, (20
jlme €€t €t ’
(17) JEcc
. 775‘0):7' (21)
whereF denotes thd;-transformed Fock matri& w

From the cluster amplitudes, and the Lagrangian multipli-

Fog=2> ADGANGF,.,+ % [2(palck) —(pklca)]tek, erst,, the unrelaxed ground-state one-particle density matrix
P in the AP, AP basis,Dﬁq, can be calculated by the expres-

and Pf}b is an operator which symmetrizes the index paars  sion given in Table II.
jb as P3’ti°=1t7"+t%*. The modified two-electron MO in- Transition moments are obtained from the residues of
tegrals the linear response function. Due to the nonvariational struc-

. . . ture of CC response theory, one obtains for the one-photon
(pg|rs)= P‘Sfﬂ%x (ADAD + AP ADDAR AN (| k)) transition strengtf?

(18) of 1 \ V \% \%
SV1V2= E{MoifoioJr(Moifoio)*}’ (22

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

AP=APL; and A"=—A"LT. Explicit expressions for where the “left” (MY ;) and “right’ (MY_,) transition mo-
o(—w,L;) can be found in Table I. The left eigenvectors of ments can be calculated as
A® can then be obtained iteratively. Taking right eigenvec-
tors as start vectors, thmis algorithm proposed in Ref. 18 ngzz [ng(E)+D§q(M)]qu, 23
proves to be very stable and converges fast. pq

For CC methods the expressions for ground-state first-
and higher-order properties and for transition moments are \,v _ ' pé E)Y 24
most conveniently derived using the Lagrandfan f=o % pd E)Vpa- 24

TABLE II. Expressions for the one-particle density matrié$, D¢(L), andD(L,R). The density matrix
D”(R) can be expressed &’=D "%+ DA(t,R), whereD2°=2R,, .

Block DA D4(L) DA(L,R)
occloce:Dy; = 26~ Sand L5 ~Sapd Ot = ZalaRai~ Zani R
occhvir: D= Skt 25—t Skl 2t — L S ek ekRic
— Sp(SkjcLrfti) Roi
o = Zi(Z ok fcti) Raj
vir/locc: D,i= tai L 0
virvir: D o= DINEELE Sl 3L aiRpi+ 2ijc LR
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In the latter equations we introduced the generalized one- b 2(ialjb)—(iblja)
particle (transition density matrice® 7(R) andD¢(L) and i i s (35
J— a I
the transition moment Lagrangian multipli&tsvi. Explicit B :
expressions foD7(R) andD#(L) are given in Table Il. The The doubles part;"}b can be calculated from
Lagrangian multiplieraVl are obtained as a solution of the —ab._ ~ab
linear equations b= 7]
M(w)(A-i—wl):—m(w):—FE(w), (25 n |a|Jb) (|b|Ja)+P [ZtalF]b tb| Ja]
where the matrix is defined as partial second derivative of €~ €T €€y
the Lagrangian Eq.19): (36)
2 -
Fo= oL (26) The transformed two-electron integrais |jb) are obtained
v at,dt, '

as in Eq.(18), but with transformation matricesP= Apt
The difference between the unrelaxed one-particle densities S d AN— A“_;El. Similarly, the effective right-hand 5|de

of the ground state and an excited state is obtained as _
for the transition moment Lagrangian multiplieké is ob-

D5 =Dpy(E,E) +D5o(N). (27 tained as
Explicit expressions for the generalized one-particle density
matricesD”(L,R) andD¢(L) in the AP, A" basis are given mffi(w)=2 FouEo(@)+2 F,, E, (o)
in Table II. In Eq.(27) we introduced the excited-state La- "1 "2
grangian multipliers? N defined by the linear equation > m, (@A, .1 a7
NA=—T=—E(— )BE(w), (28) n  Eyto
with whereas the effective right-hand side for the excited-state
IA Lagrangian multipliersN is
_Mu
T (29
Teff =
E B E
The additional sets of linear equations that need to be My 21 7,21/1 7(= @By By (@)
solved for the Lagrangian multlpl|ens M, andN have the A
n, A, unl
common form + 2 E ( “’)Bvlvlevz(“’) 2 26 G
— Y1V 12 v
L(w)(A+0l)=—&w). (30) o ’ ? a8
Exploiting the structure of the CC2 Jacobian, E80), can _ _
for the single-excitation part be cast into the partitioned form! he matrices= andB are related by the equation
eff __eff &77(0)
Lﬂl(w)[A (l))+(1)1] gvl(w)a (31) FMV atﬂ +Z t»ny)/MV, (39)
& (w) & (0)— 2 RECERCEY (32)  Wwhere the first term gives a nonvanishing contribution only
! 2 €y, T for the singles—singles block:
Unlike for the eigenvalue problem, no nonlinearity is intro- 9 (0)
duced by this reformulation; thus for the solution of Egfl) —<HF|[[H 7,17, 1|HF) = FELO)V (40)
the standard algorithms can be applied. Again, storage of the I, v v

doubles parts of the right-hand-side vector and the Lagrang{JSIng this relation Eq(37) can be cast into almost the same
ian multipliers is no longer required. Whenever needed, th orm as Eq.(39):

double-excitation part of the solution vector can be calcu-

lated on-the-fly as 2
_ M (w)=> FO E, (0)+ t,B,, ,E, (o)
£ (0)+3, L, (A, i 2 ()t 2y 2 1B v
L, (@0)=-— . (33
2 €,,Tw
. . ,2 +2 tYl Y1Vt 2(w)
The effective right-hand-side vector for the ground-state La- vive
grangian multipliers is obtained as m, (w)A, 1
-y == (41)
~ ~ s e,,2+co
7a=2Fiat 2 Fii(cklda)+ 2, Fif(eKlil), (34
The double-excitation parts of the right-hand-side vectors
with m,, andn, are
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o _ (iii) After the ground-state Lagrangian multipliers are
M, (0)=2> 1,8, . E, (), (420 available the right-hand-side vectar" for the transition
e moment Lagrangian multipliers can be set up and @§)
— _ = can be solved for the single-excitation parthf
Mo~ Vlzyz Ery(Z @By (@). “43 (iv) For the calculation of excited-state first-order prop-
The effective right-hand-side vectan®" can thus be ob- erties also the right-hand-side "?‘Ctm are set up and the
) ) . o single excitation parts of the excited-state Lagrangian multi-
tameg from the same routines a8" by replacingE(— w) pliers are determined from E8).
with t. The expreSSion for the Only remaining contribution is (V) In the next step the different One-partide density ma-
trices needed for the calculation of transition moments
% FE??aiEbj(w):% [2(ia]jb) —(iblja) ]Ey;(w). (D”(E), D{M), D(E)) and excited-state first-order prop-
(44)  erties(D*, DA(E,E), D¥(N)) are computed and stored on

. . disk.
From Table | it is apparent that the necessary contractions for - . )
the calculation of®™ andn®", which are given in the last (vi) Finally, the transition moments and first-order prop-

column, resemble those of the Jacobian right and left trans(?rtIes are evaluated from the density matrices and one-

formations. The double-excitation —amplitudesF3° electron mtegra!s. S .
— (LBR),, are ] The evaluation of the vector function, i.e., the residual of
= aibj

the ground-state cluster equations, and the contraction of the
_2(ai|bj)—(aj|bi)+Pf’}b(ZLainj—Laiji) effective Jacobian matrix defined in E¢L3) with a trial

Fﬁb PR r— , (45 vector from the right have been described in detail in Ref.
A 18. The multiplication ofAifivl(w) with a trial vector from

with the one-index transformed integrals the left—needed for the calculation of the left eigenvectors

—_— - and for the solution of the response equations for the single-
(ailbj)=— Pﬁb(% LciRe(kalbj) excitation parts of the Lagrangian multipliers , M, , and

N, —involves similar intermediates and contractions as the

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

As can be seen from Table | and E¢34), (38), and(41)
the evaluation of the effective right-hand-side vectors for the
different Lagrangian multiplier vectors involves similar con-
tractions as needed for the vector function and the transfor-
mation of trial vectors with the effective Jacobian. The indi-
X AP AN (pv|kN), vidual contributions to these vectors can thus again be
computed by similar algorithms as described in Ref. 18. The
calculation of the vectors®™ andm®" can be summarized as

+ 2 LaRex(ic|bj)

The integrals pq|rs) needed for some contributions in the
last column of Table | are defined as

"

(pqlrs)=P8;#% (AP ADG+ARLAT)

with AP=—CRI andA"=CR,, and the response Fock ma-

trix qu is defined as follows:
_ . . (i) The double-excitation part of the “left” vectokr &,
qu=% (AL At AL ATOF L, which for m‘;ﬁ contains the ground-state Lagrangian multi-
plierst_ and forn®" the left eigenvectoE , is calculated
~ ~ M2 My Mo
+% [2(pg|ck)— (pk|cq) JRk- on-the-fly in a batched loop over two occupied indices and

immediately contracted with the three-index ERIB
A generalization of the above approach for excited tripletto a three-index intermediatd?2=3 4LS"BY which is
states was reported in Refs. 26 and 27. stored on disk.

(i) Then a similar intermediate¥3,= = ,4REIB—and
Cck=2,dRﬁ|de, are calculated from the double-excitation
The calculation of transition moments and excited-statgyart of the “right” vector RS?, which for bothme" andn®"

. . oLt kl M1 M
first-order properties within the RI-CC2 approach follows a;
similar route as used in conventional CC2 implementations:
(i) After solution of the ground-state cluster equations,, ) — — i ]
the excitation energies and the single-excitation parts of thifitermediatesg;; and E,p,, defined in Table |, are con-
eigenvectors are determined by solving the effective eigerStucted and used to calculate the contributie) of the

value problem, Eq(14), and the corresponding equation of "€sult vectors. o
the left eigenvectors. (iv) In the next step the double-excitation part of the left

(i) Then the effective right-hand-side vectg?' is cal- vector is recalculated once again to construdt imtermedi-

culated via Eq(34) and the equations for ground-state La- ate fromL{{ and the integral8 . Then the doubles vector
grangian multipliers, Eq20), are solved. Fﬁ,d is constructed and contracted on-the-fly V\Bﬂ to an-

IIl. IMPLEMENTATION

s the right eiggnvector. B
(i) From YCQk and the response Fock matri,, the
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otherY intermediate which is added to the previously calcu-without introducing discontinuities in the hypersurface. The
lated one, resulting if’?gi?ZEmLﬁf@dQﬁEmFﬁFB%- RI error can be kept reasonably small by using optimized
(v) The Y° and Y are contracted with precomputed in- auxiliary basis sets. An efficient approach for the optimiza-

tegralsgi?( and éi?, giving thea;'i contribution to the result tion has been.d'ev.lsed in Ref. 21: The auxiliary basis sets are
required to minimize the functional

vectors.

(vi) The ¢$; contribution is combined witlr}; and cal- . RI2
culated from the intermediat&€ andY?* and different three- 5R'=EE ((abllij) —¢ablfi) ™) , (47)
index ERI's by a similar algorithm as described in Ref. 18 4 iagb €a~ €t Ep— €]

for the corresponding contribution to the vector function.

(vii) The last Comributiong;i is calculated from the for the atoms in their electronic ground state. Hérg, and
intermediategck and the integralé% using the scheme de- & b denp_te, respeqtively, oc_cupied and virtual_ spin-orbitals
scribed in Ref. 18 for the Fock matricd%a andEia. and(abl|ij) are antisymmetrized two-electron integrals.

, . For the calculation of excitation energies and ground-
The memory requirements for the calculation of the Vec'and excited-state expectation values the correlation consis
tors m" andn®" are about the same as for the ground-stat P

: . . . etent basis sets augmented with diffuse functions
vector function and the transformations with the Jacobian Ug-ccpVXZ with X=D, T, Q, . . . developed by Dunning

A" although the disk-space requirements are somewhd Z .
K1v1 9 P q and co-worker€~32are a very valuable tool since they allow

larger since more intermediates need to be stored on disk,

. k P& systematic investigation of basis set effects. In a recent
However, the scaling of the required resources CPU timey,mmunicatiorf? optimized auxiliary basis sets for the se-

memory, and disk space with the system size, i.e., with thei,oc ot correlation-consistent basis sets pPEXZ and

number of electrona and the number of basis functiohk aug-ccpVXZ (X=D,T,Q) were presented. With these aux-

is the same as for ground-state calculations: CPU time scal%ry basis sets the' R,I error in the MP2 energy was shown
253 ; ini 2 k

asO(n“N°), the required minimum memory #(N%), and {5 pe about two orders of magnitude smaller than the basis

the required disk space &(nN°). set truncation error. The RI error in the MP2 relaxed first-

. . ff
The right-hand-side vecton™ needed for the calcula- ,ger properties is about one order of magnitude smaller than
tion of the ground-state Lagrangian multipligre€an be ob-  the basis set error.

tained as simplification of 'the(\égagtoﬁﬁ andﬁe.“: The pure For CC2, two questions arise:
§|ngle-eXC|tat|on contributiory;’ is twice the intermediate (a) Is the choice of MP2-optimized auxiliary basis sets
Fia- The remaining two contributions can be written asappropriate for CC2, since here also integrals with three oc-
sz\?inéan and EQI\?gléi? with ?gk:zldnﬁfiédQl and can cupied or_three virtual indices enter? - _ _
thus be evaluated using the same algorithms as fowfhe (b) Is it necessary to extent the auxiliary basis sets with
and ¢! contributions tom®™ andn®". additional functions if the underlying one-electron basis set
The last computationally expensive task is the calculais augmented with further diffuse functios.g., if Rydberg
tion of the different one-electron density matrices which re-states are examingd
quire again th_e recalc_ulgtion of double-exc_itgtion amplitudes, Typical example: C ,H,
and Lagrangian multipliers. For the explicit formulas see o ] )
Table II. The computationally difficult contributions are the ~ AS @ first illustrative example, we study the basis set
two contractionsEiiCLﬁCRﬁc and EbckL?kbR?kb- To keep the convergence_and th'e RI error of vertical excitation energies
minimum memory requirements down@(N2) the contrac- AE, and the isotropic second moment of the electron differ-
. . . H — 2\ _ /¢2
tion =;,,L2°RY is evaluated in a batched loop over the two €nce densitd a=1/3((r%)—(r)o) of the two lowest'By,
occupied orbital indices andj. Within this loop the doubles ~ States of ethendying in the xy plang. The first state has
excitation amplituded. 3° and R’ are calculated on-the-fy 1argely valence character; the second one is a diffuse Ryd-
from the corresponding precomputed three-index ERI's anP€'d state. Calculations were carried out at the RI-MP2/
contracted immediately to the final result by a matrix—matrix ' £VPP (Ref. 33 optimized geometry. The frozen core ap-
multiplication with fixed indices andj. In the same loop Proximation was used throughout. The influence of diffuse

the double-excitation amplitudd}° are contracted with the functions was tested employing the serieswg-ccpVDZ

vector L, to Ebijj[ZR'a'b_ R2"]. The contractions (x=s,d,t,q); the basis set convergence was then tested for
ij jio A _

S hel PR3P are evaluated using same algorithm but with oc-the séquence-aug-ccpVXZ (X=D,T,Q,5). The RI-CC2

cupied and virtual orbital indices interchanged. All other Calculations were carried out using a development version of

contributions are easily calculated from the single-excitatiof?® RICC2 module of theursomoLE (Ref. 34 package.
The conventional CC2 calculations were done vzt TON

amplitudes and Lagrangian multipliers and the above- = ;
mentioned contractions. (Ref. 35. The auxiliary basis sets from Ref. 22 were used.
The quintuple{ calculation was carried out in the RI ap-
proximation only, using a specially optimized auxiliary basis
set for carbon and hydrogetavailable from the authors
The error in the total energy and in molecular propertiesThe results are depicted in Figs. 1 and 2.
introduced by the RI approximation has been shown in sev-  With respect to additional diffuse functions, the valence
eral investigatior®??to have the same behavior as the one-state converges at the doubly augmented level, while for the

electron basis set error; i.e., it behaves globally consisterRydberg state at least three sets of diffuse functions are nec-

IV. ACCURACY OF THE RI APPROXIMATION
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FIG. 1. Basis set convergence and Rl error of vertical CC2 excitation energies for éBgnelence and Rydberg states.

essary in the one-electron basis. The RI error is small, belowind of basis-set-induced uncertainty, the RI error is clearly
0.02% for the excitation energy and 0.4% fioee. Additional  negligible. Furthermore, we find that with the auxiliary basis
diﬁuseaUXi“ary functions improve the result little. However, sets aug-c(pVTZ and aug_cchQZ the RI error is more

for the vertical excitation energy of the valence state this igjiminished than by additional diffuse sets of functions at the
not the case, and faka of the Rydberg state the improve- double{ level.

ment is not convincing either. The explanation for this is that convergence to the basis

The necessity of additional diffuse auxiliary functions - . .
. . . set limit is for both the one-electron and the auxiliary basis,
becomes even more questionable if the basis set convergenceI btained in th dinal . d not by iust
with respect to basis functions with higher angular moment®™"Y 9 a|n'eh ”']ff e c?r |n.a expansr:on andno yIJUS Iaug-
is taken into account. While saturation with diffuse functions™enting with diffuse functions. At the aug-qvXZ leve
is achieved soon, the convergence of the cardinal expansidfl the auxiliary basis set the dominating error apparently
(where the cardinal numbe¢ refers to the respective basis Stems from the incompleteness in the valence region and not
set in the series aug-qaVvXZ) is known to be very slow??’  from the incompleteness with respect to diffuse functions,

The limit is only accessible using explicitly correlated irrespective of the augmentation level of the one-electron

method$®~%° or extrapolation schemé&?*! Relative to this basis.
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TABLE IIl. Test set of 29 sample molecul¢248 excited stat¢sThe num- g the basis set limit, which has been estimated by two-point

ber of states considered for each molecule is given in parentheses. extrapolation of the aug-cpVTZ and aug-cpVQZ
Row 1 Row 2 Row 3 results®’ It is clearly demonstrated that the same accuracy of
- the RI approximation is obtained for both RI-MP2 and RI-
EZH(?’(;')?H @, g:ﬂleHzi %ﬁ: 8?'1':2)(10)’ S:Hkbc(r)(’loG)ew @, cc2 correlation energies. This is the expected result, since
BH.NH, (10) H,POH (10, HCP(10),  SeH (10, the dominant contributions to the CC2 energy originate from
C,H, (12), CH,F* (9), BBr (9), KrH* (4) MP2-like terms. The average error, the standard deviation,
CH,NH (8), CH,0 (11), SF, (11), H,S, (12), the average absolute error, and the maximum error are very
C0; (5, N, (9), CC, (1), CIF (6), small (maximum error below 0.15%and the latter three er-
H0 (9), NeH™ (4) AH™ @ rors also decrease significantly for the larger aug®CrZ
and aug-capVQZ auxiliary basis sets. This has to be con-
trasted with the mean basis set error which is 30%, 10%, and
B. Investigation of the RI error 4% at the double-, triple-, and quadrugidevels, respec-
. . ) tively. These findings are in perfect agreement with those of
For a single molecule, this result may be fortuitous. 22

Therefore, we have set up a test set of 29 small molecules
and 248 excited states, respectively, as displayed in Table ”{Ne examined vertical excitation energi®g,, , the oscillator

As in Ref. 22, the set is divided into first-row, second-row, . v . .
. . strengths(velocity gauge f, the isotropic second moment
and third-row compounds. Only a few representatives for ; ; . .
. of the difference densitA«, and the change in the dipole
third-row element compounds were chosen due to the prob- . .
X . momentAu. The results are listed in Tables V—IX.
lem of excluding the semivalenag shell from the correla-

tion treatment: This is not possible if thee shell becomes The Rl error in the vertical excitation energies is well

near degenerate with low-lying valence shells of other atomg)eloW 0.01 eV. The ""?rgeSt errors fou(?d In our test set are 5
in the moleculé’® However, the correlation-consistent basis meV (the largest relative error is 0.13%s for the ground-

sets are currently not designed for correlation of dhelec- state correlation energies, no significant difference is found
trons; cf. Refs. 31 and 22. Thus, mainly only hydrides ofcomparing results for the first-, second-, and third-row com-

these elements were chosen anddtehell was kept frozen. POUnds. The mean absolute error, being a measure for the
The geometries of the molecules have been optimized at tH¥Pical Rl error to be expected in calculations, decreases as
RI-MP2/TZVPP(Ref. 33 level. As in the preceding section, 1-3, 0.4, and 0.2 meV for double-, triple-, and quadruple-
the RI-CC2 calculations employed a development version of@lculations. Similarly the mean error and the standard de-
the RICC2 module of theURBOMOLE (Ref. 34 package Viation become smaller. No marked differences in the error
while the conventional CC2 calculations were done withstatistics for the doubly and triply augmented basis sets is
DALTON (Ref. 35. We used again the correlation-consistentfound although for these the same fitting basis is used. This
basis sets aug-cpVXZ and n-aug-ccpVDZ (X confirms the findings for the ethene example above. The rela-
=D,T,Q; n=s,d,t) of Dunning and co-workers in connec- tively large maximum error obtained in the aug{cvQZ
tion with the recently published auxiliary basis sets. Forbasis originates from the A, state of N (2.1 me\). This
Al-Ar the aug-ccpV(X+d)Z basis sets were used through- state and the 13 state of N (deviation 1.5 meY are,
out. however, the only cases with errors larger than 0.5 meV for
In Table 1V, the relative basis set error and the relativethe aug-ccpVQZ basis in our test set.
RI error in the ground-state MP2 and CC2 correlation ener-  The oscillator strength was examined in the velocity
gies are displayed. Both energies are normalized with respegauge; results in the length gauge are essentially the same.

In order to characterize the RI error for excited states,

TABLE IV. Relative basis set and RI error in MP2 and CC2 ground-state correlation energies. The basis set
limit is extrapolated from the triple- and quadrugleesults. The errors are defined &s- (ES""— Ef%)/Efy"
X 100% andA = (E’R,— EX")/Efn X 100% respectively.

aug-ccpVDZ? aug-ccpVvVTZ? aug-ccpvQz?
Basis RI Basis RI Basis RI

MP2
(A) 27.187 0.007 10.417 0.008 4.395 0.006
o 3.817 0.032 1.739 0.009 0.734 0.004
(Al 27.187 0.017 10.417 0.008 4.395 0.006
maxA| 37.129 0.157 14.551 0.042 6.139 0.024

cc2
(A) 26.979 0.005 10.303 0.007 4.347 0.006
o 3.769 0.032 1.704 0.009 0.719 0.004
(Al 26.979 0.017 10.303 0.007 4.347 0.006
maxA| 37.015 0.157 14.524 0.043 6.127 0.024

8For Al-Ar the respectivex-aug-ccpV(X+d)Z basis sets were used.
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TABLE V. Absolute RI errors(meV) in vertical excitation energies. The auxiliary basis sets optimized for
aug-ccpVXZ have been usetho further diffuse functions were added

aug-ccpvDZ?*  d-aug-ccpVDZ®  t-aug-ccpVDZ?  aug-ccpVTZ®  aug-ccpVQz?

All (n=248)

(ARY -1.13 -1.02 —-1.03 —-0.37 —-0.16
TARI 1.09 1.08 1.09 0.34 0.20
(|AR]) 1.23 1.20 1.20 0.39 0.17
maxAR|| 5.14 5.00 5.03 2.02 2.10

#For Al-Ar the respectivex-aug-ccpV(X+d)Z basis sets were used.

The results are summarized in Table VI. For oscillatorexponents. The results fara>1 are improved by roughly a
strengths above 0.001 we find mean absolute errors dactor of 1.5, whereas the cases with smiall do not change
0.28%-0.36%, 0.07%, or 0.03% for double, triple, and quasignificantly. However, if instead the aug-@3/TZ auxiliary
druple{, respectively. The spread is somewhat larger than fobasis set is use@vithout adding further diffuse functiohs
excitation energies and we find maximum errors of 3.8%—results for both regimes ok« are improved by nearly one
4.7%, 0.8%, and 0.6%. Again, no significant change of theorder of magnitude. This demonstrates clearly that the most
RI error for the doubly and triply augmented basis sets oimportant source of the RI error is not a lack of diffuse
double( is observed. We note that the errors for second- andunctions; the problem is rather to correctly fit the density in
third-row elements are a bhit larger, especially for thethe valence region of the ionic core in Rydberg states.
double{ calculations. A similar picture is encountered for the change of the

The oscillator strengths below 0.001 are collected in adipole moment upon excitation. The mean absolute error is
separate statistic. We find absolute RI errors of the order D.1%—0.2%, 0.03%, and 0.02% for the double-, triple-, and
X 10 * (double?) to 1x 107° (quadruple?). Relative errors  quadrupleZ calculations, respectively. For small changes in
are eventually larger than for the stronger transitions disthe dipole moment4 x«<0.5 a.u.), maximum errors are of
cussed in the preceeding paragraph. However, for near-zetbe order 210 2 a.u. for x-aug-ccpvDZ, and 3
values the relative error is meaningless in practice. x 102 a.u. for aug-cpVTZ and aug-cpVQZ. The error

For A« the results were subdivided in a similar fashion. again increases, if diffuse functions are added. Similar as
We chose a value of 1 a.u., which for the small molecules irdescribed above faka the main source of error is found to
the current test set also constitutes a weak criterion whetherlze the fitting of the valence region.
valence state or a mixed or Rydberg state is present.

In both casesf{a<1 andAa>1) we find the RI error
to increase with additional diffuse functions in the one-
electron basis set&f. Table VII). For aug-ccpVTZ and For excited-state energies, transition moments, and prop-
aug-ccpVQZ it becomes smaller again. We redid the calcu-erties, so far no extrapolation scheme has been established
lations in thet-aug-ccpVDZ basis using other auxiliary ba- and thoroughly tested. Therefore we take the aug¢€Z
sis setqTable VIII). First, we tested an aug-qevDZ fitting  result as the best estimate. The basis set error in the sense of
basis augmented with a set of diffuse functions, which wereonvergence with respect to tlijdevel is only meaningful if
extrapolated for each quantum number from the lowest the result is converged with respect to saturation with diffuse

C. RI error versus basis set convergence

TABLE VI. RI errors in the oscillator strengtlivelocity gauge The auxiliary basis sets optimized for
aug-ccpVXZ have been usetho further diffuse functions were added

Absolute RI error(ppm) for very weak transitionsf¢ <0.001)

aug-ccpvDZ?®*  d-aug-ccpvDZ?  t-aug-ccpVDZ?  aug-ccpVTZ®  aug-ccpVQZz?

n=17 n=18 n=24 n=18 n=21
(ARY -29 -34 -34 -0.1 0.4
ORI 12.3 15.0 13.5 25 1.3
(|AR]) 8.9 10.4 9.3 1.8 0.9
maxAR|| 29.1 37.5 38.1 5.8 4.9

Relative RI erron%) for transitions withf’>0.001

aug-ccpVDZ?®*  d-aug-ccpvDZ?  t-aug-ccpVDZ?  aug-ccpVTZ®  aug-ccpVQZz?

n=159 n=158 n=152 n=157 n=155
(ARY —0.05 —-0.01 0.00 —-0.01 -0.01
TR 0.59 0.69 0.76 0.13 0.07
(|ART 0.28 0.34 0.36 0.07 0.03
maxAR!| 3.73 4.59 4.68 0.76 0.57

8 or Al-Ar the respectivex-aug-ccpV(X+d)Z basis sets were used.
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TABLE VII. RI errors in the change of the second moment of chaxgeThe auxiliary basis sets optimized for
aug-ccpVXZ have been usetho further diffuse functions were added

Absolute RI error (10° a.u.) for transitions with\ a<1 a.u.

aug-ccpvDZ?*  d-aug-cc-p\DZ®  t-aug-ccpVDZ?  aug-ccpVTZ®  aug-ccpVQz?

n=31 n=28 n=26 n=233 n=34
(ARY —-0.28 -0.73 —0.50 —-0.10 —-0.02
T AR 1.12 1.84 1.59 0.13 0.05
(|AR) 0.69 0.90 0.69 0.12 0.04
maxAR!| 4.60 7.94 8.13 0.54 0.19

Relative RI erron%) for transitions withAa>1 a.u.

aug-ccpvVDZ?®*  d-aug-ccpvDZ?  t-aug-ccpVDZ?  aug-ccpVTZ®  aug-ccpVQZzZ?

n=217 n=220 n=222 n=215 n=214
(ARY —-0.03 —-0.03 —-0.05 —-0.01 —-0.01
TR 0.10 0.15 0.15 0.05 0.03
(|AR]Y 0.06 0.09 0.08 0.02 0.01
maxAR| 0.61 0.96 1.00 0.56 0.31

8 or Al-Ar the respectivex-aug-ccpV(X+d)Z basis sets were used.

functions. Hence, only those states were included which d6.01 and 0.0033 for each shell. Larger basis sets were too
not differ more than 5% for the respective property whentime consuming for the conventional CC2 calculations. As
going from aug-cgpVDZ to d-aug-ccpVDZ. The vertical fitting basis sets the aug-qev¥ D Z optimized basis was con-
excitation energies were in addition required to differ by lesssidered(a) without further augmentatiorib) with additional
than 0.2 eV between the aug-p&DZ and the diffuse auxiliary basis functions obtained by extrapolation,
aug-ccpVTZ basis. Thus, the test set employed in this secand(c) with additional diffuse auxiliary basis functions at the
tion is restricted to valence states. The results are summaenter of mass (4p4d4f; exponents 0.02, 0.01, 0.0066,
rized in Table X. 0,0033. For comparison also the aug-p&TZ optimized
The most important finding is that in all cases the RIfitting basis was included. The “test set” here consists of the
error is nearly two orders of magnitude smaller than the cord19 lowest excited states.
responding basis set error. For instance excitation energies From the results displayed in Table XI it is evident that
have a mean absolute deviation from the aug@®eZ re-  no diffuse auxiliary functions are necessary. Neither the atom
sult of approximately 0.08 eV at the douhjdevel and 0.02 centered diffuse functions nor the center-of-mass functions
eV at the triple¢ level. The associated mean absolute Rlchange the results significantly. No qualitative difference in
error is 1.1 meV at the doublédevel and 0.4 meV at the the results for the four valence states, which are included in
triple-£ level. It is interesting to note that the mean basis sethe test set, and the Rydberg states was found. The Rl error is
error (A) is negative, indicating that typically the excitation
energies will increase when a larger basis set is employed.
Very similar results are obtained for oscillator strengths andraLe viil. Influence of different auxiliary basis sets on the change of the
excited state properties. second moment of chargkw for t-aug-ccpVDZ basis sets. The auxiliary
Strictly, this has only been established for valence statekasis sets optimized for aug-g/DZ and aug-cgeVTZ have been used:
in this section. For diffuse states tideaugpVXZ or even the set of _dlf'fuse functions used in the mlddle_ column has been obtained by
. . . . extrapolation from the two most diffuse functions of edofuantum num-
t-augpVXZ series must be employed which is too time- pg,
consuming for a conventional CC2 implementation. How
ever, no serious deviations from our present conclusions are  Absolute RI error (10° a.u.) for transitions with\ a<1 a.u.
expected from such a study. Concerning the one-electron bagasis  t-aug-ccpvDz®  t-aug-ccpvDz?  t-aug-ccpVDZ?
sis set convergence it was found in previous stffi&s**  Auxbasis aug-cpVDZ  aug-ccpVDZ-+ diffuse  aug-ccpVTZ
that excitation energies of Rydberg states always increasg
; (ARY -0.50 -0.57 -0.01
when the basis sets are enlarged.

ORI 1.59 1.77 0.06
(AR 0.69 0.73 0.04
D. Larger molecules: Benzene maxAR| 8.13 9.22 0.26

Relative RI erron%) for transitions withAa>1 a.u.

Rydberg states of somewhat larger molecules like ben .

. . . . . . i - - _ - a - - a

zene are studied using special Rydberg-basis functions whlciias'; _ traug CCp\)’DDZZ t a“gvcgg\izif t-aug CCP\\/’TDZZ
are located at the center of chargje the case of benzene _~WP2%'S  8ugc® aug-cep fuse  aug-ccp

identical with the center of mass c¢,)min the course of such (AR —0.05 —0.05 0.00
a study?® the question arose, whether and how to considersr 0.15 0.10 0.03
(|AR) 0.08 0.06 0.02

these in the fitting basis.
The basis set considered here is augpZ+c.m.2,
where ¢.m.2 is an uncontractedZb2d set with exponents 2For Al-Ar the respectivex-aug-ccpV(X+d)Z basis sets were used.

maxAR!| 1.00 0.70 0.16
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TABLE IX. RI errors in the change of the dipole momeA. The auxiliary basis sets optimized for
aug-ccpVXZ have been usetho further diffuse functions were added

Absolute RI error (10° a.u.) for transitions with\ ©<0.5 a.u.

aug-ccpVDZ?*  d-aug-ccpVDZ?  t-aug-ccpVDZ?  aug-ccpVTZ?  aug-ccpVQZzZ?

Ap<0.5 a.u. n=60 n=53 n=54 n=61 n=61
(ARY -0.27 —-0.90 1.09 —-0.04 -0.11
ORI 3.18 5.27 5.63 0.66 0.54
(|AR]) 1.56 2.94 3.15 0.40 0.21
maxAR| 17.82 21.23 23.86 2.97 3.85

Relative RI erron%) for transitions withA >0.5 a.u.

aug-ccpvVDZ?®  d-aug-ccpVDZ?  t-aug-ccpVDZ?  aug-ccpVTZ?  aug-ccpVQZz?

n=159 n=166 n=165 n=158 n=158
(ARY —-0.01 —-0.01 —-0.03 0.01 0.01
TAR 0.12 0.30 0.37 0.07 0.05
(|AR) 0.07 0.18 0.22 0.03 0.02
maxAR| 0.86 1.68 1.63 0.76 0.48

#For Al-Ar the respectivex-aug-ccpV(X+d)Z basis sets were used.

within the range expected from the results of the previous This result is in line with the findings for Rydberg states
sections and is solely determined by the quality of the fittingin the previous sections.

basis at the atoms. The latter is demonstrated by applying the

larger aug-cpVTZ auxiliary basis which now significantly
decreases the errors. However, it also increases the com
tation time by nearly 40% without significantly improving
the overall accuracy which is limited by the one-electron  TheT,-direct code has been developed with the scope of
basis set error and the correlation error inherent to the CCRarge-scale calculations. As discussed in Ref. 26 the conven-
method. tional approach, which stord$* intermediates, is restricted

V. EFFICIENCY OF THE T,-DIRECT RI-CC2
PPPROACH

TABLE X. Comparison of Rl and basis set errors for vertical excitation enefgies/), oscillator strengths
(velocity gauge, 10°%), change in the second moments of charge f18.u.), and change in the dipole mo-
ments (10°% a.u.). The errors for each observalle are defined as\"'=(0y—0p) and AR'=(Oy g,
—0Oy), respectively.

aug-ccpvDZz? aug-ccpVTZ? aug-ccpVQz?

Basis RI Basis RI RI
AE eq (N=132)
(A) —36.57 —1.03 —16.59 —-0.34 —-0.14
o) 89.17 1.07 24.54 0.30 0.11
(Al 81.30 1.11 23.18 0.36 0.15
maxA| 223.09 4.92 112.67 2.02 0.55
v (n=32)
(A) —0.80 —0.03 —-0.22 —-0.01 0.00
o 4.55 0.12 1.07 0.03 0.01
(Al 3.53 0.05 0.80 0.02 0.01
maxA| 12.82 0.67 2.99 0.17 0.03
Aa (n=56)
(A) 227.15 -1.06 4155 -0.14 -0.13
oA 493.98 2.20 285.06 0.95 0.26
(Al 297.37 1.62 107.56 0.41 0.18
maxA| 1962.67 9.66 1848.31 6.67 1.23
Ap (n=57)
(A) 21.85 —0.12 5.73 —0.05 0.00
oa 136.33 0.64 51.44 0.25 0.12
(AD 83.27 0.46 21.90 0.15 0.07
maxA| 551.21 2.17 301.19 1.12 0.63

8For Al-Ar the respectivex-aug-ccpV(X+d)Z basis sets were used.

Downloaded 02 Oct 2002 to 141.52.232.84. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpol/jcpcr.jsp



6950

TABLE XI. Relative RI error(%) of excitation energy, change of electronic

J. Chem. Phys., Vol. 117, No. 15, 15 October 2002

second momenfA«) and oscillator strengttvelocity gauge for 19 excited

states of benzene. The augp¥DZ basis set augmented with a set of
center-of-mass functions and the geometry of Ref. 45 was used in conne

tion with different RI basis seté&see text

C. Hattig and A. Kohn

In the quadruples basis, the conventional CC2 calcula-
tions were all run either in the integral-direct métier on
workstations with fast I/O capacities. The RI code still runs
efficiently on the standard PC’s. For SE is over 50 times
faster than the conventional calculation. The largest calcula-

/Q:;‘i"s'ary AUCEVDZ ated Adad Tz tion in the test set was AlfNH, (353 basis function irC,,

ge® extrapolated +c.m.(4.4.44) aug-cp symmetry, which took only 340 min for 12 states.
AE (n=19) These observations confirm the efficiency of the current
@ 0.0030 0.0059 0.0038 0.0010 CC2 approach. As already stated in previous studies on
E\TXD 8:8822 8:88‘712 8:88;‘2 8:8823 RI.—MPZ,Zl'ZZthe RI approximation becomes increasingly ef-
max() 0.0083 0.0101 0.0085 0.0029 ficient for large basis sets, as the most expensive step, Eq.
Aat (n=19) (11), scales withO?V2N,.. Large-scale applications of the
(A) 0.002 —0.014 —0.004 —0.008 RI-CC2 approach for transition moments and first-order
o4 0.108 0.107 0.098 0.012  properties of excited states have already been reported in two
(AD 0.051 0.053 0.050 0.010  previous communications where the excited states of
max(@) 0379 0.363 0332 0046 henzen® and trans-azobenzetiewere studied employing
f*(n=4) up to 828 and 874 basis functions, respectively.
(A) -0.012 0.014 -0.028 0.006
oa 0.347 0.365 0.332 0.036
(Al 0.249 0.243 0.249 0025 V1. CONCLUSIONS
max(d) 0.474 0.514 0.443 0.054

We have presented a partition€d,-direct formulation
of the CC2 response equations, which allows us to calculate
transition moments and ground- and excited-state first-order
to calculations with below approximately>410® double-  properties without the need of storing aNy intermediates
excitation amplitudesrequiring 3 GB of disk space for each either in memory or on disk. In connection with the RI ap-
doubles intermediajee.g.,~40 occupied orbitals ane500  proximation for the electron repulsion integrals this leads to
basis functions irC; symmetry. It is, however, interesting to a very efficient implementation, which extends the applica-
note that even for small molecules as employed in the abovhility of the CC2 method significantly. Already for relatively
test set, the RI approximation makes the code very efficiensmall molecules the performance is much improved. Unlike
In Table XII the timings of Sk are presented. All these for the conventional implementation imLToN,* all calcu-
timings were obtained on standard Athlon 1.2GHz PCs withations for the present investigation could be run with low
750 MB RAM and 25 GB mass storage. computational requirements, especially concerning the 1/0.
For the aug-cgpVDZ basis set, the Rl code is only The accuracy of the RI approximation and convergence
slightly faster. Augmentation with further diffuse functions with respect to the one-electron basis set has been studied for
increases the computation times of RI-CC2 only slofdlya  the CC2 ground state and excitation energies, transition mo-
factor of 2, while the timings of the conventional code in- ments, and first-order properties of excited states. The test set
crease by a factor of 8. This reflects the fact that the size ofmployed in the present investigation, which consists of 29
the auxiliary basis set stays constant, which leads to a lowanolecules and 248 excited states, does not reveal any serious
scaling of the time determining steps. problems with auxiliary basis sets optimized for MP2 corre-
At the triple<¢ level the RI calculation runs 5 times faster lation energies, at least for the correlation-consistent basis
than its conventional counterpart. The CPU/wall ratio of con-sets used in the present study. We find errors of typically 1
ventional nondirect calculations begins to drop significantlymeV and below for excitation energies, with relative errors
due to the limited I/O rate of the PC system employed; forbelow 0.1%. Oscillator strengths exhibit RI errors of at most
other triple{ examples of the test set with more than 1505% for the x-aug-ccpVDZ basis sets and below 1% for
basis functions the observed ratio goes down to 0.5. aug-ccpVTZ and aug-capVQZ. For excited-state first-

TABLE XII. Timings for the Sk molecule obtained with RI-CC2 and a conventional CC2 implementation
(pALTON). The elapsed wall time and CPU time for the coupled-cluster (gaound state and 11 excited states
including transition moments and first-order propejtiase given.N is the number of basis functions. All
examples were run on an Athlon 1.2 GHz system with 750 MHz memory and 25 GB mass storage.

tRICCZ tCCZ
N Wall CPU Wall CPU
aug-ccpvDZz? 78 13.2 13.2 21.3 20.9
d-aug-ccpvDZ? 105 155 155 67.3 66.6
t-aug-ccpvDZ? 132 22.8 22.8 168.1 166.0
aug-ccpVTZ? 147 44.4 44.4 221.3 211.6
aug-ccpVQz?2 249 189.9 189.7 129848 10692.6

#For sulfur the respective-aug-ccpV(X+d)Z basis set was used.
PIntegral-direct run.
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