JOURNAL OF CHEMICAL PHYSICS VOLUME 113, NUMBER 13 1 OCTOBER 2000

CC2 excitation energy calculations on large molecules using the resolution
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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 electrofsa6d basis functionsN) to,
respectively©O(N?) andO(nN?), compared t@(n?N?) 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 G,H,,.», forn=1-12, and report results for the lowest lying dipole-allowed transitions
for the TZVPP basis sets, which faor=12 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 Rl approximation is negligible compared
to the usual basis set error, if auxiliary basis sets are used, which have been optimized for MP2
energy calculations. €000 American Institute of Physid$$0021-96060)31237-5

I. INTRODUCTION particular the applicability of the CC2 and the CCSD model
to large scale calculations on molecules with up to 10-15
Since the first implementations of excitation energiesatoms and 400-600 basis functions, provided that molecular
within the framework of COUpled cluster response theorypoint group symmetry can be emp|0yed to reduce Computa-
were reporteti* between 1984 and 1990 for the coupled tional efforts. Applications to larger systems are hampered
cluster singles and double€CSD model, the coupled clus-  for the CCSD model by the steep increase of the computa-
ter response approach has gained increasing popularity ag@na| costs(in terms of CPU timg which for the most ex-
has been applied to many different properties. Today it CaBensive contributions scale aB8\N* andn3N2, wheren is the
be considered one of the most important standard approach§ yner of correlated electrons aNdhe size of the basis set.

for the calculation of accurate excitation energies antkqineqral-direct CC2 calculatiotfithe most severe bottle-

frequency-dependent molecular properties for small and M&ecks are, beside the computational costs for calculation
dium sized molecules. Implementations for excitation ener-ocN4) I/d (N4 and transformation of the two-electron

gies have now been reported for a broad spectrum of meth- 2 .
ods covering coupled cluster singlé€CS, for excitation integrals (NN}, the large memory and disk space demands
’ scaling asnN2. In particular the latter demands restrict to-

energies also known as configuration interaction singles C . . )
CIS, or Tamm—Dancoff approximation, TDAthe approxi- day the applicability of the implementation to systems with

mate coupled cluster singles and doubles method T@#, less than 4 10° double excitation amplitudete.g., ~40

CCSD model, and numerous methods with iterative or non®ccuPied orbitals ané=500 basis functions ilC; symme-

iterative approximations for the contributions of connectedtry)' , )
triples (CCSDT-1887 CCSDT-16 CcCSDT-3° A number of different approaches have been proposed in

EOM-CCSOT),X® cc31?2 cCcSDR3),:® CCSDR1g),!®  the last years to reduce the computational costs of electron
CCSDR1b)*® ...). With increasing complexity and compu- correlated methods. For example the local correlation ansatz

tational costs, these methods give increasingly accurate réeveloped by Pulay and Sz2b&°and Scfitz and Wernet?

sults for excitation energies. In particular the sequence CC®r the Laplace transformation proposed by Alimiand

CC2, CCSD and CC3 has been shown to form a systematidaser®~** for MP2 and the perturbative triples correction

hierarchy for excitation energy calculations with average andncluded in CCSIT) or the resolution of the identityRI)

maximum errors decreasing approximately by a factor of 3 a@pproximatior®?* implemented, e.g., for MP22® and

each new level? CCSD?° Despite their unquestionable advantages all of these
Recently, integral-direct implementations have beerapproaches still have some weaknesses. The local correlation

reported™*® for some of these methods which extended inmethods neglect about 1%—5% of the correlation energy and
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rely on the use of small, compact basis sets to obtain efficientABLE I. Explicit expressions for the CC2 vector functions and for a trial
Screening ratios. Also the efficiency of the Laplace transfor_vector linear transformed with the effective Jacoliggs.(1), (2) and(13)].

ti thods d d . ti d th tThe single and double excitation parts of the vector function are written
mation metnodads depenas on screening ratios an us on r%pectively as QaFQSi'*‘Q:i"‘QIai'*‘Qii and  Qup=(11

use of compact basis sets, and in practice significant savmg,55” 1) (05, +QF, )}, whereF is a Fock matrix calculated from the

in the computational costs can first be gxpected for relal'uveI)éim“arity transformed Hamiltoniarfi and 120= (1+ &, 6,,){2t2— 123},
large molecules. The resolution of the identiBi) approxi-  The transformed vector is written as(w,b;)=00+ 0%+ o+ 0o
mation reduces for electron correlated methods enormously +J,. For the definition 0b3° see Eq.(14).

the pre-factor but not the scaling of the computational costs

with the size of the system. i 0= ZpE by — T4 Eff

However, since the efficiency of the RI approximation 0G=+Zacti (1d]ac) o= +2qcbi’ (Id|ac)
does not depend on screening ratios and thereby on localiza-  QF=—x3,t2%!d|ki) oth=—34,b2(1d ki)
tion or compact basis sets, it is well suited for correlated QL=3, 1% ol =3 (b3 4+ 139F )
methods for excitation energies, which usually require basis Q)=F, oh=FL;

sets of at least polarized triple zeta quality in order to provide

. . 4 . QF, =(e,— €+ ep—€)t2° w_g cad/ 1]
results with a balanced accuracy, i.e., with a basis set error abi Rt ATETAA Egy=Fap~ Zawtii (1d]kb)

small compared to the error inherent to the method. As we Q&= (ailbj) Ef=Fj+Zacti’(ld]jc)
will show in the following, for the approximate coupled clus- Fla=3=cd2(1d|ke) — (Ic| kd) Tbgg
ter singles and doubles model CC2 the RI approximation Fl=S 0 2(ailke) — (ac| ki) Tbe

leads immediately to significant reductions for all bottle-
necks present in a conventional AO integral-direct imple-
mentation. The computational costs for calculation and trans-

formation of two-electron integrals are reduced by about one hereC is the usual SCF MO coefficient matrix, the explicit

order of magnitude, and the memory and disk space demami\%( ressions for the single and double excitation vector
are reduced fromO(n?N?) to, respectively,O(N?) and P g

O(NN?). Thereby, the RI approximation extends the app”_functlonsQM1 and (), can be cast into the form listed in
cability of the CC2 method to systems which are 2—3 times! able 1.

larger than those that can be handled with a conventional AO 1€ double excitation part of the CC2 equations has a
integral-direct implementation. particularly simple form, which, apart from the modification

of the MO two-electron integrals, is identical to the form of
the MP2 equations. For a known set of single excitation am-
pIitudestMl, they can thus be solved explicitly for the double

excitation amplitudes:

IIl. THEORY

The equations for the approximated coupled cluster

singles and doubles model CC2 in absence of external per- = 1 (ailbj) _ @)
turbations have been introduced by Christianseal. in Ref. 146 6ap €~ €at €€
5as: Substituting Eq(7) into the expressions fdp #y results in an
Q#1=(M1||:|+[|:|,Tz]|HF>=0, (1) eff(_ectlve equation for the single _exc_:ltatlon a_mplltudg%
which references the double excitation amplltudgzsonly
QM:(M“:' +[F,T,]|HF) =0, ) as intermediates, calculated and contracted with two-electron

integrals “on-the-fly,” without need to store a complete set

where{(u4|,(u,|} denote the single and double excitation of t,,. The effective equations fdr, can be solved using
manifolds a”dTZZEuztuJuz is the double excitation clus- the same algorithms as employed to solve the usual CC2 or
ter operator. The residudd is also called coupled cluster CCSD equations, e.g., a simple DIIS algorithm, and require

vector function.(HF| is the SCF wave function anfl the ~ @bout the same number of iterations to converge.

SCF Fock operatort! is the Hamiltonian, similarity trans- Eliminating the double excitation part of the CC2 equa-

formed with the exponential function of the single excitation 3913 alone WOUI_d not rctedug:e the scalln%f_of_ th? met?:orfyl/ andl
cluster operator exiy) with T,=3, t isk space requirements, because an efficient on-the-fly cal-

warig Ty culation oft,p; from four-index AO integrals ¢|y6) fol-

I:|=exp(—T1)H exp(Ty). ©) lowed by a contraction with the integraléd(ac) requires
storage of a complete set of either the half-transformed inte-
Using the modified two-electron MO integrafs: N

grals (ai|yj), or the three-quarter-transformed integrals
(ai|bj), scaling with~n?N2. A reduction in the scaling of
disk space requirements tenN? and significant savings in
the demands for memory and I/O are obtained with the reso-
AP=C(1-1]), (5) lution of the identity(RI) approximation for the two-electron
integrals. In the RI approximation the four-index two-
Ah=C(1+t1), (6) electron integrals are expanded in an auxiliary b@Bjsas

(palrs)= QBZW APAR AP AS(aBlyd), (4)
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of the four-index integrals from thB8S intermediates
and the contraction of the amplitudes witf, to Y7,
both need®(n®N%) operations. The memory require-
Veo=(PI|Q), ©) ments for arrays keeping the three-index integrals,
where (@B|P) are three-index two-electron integrals and
(P|Q) two-index two-electron integrals. This allows to per-
form the AO to MO transformation and some of the contrac-
tions with three-index integrals instead of four-index inte-
grals and removes the need to save any four-index integrals
on disk. The contractions needed for the calculation of the ) i P )
CC2 vectors resemble some of the contractions needed for * formation of the intermediat€i,, recalculation of the
the calculation of the MP2 density matrices. Thus, we can  three-index Rl-integrals and contraction witf{, to

<ozﬁl~y5>=§2 (aBIP)Vpa(Qlyd), ®)

(ai|bj), ff}b andY!, scale with~mNN,,,, wherem is
the size of the subsets of occupied orbitakndJ and
N.ux the dimension of the auxiliary basis sggpically
Nau=2.5<N). The I/O scales witmN?n, , wheren, is
the number of subsets

for the formulation of an algorithm for the RI-CC2 method QS} (step 5. This step require®(nN3nz) operations
follow the same strategies as outlined by Weigend and  andO(nN?nz) I/O for the YS intermediate, wherez
Haser® for the RI-MP2 method. A scheme of the algorithm is the number of subsets of basis functids

for the calculation of the CC2 vector function is shown in

. Q h
Fig. 1. The three most important steps are: The integralsBjj, are due to the structure of the” and A

matrices independent of the cluster amplitutiesand can

« calculation of the three-index Rl-integrals and the AObe pre-calculated and stored on disk once at the beginning.
to MO transformatior(step 2. This step need®(nN?3) A similar technique as outlined above for the CC2 vector
CPU time and the subsequent storage of the transunction can be used to reformulate the CC2 eigenvalue
formed integraIsBSi on file requires~nN? disk space. problem for excitation energies such that no complete double

) ) ) ~ excitation amplitude vector needs to be stored in memory or

+ formation of the four-index MO integralsa(|bj), cal- o gisk. In coupled cluster response theory excitation ener-

culation of the amplitudet® and contraction wittB;,  gies are obtained as eigenvalues of the Jacobian matrix,

and IA:J-b to Y, and Q. (step 4. This is the most ex- which is defined as derivative of the vector function with
pensive step in terms of CPU time, since the formationrespect to the cluster amplitud@s:

0, [ (A7, ]+ R, 7, LTI HP) - (ual[H, 7, 1 IHF)
A -V-: = ~
Hij &t,,j <M2|[H ’ Tvl]|HF> 5#2"26#2

(10

The doubles—doubles bIoa!kW2 is diagonal with diagonal

elementse,pj= €,— €+ €,— ;. This can be employed to ff#l(w,bl):Aifiyl(w)bVl:

partition the CC2 eigenvalue problem as:

A, A

K172 "YoV1
Apv————|b,,-
171 —w 1

672
(13

A#172A72V1
M1V —
672 w

A = wE (11) Like the single excitation part of the vector functi@L1 the

' " transformed vectwﬂl(w, R) can be computed without stor-
A E ing a complete set of double excitation amplitudes, neither in
E —__r2v (120  memory nor on disk. Required is only the capability to cal-
Ha €u,” @ culate and contract on-the-fly with other intermediates the

) ) ) ) _ double excitation cluster amplitudqa;? and an auxiliary vec-
Equation(11) is an effective, but now nonlinear, eigenvalue . +ab

equation which has only the dimension of the single excita- i
tion manifold. Since the double excitation part of the eigen- — —
vectorE,, is related in a simple way to the single excitation ~ap_ 2(ai|bj)—(bilaj) 14
partE, via Eq.(12), the complete information which can be U e~ €ate—eptw
obtained from the CC2 model about the excited states is
contained in the single excitation part of the eigenvectors angalculated from the modified two-electron MO integrals
in the excitation energies.

To solve Eq.(11) by iterative techniques, we need the
capability to transform for a given guess fera trial vector
b g with the effective matrix appearing on the left hand side

of Eq. (12): + AP AR ALY (aBlyd). (15)

(ailpf) =P >, (AaAf
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1. calculate AP

h
ap? Aozp

2. loop I (where I is a subset of active occupied orbitals i)

calculate (| P) for all o, 3, P
B2« A AL (aB|P)Vig* forie I

store Bg on disc

end loop |
3. form i9 = Bty and Fj, = B 1% — BY BY 14
4. loop I ‘
read B fori e I
loop J
— read Bg and Bﬁ forjeJ
— (aifby) « BLBY
= it} {2ailbd) — (ajlbi) }/ {6 — e+ — o)
- Y] « i B and QL + {2 [,
end loop J

store YZ on disc
end loop 1
5. loop E (where = is a subset of basis functions 8)
loop- 1
— read Bf, and YE forie I
— T5 « (VAL + 205, iP — Ab t, BEYVR
end loop 1
calculate (Plaf) for B € =
Q57 + Tl(Plap)

end loop =

6. Qo — (eo — )2+ QL+ A2 Q7

aa®“ai

PP
- Y;kBkz

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

In the last equation, the operat®f,” symmetrizes a function
faip; in the index pairs i) and ©j) as ﬁffgai,bjzfai,bj
+fpj.ai - The transformation matrices” andA™ are defined

as AP=-C bI and A"=C b,. Explicit formulas for
o, (w,by) are given in Table I. The intermediat&s}) and

Ei(j1 are independent of the trial vectby and can be pre-

calculated and kept on file once the equations for clustef . )
d alternative algorithm before the DIIS procedure can be ap-

amplitudest,, have been solvetf. The contractions require
for the individual contributions t@ml(w,bl) have the same
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pendence of the effective JacobiAﬁfI,,l(w) on the excita-

tion energyw. As a consequence the transformed trial vec-
tors chl(w,bl) depend orw and it is no longer possible to
use, e.g., the Davidson algorithm to solve simultaneously for
several eigenvalues and eigenvectors using a common set of
orthonormal trial vectori)M1 and the corresponding trans-
formed VECtOI'ST’ul(w,bl), at least not without modification

of the algorithm.

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

(1) In iteration i, the transformed vector 02)1
=0M1(w(i),b(1i)) is constructed for the present approxi-
mate eigenvalues() and eigenvectob(). A new ap-
proximation for « is obtained as ™Y
=(a20D)/|[b[|* and the residual is calculated ac-
cording tor ) = (') — &V b{))/[|b{"]].

If the norm of the residual vectdir|| has become

smaller than a predefined threshold the procedure is con-
verged, else a perturbational estimate for an update of
the trial vector is calculated ag))=r{)/(e;— €,). In the

first iterationuﬁ}l) is used without modification to calcu-

late the next trial vector ab§ ™= (b{)+u(})/|[b{]|.

1 M1 g}
In all subsequent iterations an improved update vector
uﬂ’l is calculated by solving the DIIS problem for the
series ofuﬁi)l vectors. Then the procedure continues with
step 1.

)

The DIIS procedure turned out to be a stable and rapidly
convergent algorithm for the solution of the partitioned CC2
eigenvalue problem, provided the initial guesses for eigen-
values and eigenvectors are close enough to the final CC2
results. It has the additional advantage of being a single root
algorithm, i.e., it is possible to solve for high lying excitation
energies without converging all lower lying states. An initial
guess for the CC2 excitation energies and eigenvectors can
be obtained, e.g., from the coupled cluster single€S
method. However, often the CCS eigenvalues and eigenvec-
tors or the results of other initial guesses are far from the
converged CC2 results and then the DIIS procedure con-
verges only slowly or may even diverge. In this case, the
igenvalues and eigenvectors must be pre-optimized using an

plied. For this purpose we use a modification of the David-
son algorithm, which employs that a set of converged eigen-

structure as the contraction needed for the calculation of th@alues and eigenvectors will fulfill the linear generalized

CC2 vector function. The algorithm for calculating
‘Tuq(“’vbl) is thus obtained straightforwardly by generaliz-

ing the algorithm forQMl.
A nontrivial complication introduced by the partitioning

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

eigenproblem

Ared: Sredﬂred (]_6)
with
— " ) N ) .
AF=EQA (0EV=EQ g, (oD EW),  (17)
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TABLE II. Vertical excitation energiegin eV) for the lowest singlet excited states in ethen¢i{, obtained
with the TZVPP basis sets at the RI-MP2 equilibrium geoméffy|| is the norm of the single excitation part

of the CC3(right) eigenvectorsA RI is the error(in eV) in the RI-CC2 excitation energies due to the RI
approximation.

Symmety  B3-LYP RPA CCS RICC2 CCSD  CC3 |T4 ARI
Bu, 7.72 758 801 8.27 834 822 096 —0.78<10°3
Big 8.09 914  9.19 8.73 865 859 093 —0.97x10°3
Bay 8.11 869 871 8.84 883 875 094 —2.95¢10°3
Bug 8.71 939 944 9.59 958 951 095 —117x10°3
Bag 8.96 981 984 9.81 9.78  9.68 093 —0.70x10°3
Bag 956 1024 1036 1020 1018 1011  0.95 —1.04<10°3
Bag 1040 1190 1191 1112 1119 1110  0.94 —1.37x10°°
A, 1052 1143 1146 1153 1149 1132  0.86 —0.83<10
A, 11.08 1257 1261 1197 1176 1158  0.89 —0.62x10°3
Bay 1139 1211 1213 1223 1220 1211  0.94 —1.09<10
Bay 11.28 1285 12.88 1215 1223 1214  0.94 —0.57x10°3
Bi, 1128 1307 1313 1221 1231 1222  0.94 —0.89x10°°
A, 1208 1261 1266 1275 1260 1244  0.86 —0.94<10°3
Bay 1223 1248 1256 1281 1275 12.64  0.93 +0.85<10°°
Bag 1223 1310 1313 1313 1310 1300  0.93 —1.08<10

and §™'= EE,[)lEE,{i and Q7%= 5, !. Starting from an initial macro-iteration, the present macro-iteration is stopped

set of approximate eigenvalues and trial vectors the David- and the procedure is restarted from the present optimal
son algorithm and Eq.16) are used to obtain an improved  solutions with step 1, discarding &if" ando(" vectors.

set of eigenvalues and eigenvectors, ignoring the dependence Otherwise the macro-iteration is continued by extending
of ¢, on 0. When the results for the norm of the residual th(?) reduced spgqé)(')} for each nonconverged solution
vectors become comparable to or smaller than the difference E(i) by(j? new trial vector generated from the residual as
between the present solutions for the eigenvalues and the Pai —Tai/(€i—€a). Provided that not all eigenvalues/
initial guess, the procedure is restarted using the present op- €igenvectors are converged, the procedure continues
timum solution as new initial guess. These macro cycles are  With step 1.

iterated until self-consistency is obtained:

(1) For the new trial vector®® and frequenciess() the
sigma Vectorg;-(i):Aeﬁ(w(i))b(i) are computed. Ill. EXCITATION ENERGIES FOR THE ALKENES
(2) The reduced space matrica&® and S® are set up for CanHzn+2 FOR N=1,...,12
the present set of trial vectors and the generalized eigen-
problem Eq.(16) is solved to obtain new approximate . To test the performance of the RI-CC2 method we ap-
eigenvaluesy() and eigenvectorE® = ¢ b() plied it to the calculation of excitation energies for the lowest
= 2iCjpr. ; ; : ) ;
(3) For each required eigenvalue/eigenvector the residuaeiInglet excited states in ‘h? al trans alkenqgl-gnfz W'_th
vector is calculated as(j)=2icji oW oMED |fthe N=L---12, toinvestigate in particular two questions:
M1 '

norm of the residual vectors has become smaller than the « How large are the errors in the excitation energies due
changes in the eigenvalues since the beginning of the to the resolution of the identityRI) approximation?

12l
0.96 0.93 094 095 093 095 094 086 0.89 094 094 094 086 093 093
1.2 1 1 1 ) 1 1 1 1 1 1 1 1 1 1 I

14 B3-LYP —+-
shifted B2-LYP --%--
RPA --%--
CCs —E-
CC2 —m—
CCSD -o-

VE_ FIG. 2. Performance of different response methods for
the lowest 15 excited singlet states of ethane. The plot
shows the deviatiofin eV) of the B3-LYP, shifted B3-
LYP, RPA, CCS, CC2, and CCSD excitation energies
from the corresponding CC3 results which are used as
benchmark(For geometry and basis set see text.

Error in eV

-0.2
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TABLE lll. Vertical excitation energiesin eV) for the lowest singlet excited statestians-butadiene ¢Hg,
obtained with the TZVPP basis sets at the RI-MP2 equilibrium geomgTyjl is the norm of the single
excitation part of the CCSDright) eigenvectorsA Rl is the error(in eV) in the RI-CC2 excitation energies due
to the RI approximation.

Symmetry B3-LYP RPA CCS RICC2  CCSD |T4 ARI
By 5.75 6.07 6.42 6.37 6.57 095 -120x 103
Aq 6.84 8.00 8.33 7.57 7.47 0.88 —2.11 x 103
A, 7.15 8.03 8.05 7.90 7.92 094 -2.82x 1073
A, 7.20 8.49 8.51 8.04 8.09 095 —4.01x 103
By 7.38 8.20 8.22 8.18 8.22 095 -6.88x 1073
A, 7.61 8.77 8.84 8.44 8.49 095 -808x 103
Aq 8.06 9.12 9.25 8.59 8.61 095 -023x 103
A, 8.23 9.40 9.50 8.98 9.04 095 +2.53 x 103
By 8.24 9.46 9.52 9.07 9.05 094 +241 x 103
By 8.73 9.76 9.83 9.64 9.65 095 -536x 1073

« How efficient is the implementation for large mol- corresponding full Cl number$;>® as benchmark to assess
ecules? the correlation errors inherent to the less accurate methods.
An additional point is that the CC2 method never beforeFigure 2 shows the deviation of the RPA, CCS, TDDFT,
could be applied to molecules with large systems of conjuCC2 and CCSD results from the corresponding excitation
gated double bonds. It is therefore not known how well theenergies obtained at the CC3 level for the 15 lowest excited
CC2 method will perform for such molecules, where thestates of ethylene. We find the usual pattern: RPA and CCS
HOMO-LUMO gap between the SCF orbital energies de-give similar results with errors as large as 1 eV. For most

creases continuously and second-order perturbation theory @xcitations the RPA and CCS results are blue shifted com-
expected to break eventually down. pared to the CC3 results, but the errors show no correlation

For the calculations on the alkenes we employed th&vith the contributions of double and higher excitations to the
TZVPP basis set&?from the Turbomole basis set librafy, —€xcited state, which can approximately be measured as (1
consisting of a[5s2p1d]/(3s2pld) contracted set for H —|[Tal[), where|[T4|| is the norm of the single excitation
and of a (136p2d1f)/[5s3p2d1f] contracted set for C, part of the CC3 eigenvectors. TDDFT with the B3-LYP
and for the auxiliary basis for hydrogen of as@p2d1f) functional yields excitation energies, which are systemati-
and for carbon of a (86p5d3f1g) primitive set. This basis cally red shifted by about 0.7 eV. If this systematic error is
is not sufficient to give accurate results for the excited stategorrected by shifting the TDDFT results such that the aver-
of the shortest polyenes, in particular of ethene, since forge deviation from the CC3 results becomes zero, the re-
these molecules even the lowest excited states are rather diftaining errors in the TDDFT excitation energies are of simi-
fuse and have partially Rydberg character. With increasindgr magnitude as the errors in thencorrectef CC2 results,
chain length, however, the character of the lowest dipold-€., about 0.15-0.2 eV. At the CCSD level the deviations
allowed transition becomes dominantly— =*, and the from the CC3 results are reduced to about 0.1 eV. For CC2
TZVPP basis sets can be expected to give accurate results fdpd CCSD the remaining correlation error is correlated with
this transition. The geometries used for the CC2 calculation$e measure for the contribution of double and higher exci-
were obtained by optimizing the structures at the RI-MP2tation levels, 1-||T,||, as obtained at the CC3 levélhis
level employing the same basis sets. correlation is less good with tHéT,|| norm obtained at the

In Table Il we have listed the lowest 15 excitation ener-CC2 or CCSD leve).
gies of ethene as obtained with RI-CC2 compared with CCS, A similar comparison for the lowest 10 excitations in
RPA, TDDFT(B3-LYP), CCSD and CC3 results obtained at transbutadiene is presented in Table Ill. Because for this
the same geometry and with the same basis set. The RPRolecule CC3 calculations in the TZVPP basis were no
and TDDFT calculations were performed with the ESCF
program of the Turbomole paCkagde_'% the CCS(non-RD, TABLE IV. Vertical excitation energies for the *B,, state for the all-trans
CC2, CCSD, and CC3 calculation were done with thepoyenes G H,,., in eV, calculated in the TZVPP basis sets at the MP2
Coupled Cluster response program of Koehal®%%37  equilibrium geometries.
which is interfaced with Dalton, release £DIn the last

I RPA cCs TDDFT cc2

column of Table Il the errors of the RI-CC2 excitation ener-
gies due to the RI approximation are given. For all states 2 6.07 6.42 5.75 6.37
. taated. th f1h der of meV. and th 3 5.14 5.44 4.69 5.30
investigated, these errors are of the order of meV, and thus 452 479 401 4,60
completely negligible compared to the remaining correlation 5 4.08 4.32 3.53 4.11
error inherent to the CC2 method which is typically of the 6 3.75 3.98 3.18 3.75
der of 0.2-0.3 eV*3% 6. two ord ¢ tudes | 7 3.50 3.72 2.90 3.47
order of 0.2—-0.3 eV,"*"i.e., two orders of magnitudes larger 8 330 351 567 394
than the RI error. 9 3.13 3.34 2.49 3.07
Since for GH, in the TZVPP basis set full Cl calcula- 10 3.00 3.21 2.33 2.92
. feasibl in the following the CC3 r 11 2.89 3.10 2.20 2.80
tions are not feasible, we use in the following the e- 1o 280 301 209 270

sults, which typically deviate by less than 0.1 eV from the
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lowest excitation in eV

+ CC2

X CCS

% RPA

O DFT

—— 949 x (n 4+ 0.18)7%% eV

8.67 X (n + 0.00)°" eV

8.56 X (n + 0.12)7045 eV

----------- 1134 % (n +0.77) % oV

C. Hattig and F. Weigend

FIG. 3. The lowest singlet excitation energies in the
all-trans polyenes G,H,,.» as function of the chain
length. Fit of the CC2, CCS, RPA, and DFB3-LYP)
results (in eV) to a power law of the formax(n
+b)¢, wheren is the number of gH, units. (For ge-
ometries and basis set see text.

T
Croliz

T T T
CyHe CeHy CgHio Crollig CisHisg Caallag

number of CyH; units

longer feasible with acceptable costs, we can only compare Table IV lists the vertical excitation energies for the
the results of the lower-order methods with the CCSD numiowest dipole allowed transition, *B,—1 lAg, for the
bers. We find the same trends as for ethylene results: fquolyenes G,H,,., for n=2, ...,12 forRPA, CCS, B3-LYP
most states the difference between the CC2 and CCSD rend CC2. As shown in Fig. 3, the results fit for all four
sults is less than 0.1 eV; only for the lowest'@,) state the methods nicely to a power law of the form
CC2 and CCSD results differ by 0.2 eV. RPA and CCS giveAE; 15 . ;15 (N)~aX(n+Db)®. Again, we find that CCS
again very similar results, for all but the'B, state blue ang RPA behave very similar, in particular the exponent
shifted compared to the CCSD excitation energies. The degnd by least squares fit to the results foe 2, . . .,12, are
viations between the CCSD results and the RPA and CCQjith —0.43 (CCS and —0.45 (RPA) very similar. The ex-
numbers are unsystematic and as large as 0.8RBA) and  (jiation energies obtained with CC2 decrease significantly
0.8 eV (CCS. Again, TDDFT with the B3-LYP functional yqre rapid with increasing carbon chain length (c
yields excitation energies, which are systematically red:_0_51) and the fastest decrease ;15 . ;14 (N) is
shifted, compared to the CCSD results by about 0.8 eV. Iffound for B3-LYP withc= — 0.67 u u

this systematic deviation is corrected by shifting the TDDFT Figure 4 shows the CPU timings for the calculation of

results such that the average deviation from the CCSD re- . . .
9 aﬁhe CC2 vector functior) #y and a transformation of a trial

sults becomes zero, the remaining deviations are of simil ) i o
magnitude as deviations between CCSD and (inecor- vector with the effective Jacobmﬁlvl(w) b,, for the poly-

rected CC2 results. The errors introduced by the RI approxi-enes G,H,,,» as a function of the chain lengthon an IBM
mation (A RI) are fortrans-butadiene somewhat larger than Power 3 225 MHz processor, which has a peak performance
for ethylene, but still between one and two orders of magni-of 880 MFlops. No molecular point group symmetry was
tude smaller than the remaining correlation error inherent irexploited in these calculations. For the lower oligomets (
the CC2 method and much smaller than the expected remair=6) a significant fraction of the total CPU time is spent for
ing basis set error. integral evaluation and transformations and for computing

10000

1000 o vector function ——

Jacobian transf. --X--
100 4
n% x 0.004 min ------

FIG. 4. Scaling of the CPU timings for RI-CC2 calcu-
lations with the system size. Shown are the CPU timing
in minutes on a 225 MHz IBM Power 3 processor for a

—
o
1

CPU time in minutes on a IBM Power 3 225 MHz

=
Rt
-

oo T

0.001
CoHy

T T T
CqHg CoHs CsHio  Crolliz Ci2Hia

Number of C3H, units

T T T
CigHis  CaoHaz Cagllag

single vector function calculation and for the transfor-
mation of a single trial vector with the Jacobian matrix
for the all-trans polyenes as function of the chain
length. (For geometries and basis set see jext.
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