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Triplet excitation energies are derived in the approximate triples model CC3 using an explicit spin
coupled triplet excitation space. The explicit spin coupled excitation space gives considerable
computational savings compared to the spin—orbital approach. Sample calculations are performed
on the Bg and CH systems and the performance of the CC3 results are evaluated from a
comparison with full configuration interactidrCl) results. © 2001 American Institute of Physics.
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I. INTRODUCTION CH,. The Bg system was chosen since an accurate calcula-
tion of the ground and excited state energies for the beryl-
The accurate calculation of excitation energies is a diffi4jum dimer is sensitive to electron-correlation effects. Due to
cult task in quantum chemistry since it requires a balanceghe presence of a large static correlation in this molecule the
description of the ground and the excited states. In the ffamebrecision of the CC3 model will probably be somewhat
work of linear response methodology coupled clus®€)  |ower than for most other moleculésTheoretical studies of
theory may be used to obtain a balanced describtion anghe ground state of Behave been numerod?;*® whereas
hierarchies of CC models have been established where ikt dies of the excited states are more spHs®.The CH,
proved accuracy is obtained at each level in the hierarchy. I8ystem was chosen since it is a commonly studied system

previous publications the accuracy of singlet excitation enefyhich has a small energy difference between the triplet
gies has been considered using the hierarchy CCS, CC@round state and the lowest singlet s

CCSD, CC3, CCSDT, . where CCS, CCSD and

CCSDT are the standard coupled cluster models that include

all singles, all singles and doubles, and all singles, doublell- THEORY

and triples excitations, respectively. The CC2 mbdglan  A. Coupled cluster theory
approximation to the CCSD model, where the doubles am-
plitudes are treated approximately, and G€EB an approxi-
mation to CCSDT where the triples amplitudes are treated |CC)=exp(T)|HF), (1)
approximately. In this paper we consider the calculation o
triplet excitation energies. Earlier CCS, CCand CCSB
triplet excitation energies have been derived using an explicit

spin coupled excitation space. Here we describe a CC3 exp—T)H|CC)=E|HF), (2

implementation that also use an explicit spin coupled eXCita\'/vherelHF> is the Hartree Fock reference staté is the

tion space. We initially discuss how to span the triple tripletHamiltonian andT the cluster operator. For ad electron
excitation space, and then derive the explicit formulas tosystem the cluster operator becomes

calculate CC3 triplet excitation energies.

Starting from the single-reference coupled cluster ansatz,

tthe similarity transformed Schdinger equation can be writ-

Stanton and Bartlett have previously presented triplet ex- T=T1+To+-+ Ty, ()
citation energies at the CCSD level using a spin—orbital basis
formulation® The use of an explicit spin coupled basis gives Ti:E b T (4)
Mi

considerable savings in the operation count compared to the
above approach. Triples were first introduced into the calcun the last equatiorr,, is ani-electron excitation operator

. . . . l .
lation of excitation ert1herg|esfby Watts ar}thar:i'(_Qt’lc. In this t andt,, the corresponding cluster amplitude. The amplitudes
paper we examine the performance of the triples as intro; ) _, . O
) . ) . r rmin rojecting th r ion in
duced in the CC3 model for the calculation of triplet excita- *i are dete ed by projecting the Sctinuger equatio

tion energies. Sample calculations are presented foraBé Etc;.tél) onto a manifold of excitations out of the reference

_ t
@E|ectronic mail: khald@kemi.aau.dk <M| - <HF| Tus (5)
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giving the amplitude equations (wal[F.T3]IHF) +(usl[H,T]|HF)=0, (10)
Q,=(ulexp—T)H|CC)=0. (6) . N
o . ] whereF is the Fock operator and = exp(—T,)H exp(T;) the
The projection with the reference stafeiF) gives the T, transformed Hamiltonian.
coupled cluster energy, In coupled cluster response theory excitation energies
E=(HF|H|CC). (7)  are obtained as the eigenvaluesof the nonsymmetric ei-

. . genvalue equation,
By truncating the cluster operatdr after the single, double

or triple excitation level one obtains the coupled cluster mod- AR=w SR, (12)
els CCS, CCSD, and CCSDT, respectively. The CC3 model

is an approximation to the CCSDT model where the singledvhereA is the Jacobian for the vector functidh,, ,
excitation amplitudes are treated as zeroth-order parameters

due to their role as orbital relaxation parameters and where :&' (12)
the CCSDT triples amplitudes equation is truncated after the ~ “" dt,

lowest nonvanishing order in perturbation theory. The

ground state equations for the CC3 modeFare andSis the overlap matrix,

(1l exp(— T, Fexp(T) [HF) + (ug| [H, T ] HF) =0, Sugny = il 7 [HF). a3
It should be noted that the overlap matrix is the unit matrix
{alexp(— To)Hexp(T,) [HF )+ (uo|[H, T3]|HF) =0, in the spin orbital basis. In the CC3 model the Jacobian

(9) becomes

(mal[H+[H,T,],7, 1|HF) (mal[H,7,,][HF) (mal[H, 7, ]HF)
ACCSZ <Iu‘2|[FI+[H1T2+T3]’TV1]|HF> <M2|[H+[|:|1T2]17-V2]|HF> </"L2|[H17V3]|HF> . (14)
(msl[[H, T2, 7, ]HF) (usl[H,7,,][HF) (mallF, 7, 1|HF)

For the calculation of triplet excitation energies it is conve-operators with zero spin projection. An explicit triplet spin
nient to use excitation operators that are explicit spin coupledoupled excitation space can therefore be expressed in terms
to triplet spin symmetry. We have recently discussed the exef the products containing onk and any number oE op-

plicit spin coupling of the singles and doubles excitationerators. The problem is, however, for a given excitation level
spaces and have determined a nonredundant orthonormal find a nonredundant set. In a recent publication we have
triplet basis leading to a unit overlap matrix. In this paper weparametrized the doubles excitation space as

discuss the explicit triplet spin coupling of the triples excita-

tion space and determine a nonredundant triples triplet exci- Tai= 3,810~ Algdip, (17)

tation space. However, this triples triplet excitation space

does not lead to an orthonormal basis and we introduce a (+)Taibj:(TaiEbj+Tbani) §>_b’ (18
biorthonormal basis to ensure that the overlap matrix is unity. =]
T aipj= (Taipj— TojEai) (@l) > (b)), (19

B. Parametrization of the triplet excitation space and used it in the implementation of the CC2 and CCSD

The strategy for spanning the triplet excitation space isnodel described in Ref. 7 and Ref. 8, respectively. The op-
to build the excitation operators from single replacement exerator(+)Taibj has the symmetries
citation operators that have singlet or triplet symmetry,

T i = Tpjai=— I Tajpi= = O Thiay, (20
Sﬁﬁz%(a;aaq;r a saqp) = ‘%qu, (15 while for ()T ,; we have
. OTaioj= = I Tojai- (21)
Té§=5(aﬁaaqa—aggaqﬁ)= Equ' (16) In order to parametrize the triples excitation space we

recognize thafl ,; Ey,j E¢x has 36 components if all indices
T10andS*0 and therefore als® andE, are components of are different, but that only nine are linear independent. If
triplet and singlet tensor operators with zero spineither two occupied or two virtual indices are equal then
projection®! Products containing orie and any number g there are only 3 linear independent components, whereas if
operators will therefore also be components of triplet tensothere are two times two indices that are equal then there is
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TABLE I. Triple specific terms to the CC3 transformed vectors for triplet excitation energies.

(3(3)I[H,®R,]|HF) *szelm((e’)RﬁﬁqeLmelﬁ( GREEL CIRI) Omerd 0

(E(H)|[[A. T3], @RyIHF) = 3PP Py Sty S mimma— zdlm(ztf‘ﬁf’ £~ 1397 Oiyma an
+Zedl(2tﬁjde th9°— 279 Gberd) = 2Pij P;QR°

2(=)|[[A, T, @Ry ][HF) = 3PaQyr o

a(+)|[A, @Rg][HF) =3P, (39 PRIPA+ 2 ORANIY BRI IRDAAE (v)

+2d I(2(3 Rdeb (3 Redb+2 :«‘,)RbedJr 2(:-,‘)F\,ebdJr 2(3)Rdbe (B)Rlb“de)gaeld

+ S gim (2(3>Rdab (3>Rdab+23>Rbad+2<3)R’°‘bd+2(3’Radb R Giam)

(22()|[H, ®R][HF) =P3(Z1g DR F g+ Zgel DR PR Gaera V)
Jrzdlm( (3)Radb+ 3)Rﬁ1lld)gldmj)

abc, (3)

((GIH. T2], PRI [HF) F’ch Jk(zdt|k(gcdbj gchd gcjbd)‘*‘zdtjk(%a. Jaica— arcd) VD

+Zdtk|(gad01 gqad gc_}ad) =it (glkbj Obkij — gbku)
72t]| (glkal gallk galle) Etkl(gI|CJ gchI gcjli))

(BR3)IH, PR, 1HF) = %P?ﬁ’jk@d R Gegai — =1 PR Gaik) (Vi

GHGIA.OR, 4P PR R0t R i)
+2( (7)Rlakcébjli+ (7)R|biaécjlk))

(ﬁEC(3)‘[F17v3]|HF> :(B)RﬁEC(Ea_Ei"’Eb_Ej"'Ec_fk) (1X)

only one linear independent component. The triples lineastraining that the indice¢a,i} are special. Extending the
excitation space may for all cases be spanned by the lineaefinition of the excitation amplitudes to arbitrary indices
independent excitation operators: with the excitation amplitudes satisfying the same symmetry
relations as the excitation operators in E2B3), one finds for

b>c : .
T aiypjek=Eai( TojEcit TekEpj),  With ( , ()R, the alternative formulations:

>k
(22 1
: - : _ b
which satisfies the symmetry relation, (3)R3_Zagﬂk CRARE i (TpiEckt TekEnpy)
OT @iypjck= DT @nekvi= = T (anokei= T iaipejok- 1
. 23 =5 agﬂk CIRECE i ToiEck. (29
abc

Introducing the triples triplet amplltudéé)R”k correspond-
ing to the linear independent set of excitation operators we

which constitute a convenient representation for the triples
may write the triples triplet tensor operator as

triplet cluster operator.

3 _ 3)pabc
ORe=2 2 ORI Eai (ThBact TuBr), (29
>k . .
C. Triplet basis
The triplet basis is defined by the operation of the triplet
TABLE Il. The total energy of the reference states. excitation operators on the reference state. Thus the triplet
kets are
Total energy of the
Model reference state a
Be, 113" state with aug-cc-pvVDZ TalHF)=|(3) i/’ (26)
SCF —29.131 662 386 7
cec2 —29.195 659 217 5
CCsD —29.229 995 625 2
cc3 —29.233138 2951
FCl 1ot ) —29.2347015293 TABLE Ill. Triplet excitation energies in mgfor Be, in the aug-cc-pvVDZ
Be, 137 state with aug-cc-pVTZ basis set. The coupled cluster results are the error compared to FCI.
SCF —29.132 7825811
cc2 —29.203921 580 1 ccs cc2 ccsp ccs FCI
CCSD —29.234 633 005 3
cc3 —29.238509 7859 32% 30.8 7.31 -5.12 —3.09  155.38
FCl —29.240 039 087 9 2°%% 29.6 14.3 0.49 0.26  196.27
CH, 1A, state with aug-cc-pvVDZ 3H 38.6 13.9 1.55 0.50 110.372
SCF —38.884 253 669 8 31'[ -62.2 —-555 —12.4 —-5.17  117.909
cec2 —39.000 531 953 4 32* — — —-26.9 -13.9 134.351
CCSD —39.027 888 727 5 32* 37.0 16.4 4.32 1.79 42.207
cc3 —39.031 483 828 6 32* 26.3 11.9 0.10 0.17  183.983

FCI —39.032 446 148 9 1 3l'[g 32.2 12.7 0.77 0.19 52.3497
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ab a>b ab 1. .
(TaiEpj+ ThiEa) [HF) = ()5 P> ] (27) ij (1) cde||HF>—§ i Pij Saibj,ckdl (39
ab . .
(TaiEbj— TojEa) [HF) =|(—) i (ai)>(bj), (29
ab 1. ab
chal (b>c i (=) cde||HF>—§ Baibj,ckdl» (40)
al(Tb] k+T kEbJ |HF> (3) kjl > j>k>' (29)
The single and double excited kets as well as the adjoint of
the single and double excited kets, abc
g < ijk (3) TdIEemEfn|HF>
3) HF Tia, 30 ~
< ) 2< | Tia 30 = 1P;)kcpjk(5af5be50d5in5jm5kl+ 02e%10cdOimSjn Skl
ab 1 a>b ) d5b ) f5‘|5' 5k ) (41)
<ij(+>‘=§<HF|(Eijia+EiaT,»b> (i>j), (31) e
ab 1 ; ; Here the permutation operators are defined as in 358
(=) == 2 T..—E..T. > .
< ij ( ’ <HF| (EJlea EIaij) (al) (bJ): and(36) and as

(32

form an orthogonal basis. The adjoint of the triples ket
PEO(ARD) = AR - AR®. (42)

abc 1 b>c
ijk (3 = g(HFA(TicEjp + TjpEuo) Eia >k
(33 Equation(41) is obtained from Eq(37) using
is not orthogonal to the triples bra states,
fed 1
ami3 Eck(TaiEpj+ TojEai) |HF) TaiEenEtn=2(Eem( TaiEtnt TinEar)
+Etn(TgiEem™ TemEal)
= 8PP imP " 52d0b1 ScedmiSnkd) . ”(T Ee"‘ Te”‘E 5 s
—Ea(TemEtnt TnEe :
+ 02d0bedctOmiOnjOik T SatObedcdOmkdnjii
+ 62d0btOceOmionjOii + 9adObedciOmionkdii).  (34)
The permutation operators are given by D. Transformation of the trial vector
pﬁb(A )= Aab+ Aﬁa, (35) Solving a large eigenvalue problem requires iterative
methods. The computational most demanding step is the lin-
Pii(ARD) =AZP—AZP. (36)  ear transformation of a trial vector with the Jacobian matrix
As we want the overlap matrix to be unity we use a bior-
thogonal basis satisfying p=AR, (44)

efg ab
nm| 3) (3)abc P Plj(‘secank‘sbf‘smjaaggh)

(37  wherep is the transformed vectoA is the coupled cluster

where the explicit form of the bra states is given by Jacobian andR is a trial vector which in component form
may be expressed as
abc 1 abc abc abc

< k(3] 80{ <ij +<kii +<Jik(3)
(3)R1
bac | /bac _ | bac (MR

+< ijk (3) < Kji (3) < jik (3) R= (7)R§ . (45)

cha cha cha IR,

+<ijk<3)‘ <ku <1ik(3)H'

(38)

Using the triplet parametrization and the triplet basis func-
In the development of the linear transformation of the Jacotions introduced in Secs. Il B and Il C, respectively, the CC3
bian on a trial vector it is useful to note that Jacobian from Eq(14) can be written as
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TABLE IV. Weight of various excitation levels in the FCI wavefunction for excited states i5 Bed the
weight (%T ) of the single excitations in the coupled cluster calculations.

1%, 2%y 1%m,  2°%m, 1%y, 1%y 2%; 17

1 82.1 83.1 83.7 29.6 0.00 88.7 74.8 86.4
2 7.46 10.7 6.20 65.1 92.9 5.78 18.8 7.40
3 10.2 5.87 9.90 4.25 5.39 5.40 5.82 5.98
4 0.21 0.31 0.20 1.04 1.70 0.14 0.57 0.21
%t,(CC2 99.5 99.2 99.8 98.2 — 99.6 99.2 99.5
%t,(CCSD 98.0 98.0 99.2 71.7 0.00 99.0 97.8 98.3
%t,(CC3 97.8 97.6 98.9 68.7 0.00 98.9 97.1 98.1
( Oy HPIHF) ( Oy HEYHF) (Bg|HEV[HF) (pal[H, 7, JHF)
cea | (Pra AP+APIHF (O JAR+AZIHPD (Do [P +APIHF) (Duzi (A7, ]IHF
A —
(Oup [AP+APIHR (Pup [AN+ARHF (@up [AD+ARPHF (©ua|[H.7,JIHF)
(mal HP|HF) (mal[H,7,, ]HF) (l[H,7,, IHF) (u3l[F,7,,]|HF)
(46)
with the following definitions of the operators:
M=[A+[H,T].7, ], (47)
= [[ H !T3]1 Tvl]! (48)
H(ZQZ[HITVZJ_,L (49)
HE=[A,T,].7,,.] (50)
HP=[[AH,T].7, ] (51)

The CC3 Jacobian can be divided into a CCSD part and a triples part. Here we will only examine the triples part since the
CCSD part has already been described in Ref. 8. The triples part of the CC3 Jacobian consists of the terms

0 0 0 (wallH,7,,][HF)
<(3)M2+||:|(12)|HF> 0 0 <(3)M2+|[|:|aTV3]|HF>
ASC3— ; o @) R : (52
(@, [HPHF) 0 0 (Pup-|[H,7,,]IHF)

(o APIHF)  (wallH,7, JIHF)  (ual[H,7,, 1IHF)  (usllF,7, ][HF)

E. Triples CC3 triplet excitation specific terms
o o . PR,= > IRE(TEqi+ TaiEck)
The individual contributions that are obtained from the c>dk>I

linear transformatiolAS“*R are given in Table | where we 1
have i ) ini i = > IRENT G Eqi+ TyiEck)
ave introduced th€)R, operator containing the single ex- T a5y kI U ekBEdl ™ TdiEck
citation trial vector, 1
T 2&4 ORI ToEa . ®4
(IR,= OREN(T o Eqg— T E
@R, =S GRCT,,, (53) 2 ckZdl ki (TekEai— TaiEck)

ck

1
== ORMNTEq—TaEq)
ckdl

and the(™R, and ()R, operators containing the double

excitation trial vectors, => ORET,Eq. (55)
&
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TABLE V. Triplet excitation energies imE, for Be, in the aug-cc-pVTZ In the initial implementation we explicitly construct both
basis set. The coupled cluster results are the error compared to FCI. theT3 and theR3 amplitudes and keep them in memory. The
ccs cc2 ccsD cc3 ECl eigenvalue equation is solved by folding the triples ampli-

tudes into the singles and doubles space. This approach gives

3 + _ — . .

32+ 319 6.66 4.79 2.83 ~ 155.708 the correct operation coud(N’) whereN is the number of

233, 29.9 12.4 0.57 020  196.295 . ) L :

1'1 39.7 12.8 205 0.38 111.032 orbitals. The large memory requirements limits the size of
2 3H -62.6 —55.8 -13.9 -5.84  116.714 the systems that can be investigated.
1 32& — — -29.1 —-136 133.134 The explicit coupling of the triplet excitation space gives
1%, 36.0 14.7 4.19 1.66 41011 3 significant saving in the operation count compared to a
23y 27.2 11.1 0.55 0.10  182.569 ; ;

Sou spin—orbital approach. In Table | we note that the tefihs
1%, 31.8 11.3 0.96 0.24 51.721

and (lll) are identical except for the perturbation operators.

These terms are therefore only calculated once. The scaling

of the leading terms is thus*®@?® for (11)/(1l1), (IV), (V) and

The operatof?)R; containing the triples amplitudes has been(VIl), whereagVI) and (VIII ) scales as 3%0° and 203,

defined in Eq.(25). respectively. The construction of thg amplitudes scales as
The triples trial vector amplitudes may explicitly be de- V40® and therefore the total operation count for the CC3

termined from the eigenvalue equation as a function of thenodel is 10\O? in leading order. In the spin—orbital ap-

single and double trial vector amplitudes: proach for example the coupling between the doubles and
1 triples scales agV*0® which is significant larger than the
(3)R350_ijk Pii ; tﬁfgg%d+2 thdg @), 2v*03 that is obtained with an explicit spin coupled triplet

excitation space. In addition to this, savings may also be
obtained due to the fact that triplet and singlet excitation
+2 D! gg;d—E tiogiH; E th°glih energies can be calculated independently.

ban(4) db b Ill. SAMPLE CALCULATIONS FOR THE Be , AND CH,
an A cha
_Z by gc1|i+; IR Begai— El IR Gai SYSTEMS
We have calculated the triplet excitation energies in the
+2 (- )Rﬁldgb]adJr iakdgcjbd) coupled cluster models CCS, CC2, CCSD and C_C3 for the
Be, and the CH systems. In Table Il the total energies of the
reference states are given in the various wavefunction and

+> (ORE Gy + (f)RﬁagC“k) , (56)  basis set calculatiosr;s. The FCI energies were 'obtained gsing
[ the LuciA program;“ whereas the CC excitation energies
where were olggained using a local version of theaLTON
1) s A o program:
9ckba= Gcabk— Gckba— Ockba (57 A B
o K o . Be,
Yckbd™ Gbdek™ Yekbd ™ Jekbd» (58 For Be, we used an inter-nuclear distance of 456
gg()”:gc“;_ Bowj — Ockj (599  Which in Ref. 19 was calculated to be the equmk_)num dls-_
tance for the ground state. The correlation-consistent basis
a4, = Gcki— G — Bk - (60)  sets aug-cc-pVXZ were used with the cardinal numier

being eitheD or T.34=%"In the calculations we have frozen
the 1s orbital on both Be atoms.

The excitation energies for Bausing the various CC
models and FCI are presented in Tables Ill and V using the
aug-cc-pVDZ and aug-cc-pVTZ basis sets, respectively. Fur-
(62) thermore the weights for each excitation level in the FCI
wavefunction as well as the single excitation weight in the

Here the two types oR; transformed integrals are given by

gpqrizg (B)Rﬁgpqrav (61
ggpqr:_% (3)Rek‘gkpqr-

TABLE VI. Weight of various excitation levels in the FCI wavefunction for excited states iy, Bad the
weight (%T,) of the single excitations in the coupled cluster calculations.

1835 2% 1°11, 2311, 1%3, 133} 283 1°M,

1 82.2 82.7 84.9 28.0 0.00 88.5 80.7 86.3
2 7.42 11.2 5.18 66.7 93.0 5.99 12.9 7.53
3 10.1 5.87 9.78 4.21 5.22 541 5.98 5.94
4 0.22 0.35 0.20 111 1.74 0.15 0.42 0.22
%t,(CC2 99.5 99.2 99.8 98.1 — 99.6 99.2 99.4
%t,(CCSD 98.1 98.0 99.3 72.3 0.00 99.0 97.9 98.3

%t,(CC3 97.9 97.5 99.2 68.6 0.00 98.8 97.2 98.0
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TABLE VII. Triplet excitation energies irmE;, for CH, in the aug-cc-

60 T T T T pVDZ basis set. The coupled cluster results are the error compared to FCI.
T CCS CcC2 CCSD CC3 FCI
40 | * 3
. o) 13A, 111  -415 -0.38  —0.25 234.76
ﬁ 30 2 23A, —4.23 —6.26 —1.06 -0.23 302.42
= 33, 12.3 —4.11 0.44 0.18  361.76
= Nr 1%, — — -67.8  —238 23557
[Ea] 10 E 23%B; 6.13 —6.76 —2.12 0.43 283.03
< + g 1%8,  —-179 -543 —127 —042 —0.29886
0 + E 238, 14.2 —2.90 0.44 0.44 308.08
ol 13, -482 -014  -013 0.03  176.16
290 ! 1 1 1
Cccs CC2 CCShb CC3
Model

through second order in CC3 and improvements in accor-
FIG. 1. The deviation from the FCI result in the coupled cluster hierarchnydance with this is seen for the double excitation dominant
calculations .for single excitation dom?nated excitation energies ir31 t?e Be excitations in Tables Il and V.
E";)'ecfgenu(slr)'g i@;fg’)cc'ngi.b?ﬁ ;ité;‘?gj)'ts BEJ(+), 2% It should be noted that the percent single excitation in
’ e T muRma e the excitation vector is very similar in CC2, CCSD and CC3
and more than 97. In the FCI calculations the weight of the
different coupled cluster models are given in Table IV angsingle excitations for the single excitation dominant states is
VI. From the weights it is seen that the excitations belongs t@nly between 75 and 86%. This emphasizes that the dynami-
three different groups. Most states are single excitatiors@l correlation is very similar for the ground and excited
dominant, one state is a mixture of single and double exciStates. It is also worth noting that the states with a large
tations with the double excitation component being thedouble excitation component cannot be indentified in CC2
dominant and f|na”y we have one excitation that has nd)Ut firSt at the CCSD IeVel. It Should be nOted that the errors
single excitation contribution. For this last excitation thein the various CC models are quite similar using the aug-cc-
CCS and CC2 results are not given, since the excitation el?YDZ and the aug-cc-pVTZ basis sets.
ergy is not correct even to first order in the fluctuation po-
tential. In Figs. 1 and 2 the results for the aug-cc-pVTZ basi. CH,

are displayed for the single and double excitation dominated For CH, we used a G, geometry with the coordinates in

xcitations, r ively. For the single replacemen mi- . ;

excitations, respectively. For the single replacement domi, i /im0 0 and HE 1.644403,0,1.32313). The

nant excitations we obtain a systematic improvement towar . . . -

, . correlation consistent basis set aug-cc-p\¥h2’ was used

the FCI result at each level in the coupled cluster hierarchy. . : .
nd the B orbital on C was frozen to the canonical orbital.

This is in accordance with the fact that single replacemen?l o .

dominant excitations are correct through first, second, secongH Irr]a-gfg? Vrl]let::azse)iﬁgat'gn ﬁ?se;g:esairhe:rg.?zpéidléoglthr?
and third order in the fluctuation potential for CCS, CC2’theZFCI :/vavgunction as v\\l/VeI:gas the single e>)<(ciltatilon w;,/ighlts
CCSD and CC, respectively, and that CCSD benefit frorr}n the different CC models are presented in Table VIII. From

the inclusion of all terms in the singles and doubles space

For the double replacement dominant excitations the excitat:ne weights it is seen that all excitation energies except the

tion energy is correct through first order in CCSD and1 31 are smgle_ excitation dpmlnated. The CCS an_d cc2
excitation energies are not listed for the'Rl; state since

these excitation energies are not even correct through first
order. From Table VIl it can be seen that we obtain an im-

10 T T T T provement when we traverse through the CC hierarchy,
0 though the CCS excitation energies are closer to the FCI
+
-10 = —
+ X
E 20 F - TABLE VIII. Weight of various excitation levels in the FCI wavefunction
= % for excited states in Cjl and the weight (%) of the single excitations in
= 30 N the coupled cluster calculations.
= bk 4
< 13A, 23A, 38%A; 1°%B; 2°%B; 13%B, 2%B, 1°%A,
°0 + 1 89.7 913 881 159 89.2 934 825 912
-60 - + - 2 6.31 4.65 7.82 92.6 6.84 3.07 13.3 4.99
| ! | | 3 371 382 378 440 375 342 381 359
70 CCS  CC2  CCSD (3 4 022 017 025 135 022 011 037 015
Model 5 0.03 0.04 004 004 003 003 004 0.03
6 0.00 0.00 0.00 0.00 0.00 0.00 0.00 o0.00
FIG. 2. The deviation from the FCI result in the coupled cluster hierarchy9st,(CC2) 98.9 99.2 9838 — 989 996 98.8 995
calculations for double excitation dominated excitation energies in the Be%t,(CCSD 98.6 98.9 984 329 973 993 984 989
molecule using the aug-cc-pVTZ basis set. Results foll2(+) and %t,(CC3) 0983 988 980 200 973 992 978 988

135;(x).
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