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Perturbative triple excitation corrections to coupled cluster singles
and doubles excitation energies

Ove Christiansen, Henrik Koch, and Poul Jgrgensen
Department of Chemistry, University of Aarhus, DK-8000 Aarhus C, Denmark

(Received 22 November 1995; accepted 19 April 1996

The contributions from various excitation levels to excitation energies calculated within a coupled
cluster framework are analyzed in terms of order in the fluctuation potential. In particular, the role
of triple excitations is considered, focusing on their importance for describing excitations of single
and double replacement dominated character. Several noniterative triples corrections to the coupled
cluster singles and doublé€CSD) excitation energies are proposed. In the CCE&®)Rpproach,

which is a noniterative analog to the recently proposed iterative CC3 model, single replacement
dominated excitations are correct through third order in the fluctuation potential, and double
replacement dominated excitations are correct through second order. The performance of
CCSDR3) is compared to other noniterative and iterative triples models in benchmark calculations
on CH", Ne, BH, and CH. © 1996 American Institute of Physid$$0021-960696)02528-1

I. INTRODUCTION tion is approximated to lowest nonvanishing ordsecond
ordep. The singles amplitudes will respond to external per-

s i turbations to zeroth order in the fluctuation potential and we
cluster singles and doubl¢€CSD), and CCSD with pertur-  iherefore treat the singles as zeroth-order parameters. The

bative triples contributions, CCSD),! constitute a hierarchy CC2 model is similar to MP2 in the sense that the ground

of approximations where electron correlation is treated at Riate energy is correct to second order in the fluctuation po-
still higher level of sophistication. Increasing accuracy CaNantial. and both scale 445, The CC3 ground state energy

thergfore _be obtai_ned for ground sta}te propgrties in Sing.l%ontains the same fourth- and fifth-order terms as CO$D
configuration dominated systems going to higher levels I nd scales adl’. Eor ground state energigand thus all
this hierarchy. In iterative coupled cluster models like

CCSD, both excitation energfesnd transition moments properties obtained from this as derivativése CCS, CC2,

can be determined from coupled cluster response tHeBry. CCSD, CC3 hierarchy should thus be considered similar to

The frequency dependent polarizability derived from a MPZ'[hat of HF, MP2, CCSD, and CCSID), but the introduction

guasienergy exhibits a pole structure that is inconsistent Witlgf]c cc2 an_d CC3 e>§t_ends the hierarchical concept to excita-
the one of the exact response functidand excitation en- tion energies, transition mome_nts, e_tc., as well as frequency
ergies and transition moments cannot therefore be obtainedfPendent molecular properties will have a proper pole
in MP2. Similarly, for the two-step approach CCcg@p,  Structure. _ _
where perturbative triple excitation corrections are added to W€ have derived the response functions for the coupled
the ground state energy, a response function with one set GUSter models in the hierarchy of coupled cluster.mo?:léjrs.
poles improved relative to the poles of the CCSD responsg,mm these we have determined exqtanon energies and tran—
function does not exist. Excitation energies and transitiorsiion moments as poles and residues, respectively. This
moments therefore cannot be obtained with increasing accl€2ds to coupled cluster eigenvalue equations for determining
racy in the MP2, CCSD, and CC$D) hierarchy. the excitations energies. Since CC2 and CC3 are iterative
In a recent series of papers we have introduced a hieraf0dels we need to solve equations iteratively with and
chy of coupled cluster models:~*3 CCS(N*), CC2(NY), N’ operation count, respectively, to find both the reference
CCSDNN®), CC3(N’), etc., where excitation energies and €nergy and the excitation energies. However perturbational
transition moments can be obtained at increasing accuracgorrections to CCS and CCSD excitation energies can be
The numbers in parenthesis indicate the computational effodefined that, from a perturbational point of view, level CC2
given in terms of the scaling of the calculations with theand CC3 in accuracy. It should be emphasized that the exci-
number of orbitaldN. The CC2 and CC3 models are intro- tation energies obtained from such perturbational approaches
duced as approximations to CCSD and coupled clusteflo not represent poles of a response function, and are not
singles, doubles, and triple€CCSDT), respectively. The rigorously related to a ground state energy. However, the
strategies used in introducing CC2 and CC3 are similar, angierturbational corrections are interesting becadsenonit-
are based on a perturbational analysis of the coupled clusterative approaches are computationally preferable to iterative
equations in terms of order in the fluctuation potential, andnodels and(2) they may be helpful in understanding the
on the crucial role of single excitations in coupled clusterimportance of individual contributions to the excitation en-
property calculations. In CC2 we approximate the CCSDergies. Even though a noniterative approach is justified from
doubles equation to lowest nonvanishing order in perturbaperturbation theory there is no guarantee that it will perform
tion theory(first orde) and in CC3 the CCSDT triples equa- similar to iterative models. However this does not necessar-

Second-order Mgller—Plesset theofiP2), coupled
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1452 Christiansen, Koch, and Jorgensen: Coupled cluster excitation energies

ily imply that the noniterative approaches are inferior to it-energy* We shall see that the EOM-CCS$D excitation en-
erative models on the contrary. For ground state energies it isrgy in this sense is quite inferior to the fourth-order quality
an empirical observation that the noniterative CCBDap- of a CCSOT) ground state energy, and to other approaches
proach is as good as iterative triples models like CC3 andor including triples corrections to CCSD excitation energies.
CCSDT-1a* (4) The CCSIT) approach differs from other earlier pertur-

A noniterative CC2 approach defines a doubles correcbative corrections like CCSBT(CCSD®® due to the inclu-
tion to the CCS excitation energies and in fact becomesion of a singlet—triplet coupling term, that actually first en-
equivalent to the CI®) approach of Head—Gordcet all®  ter in fifth order. No direct singlettriplet coupling is
We compare models including the doubles iterative or nonincluded in the EOM-CCS[) excitation energy.
iterative in another publication. In this paper we investigate  In this paper we will introduce corrections to CCSD ex-
triples corrections to CCSD excitation energies. citation energies based on perturbation theory arguments.

In Ref. 16 Watts and Bartlett presented excitation enerWe identify the most important contributions beyond CCSD
gies in the CCSDT-1a modéf.In a recent papérwe ana- based on perturbation theory in the fluctuation potential. This
lyzed CC3 and CCSDT-1a excitation energies and found thdgads us to define a pseudoperturbation to the CCSD eigen-
for single replacement dominated excitations CCSDT-1a ar&¥alue problem, including the most important higher order
only correct to second order in the fluctuation potential,contributions. From an expansion of the eigenvalue equation
whereas CC3 is correct through third order. The CCSDn this pseudoperturbation, we identify the lowest order con-
model is correct through second order. In recent benchmarkibutions beyond CCSD. This is a generalization of the ap-
calculation$® we found that CCSDT-1a often fails to im- proach used by Head-Gordetal.in the introduction of the
prove the CCSD results, while in CC3 all considered excitaCl!S(D) doubles correction to CIS excitation energigsve
tions are improved. The double replacement dominated ex@btain a perturbational corrected excitation energy that is
citations are significantly improved in both CC3 and correct throughthird order in the fluctuation potentiafor
CCSDT-1a and are correct through second order in the flucsingle replacement dominated excitations, and throsegt
tuation potential in both approximations. In the case ofond order in the fluctuation potenti&r double replacement
CCSD these excitations are only determined correct througdominated excitations. We denote the excitation energies ob-
first order. The different behavior of CC3 and CCSDT-1a fortained in this approach as coupled cluster single and double
single replacement dominated excitation is due to the factesponse excitation energies with lowest order triples correc-
that CC3 includes the direct coupling of single and tripletions[CCSDRT)]. The(T) is used to emphasize that nonit-
excitations, whereas CCSDT-1a does hbtand this cou- erative triples corrections are added to the CCSD result. It
pling enters in third order. In Ref. 16 a noniterative triplesdoes not indicate a direct relationship with CG3D The R
method denoted EOM-CCSD) was proposed based on indicates that we consider coupled cluster response and it is
CCSDT-la. From the CCSDT-1a eigenvalue equation 40 the response properties we add triples corrections. From
triples correction was introduced in a proposed analogy wititerative triples  models like CC3, CCSDT-1a, and
the connection between CCSDT-1a and CCBDor ground CCSDT-18" we may introduce corresponding noniterative
state energies. Since EOM-CC@Dis based on CCSDT-1a perturbational corrections. We denote these approaches
it does not include either the direct singles—triples couplingcCSDR3), CCSDR1a), and CCSDRLb). None of these ex-
and third-order terms are thus neglected for single replacecitation energies has a strict relationship to a ground state
ment dominated excitations. As we shall see later, doubl@nergy. Of course the triples corrected excitation energy can
replacement dominated excitations in EOM-CG$Dhave be added to various ground state energies to obtain an ap-
errors in second order in the fluctuation potential. EOM-Proximation for the excited state energy, but we should keep
CCSDT) improved the quality of double replacement domi- in mind that this is an additional approximation. We discuss
nated excitations considerably relative to CCSD. While bottthis topic in a forthcoming publication. In this paper we in-
EOM-CCSOT) and CCSIT) in a loose sense may be de- troduce the perturbational triples corrections to CCSD and
scribed as a first iteration of CCSDT-1a in, respectively, thecompare excitation energies for CHNe, BH, and CH with
ground excitation energy expressions and the ground staf€sults obtained in recent benchmark calculations.
energy, the analogy between CCSpand EOM-CCSIDOT)

has some important shortcomingd) CCSOT) does not || PERTURBATION THEORY ANALYSIS OF

have a response function with a pole structure allowing foleExXCITATION ENERGIES IN COUPLED CLUSTER

the identification of CCS[X) excitation energies; CCSD) THEORY

excitation energies therefore do not exi&] A noniterative o . .
correction to excitation energies does not have a rigorous Coupled cluster excitation energies are determl.ned solv-
connection to ground state energiéd. The EOM-CCSIT) ing the coupled cluster response eigenvalue equation,
excitation energy correction is based on a proposed analogy AR, = wRy, (N

between eigenvalue equations and reference energy equa-: . . .
tions. However in the presentation of the EOM-CQSD whereA is the nonsymmetric coupled cluster JacobRpis

approach in Ref. 16 an order analysis in the fluctuation po%t]r]ee ng;?'gig;iggr ;:sogk?fa?r?gglzgngo the eigenvalye
tential is not given, while the order concept is essential in 9 K

establishing the CCSD) correction to the ground state L A=wily. 2
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From biorthogonality it followd(if we choose the normaliza- Recognizing thafl, enters in first orderT,; and T5 in
tion to unity) that second order, and higher excitation cluster operators to
_ higher order, we may expand the matrix elements of the
L;Ry= ik - (3) .
Jacobian as

Using the orthonormality we may write the excitation energy
as,

a)k:LkARk. (4) A,uivj:<Mi|[F!TVj]|HF>+</*Li|[UvTVj:HHF)
Consider now the Jacobian of exact coupled cluster theory, +(wil[[U,7, 1, TL]HF)

]
A =(milexp(—T)[Ho, 7, Jexp(T)[HF), ©)
SR ' +(il 3 [[[U,7,1,T2) T2 +[[U,7, 1, Ty

where theu excitations in excitation class=1,2,...n are
designatedy; . Without truncations in the expansion Bfwe +T3]|HF)+0(4), (6)

can represent the exact solution in terms of a coupled cluster

parametrization. Partitioning the Hamiltoniat, into the

Fock potential F, and the fluctuation potentiald, where the zero-, first-, second-, and third-order matrix ele-
Hy=F+U, the Jacobian in Ed5) can be expressed in terms ments are given explicit. The structure of the Jacobian con-
of contributions from various excitation levels in different taining singleéS), double¢D), triplegT), quadruple&), and

orders in the fluctuation potential. quintuple$P) becomes
|

( S D T Q P )
S d(0)+o(1) o(1) o(1) 0 0
D o(1) d(0)+o0(1) o(1) o(1) 0
T 0(2) o(1) d(0)+0(1) o(1) o(1) ' @
Q 0(3) 0(2) o(1) d(0)+o(1) o(1)

| P 0(4) 0(3) 0(2) o(1) d(0)+o(1)

whered(0) denotes the zero-order diagonal elements conwherewMi consist of sum and differences of orbital energies,
sisting of Hartree—Fock orbital differences amih) denotes  assuming a canonical molecular orbital basis. Thusahe

the lowest nonvanishing order of the Jacobian matrix eleyre the zero-order eigenvalues with eigenvectors represented

ments. For example the ST block enters in first order sincg,, it vectors. For single dominated excitations | denote the
the second term in Eq6) contributes, whereas the TS block single excitation space only and the zero-order solution vec-
enters in second order since the first and second terms in Eg,, becomesR(f’). From Egs.(10) and (6) we obtain a right

(6) are zero and the third term contributes. We divide theorrection vector to first order in the fluctuation potential as,
excitation space into two subsets, | and Il, and write &.

accordingly (wuz_w(o))sz)=—(M2|[U,R(10)]|HF>- (12)
A A R R, ©) . .
R = R | (8) We have absorbed the}” vector into a corresponding op-
Ani Aui /LR ! erator for which we will use the same notatioR{”

Space | may refer to the singles space exclusively or thé& EleE,Z)TVl- Only double excitations contribute to first or-
singles and doubles space combined. The definitions of  der. Higher excitations enter in higher order. In particular we
A Ay, andA), are clear from the context. The effect of find that to second order triples enter in the form,
higher excitation levels on excitations predominately de-
scribed within the | space can be analyzed using partitioning (wM3—w(°))R§fs)= —(u3l[[U, R, T, HF).
techniques. Equatio(B) can be written as,
—(usl[U,REVIIHF). (13
(A~ oh)R==A Ry, )
For the double replacement dominated excitations we find
(A= ohRy==AyR,. (10 that both singles and triples enter in the first-order correction

. . _ 0
The zero-order problem is described by vector to the zero-order solutidRy”,

A, =(illFo 7, JIHF) = 0,8 (1D (0,0 @)RY=—(ul[U.RPIHF), i=13. (14

Hivy?
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TABLE I. The order in the fluctuation potential in which different excitation terms in Eq.(6)]. We thus find in Table Il that to zero and
components enter in the excitation vector. first order only contributions from the singles space enter for

Excitation vector component S D T ) single replacement dominated excitations. The coupling to
doubles enters in second order. Since CCSD contains all
Single R 0 1 2 3 singles and doubles terms, CCSD is correct through second
;%F;L"’i‘ggtmezm L 0 1 1 2 order for single replacement dominated excitations, and be-
yond second order it is necessary to include higher excita-
Double R 1 0 1 2 tions. All terms within the singles and doubles space are

replacement

dominated L 1 0 1 1 determined correct through third order in CCSD since the

reference singles and doubles amplitudes are correct through
second order. The only additional third-order terms enter
from the coupling to triples. For double replacement domi-
For the left-hand solution vectors we can perform a similamated excitations CCSD is only correct through first order,
analysis. For the single replacement dominated excitationand the coupling to triples enters in second order. We have

we find the first-order correction vector g, previously discussed this for iterative coupled cluster models

but the term by term analysis summarized in Table Il is

LV (0, —0®) == L(uil[U,7, ]IHF), j=23. convenient in analyzing the behavior of noniterative triples
b wmo : corrections to CCSD.

(15 It is evident from the theory above, that to obtain the

Note that the non-Hermitian nature of the CC Jacobiarsingle replacement excitations correct through third order in
makes the right- and left-hand eigenvectors different in thea coupled cluster parametrization it is necessary to include
way that the left-hand vector contains triples corrections tahe lowest order contributions to all triples blocks, that is the
first order, whereas the triples correction is second order fogT, TS, DT, TD, and TT blocks must be taken into account
the right-hand solution vector. This originates from the factto lowest order which is first, second, first, first and zeroth
mentioned above that the TS block enters in second ordesrder, respectively. For obtaining the double excitations cor-
whereas the ST block enters in first order. For the doubleect through second order it is necessary to include the low-
replacement dominated excitations we have est order contributions from DT, TD, and TT.

L(,,?(wvj—w):—z LLOZ)<M2|[U,T,,J,]|HF>, j=1,3.
B

(16) Ill. PERTURBATIONAL CORRECTIONS TO CCSD

. . EXCITATION ENERGIES
In Table | we have summarized the results obtained from the

analysis above. Using the results in Table I, the excitation In the previous section we identified the most important
energy in the form of Eq(4), and the structure of the Jaco- triples contributions beyond CCSD. All these terms are in-
bian in Eqg.(7), we may identify the order in which contri- cluded in the iterative CC3 model, while the CCSDT-1a
butions from various blocks and excitations enter. The remodel only partially includes the third-order terms for single
sults are given in Table II. replacement dominated excitations. The importance of in-
Coupling between “neighboring” excitation levels enter cluding all terms through a given order was demonstrated in
in second ordeffrom the second term on the right-hand sidethe numerical examples in Refs. 7 and 13. In this section we
of Eqg. (6)], whereas excitation levels separated by twointroduce perturbational corrections to CCSD that include all
couples in third ordefcoupling the second and the third lowest order triples terms. All third-order terms are included
for single replacement dominated excitations and all second-
TABLE II. The order in the fluctuation potential in which contributions Ord?r t.erms are mCIUde-d for double replageme_nt dominated
from various blocks of the Jacobian, and components of the eigenvectorgxcnatlOns'_\Ne further mt,rOdu_Ce noniterative triples models
enters in the excitation energies for single and double replacement domgorresponding to the iterative CC3, CCSDT-la, and
nated excitations. CCSDT-1b models. We define a pseudoperturbation theory
by partitioning the Jacobian,

Single Double

excitations excitations A=A L AD L A@) (17)
LeAsRs 0 2 The zeroth-order Jacobiah® are defined to be the CCSD
LsAsoRp 2 2 Jacobian augmented with all zeroth-order orbital energy dif-
tDﬁDSFFiS ; (2) ferences in the triple and higher excitation part of the Jaco-

D\DD™D H

LAstRy 3 3 bian,
LtATsRs 3 4 ASD 0
LoAorRr 4 2 A= , (18)
L+ApRp 3 2 0 w
LrArrRy 3 2 oD @ i
Q and higher o(5) o(3) The pseudoperturbatiods™ andA® need to be defined. To

ease the understanding of the structure of all elements that

J. Chem. Phys., Vol. 105, No. 4, 22 July 1996
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enter in the various approaches, we start off by introdugifityandA® based on the CC3 Jacobian. CC3 is the most complete
iterative triples model of CC3, CCSDT-1a, and CCSDT-1b, and the other methods can be obtained by neglecting terms in the
CC3 Jacobian. From the CC3 Jacobian of Ref. 13 we define the pseudoperturbations,

0 0 </~Ll|[HO!TV3]|HF>
AY= 0 0 <M2|[|:|O’TV3]|HF> , (19
</~L3|[[|:|01T2]17V1]|HF> </‘L3|[ﬁ01TV2]|HF> 0
|
and The coupling between various blocks &Y describes

the lowest order triples contributions. The different treat-
R 0 00 ments of the terms iAY andA® give a simple relationship
A@ =1 (ull[Ho,Tal,7, ]IHF) 0 0p +ASPho to the iterative CC3 modelsee later Including terms
0 0 0 through second order in the pseudoperturbation ensure that
(20) we have included all terms that are second order in the fluc-
_ _ _ tuation potential from these blocksince all terms irAY are
where ho(hlgh_er (_)rde) den_otes that we c<_)n3|0|er higher or- ot |east of first order in the fluctuation potentiahd in par-
der terms originating from improving the singles and doublesc,jar that single replacement dominated excitations are cor-
amplitudes beyond CCSD. I_n Eq(;LQ) and (20) we have rect through third order in the fluctuation potentisince the
used ther, transformed Hamiltonian of Ref. 19, TS block giving this coupling is second order in the fluctua-
o=exp —T;)o exp(T,). (21) tion potential. To second order in the pseudoperturbation
_ o with the above definitions ofA® and A® we obtain
The triples dependent DS block in? is taken as second CCSDRA3) excitation energies. As discussed above AR
order in the pseudoperturbation since this term is itself thirqerms will contribute in fourth and higher order, and %@

o_rder in t_he fluctuatign potential, and it th_erefore Cc_)umesterms can thus be neglected without consequences for the
singles with doubles in fourth order. The triples amphtudesorder in which we have determined the excitation energies
in A include the lowest order contributions in perturbation

theory. The explicit expression for the triples amplitudes iscorrect .through. This gives the CCSDR apprgach. This
model includes the lowest order contributions beyond

the one from the corresponding iterative mod&hat is the _ L .
CC3 triples equation for CCSOB) and the CCSDT-1b CCSD, and is the natural choice in a strict order correct

triples equation for CCSDRb).] For CC3 this is approach.(Note that we retain thé’_1 transformed Hamil-
R tonian since we always treat the singles as zeroth-order pa-
~ {usl[U,TR]HF) - rameters
m3— W, ' (22 Neglecting terms in the iterative CC3 model give the

o o CCSDT-1a and CCSDT-1b models. Noniterative models
For CCSDT-1b thel, transformation in Eq(22) is skipped.  corresponding to the CCSDT-1a and CCSDT-1b Jacobians
Further we need to define how the higher order contributiongnay pe obtained in the same way that CC$BRwvas ob-
in the SD block are included iAS>"™. We therefore define tained from CC3. We denote these as CCSDR and

triples corrected single and double amplitudes as CCSDR(1b). We have not included the relaxation of the ref-
e erence amplitudes in these models. This is convenient since
* ccsD </~L||[H1T3]|HF> . . . . .
w= b + ” , (23 it makes it easier to appreciate the dn‘fer_ence between our
“i strategy and the EOM-CCSD) approach in Ref. 16. The
and may then include the lowest order effects defiiig"®  CCSDR1b) correction is obtained from CCSD® neglect-
from ing the TS block ofA® and theT, transformation in the TD
block, in addition to not consideringSP"°> CCSDR1a) is
ACCSP+ ASDNO= ASB(Y tT), (24 obtained from CCSDRb) by further neglecting theT,

whereASD(t? ,t*) denotes a CCSD Jacobian built from the transformation in the DT block and thfe? contribution. The
triples corrected amplitudes in E(@3). The effect ofaSPhe  CCSDR1& and CCSDRLb) approaches may improve the
enters in fourth order. It is included since it has proven nu-double replacement dominated excitations and will fail to
merically important and because it can be considered as d&nprove the single replacement dominated excitations con-
scribing the lowest order effects of relaxing the ground statéistently as is evident from the analysis in the preceding sec-
amplitudes to the effect of triples excitations. Note that intion.

CCSDR3) we have for convenience chosen to calculate the  Assume now that we have solved the zeroth-order prob-
triples contribution inA® from the triples corrected ampli- lems, that is we have determined the CCSD left and right
tudes. eigenvectors,

J. Chem. Phys., Vol. 105, No. 4, 22 July 1996



1456 Christiansen, Koch, and Jorgensen: Coupled cluster excitation energies

TABLE Ill. Excitation energy corrections in various models and the order in the fluctuation potential through whicliSsiagid doubléD) replacement
dominated excitations are formally correct?, L®, R©, andR® refer to CCSD vectors and first-order vectors in the pseudoperturjatenEqs(27) and
(33)]. ACCSPis the CCSD Jacobian build with CCSD amplitudés,(;) or triples corrected amplitudes.

Model Expression for the triples corrected excitation energies S D

CCSDR3)? LOACCSt* t5)RO) 3 2

(mll0*, 7, JIHF) (w5l [U* RP1+[[U* R{], T3 1HF)
(0)

i v3 Wy~ @
i=1,2
3 2
+ 2, L% ul[[U. RO TEIHF)
M2
(will0, 7, JIHF)Y |l U, R T+ [[U,RP], T HF)
CCSDRT) L<°’ACCSD(t1,t2)R(°)+2 LL?)E 3 S 5 5
Hi V3 st o
=12
(willU, 7, JIHF)(v5|[U, RS TIHF)
CCSDR1a L(O)Accso(tl’tz)R(O)Jrz L(ﬂoi)E 3 — 2 2
Hi v3 V3
i=12
CCSDR(1b)
(willU, 7, JIHF)(v5|[U, R ]HF)
LOACS L 1) RO+ D) LD, — + 2 L uall[U,RO) TS HF)
LIPS . g 2 1
EOM-CCSOT) Tu HE U.ROYHE
L‘O)ACCSD(tl,tZ)R(O)-FE Lf)z <Mu|[ |T,,3]‘ ><V3(|£) V) ]‘ >+w<°>L(1)R(1)
i w, —®
Hi V3 73

i
i=12

#The asterisk denotes that the reference state amplitudes are the triples corrected amplitude3indegl correspondingly the triples amplitudes according
to Eq.(22), and theT; transformed Hamiltonian of Eq21) calculated from triples corrected amplitudes.

AORO) = (,(ORO) (25) Introducing the various approximations with the correspond-
ing AY andA® matrices, we obtain the expressions for the
L(OA0) = (0),(0) (26) . e SO
W, excitation energy correction given in Table Ill. In Table 1lI

We assume the CCSD eigenvectors are norma"zed to uniwe. a|SOI I|St the Order in the f|uctuati0n pOtentIal through
as in Eq.(3). Expanding the coupled cluster eigenvalue equaWh'Ch single and double replacement excitations are deter-
tion [Eq. (1)] gives to first and second order in the pseudop-mined correctly.

erturbation ' It is appropriate to discuss the EOM-CCED approach .

©_ . (Op(L) " D) in the context of the above development. To better appreciate
(A7 —0™)RY=— (A" —o")R. (27) the differences to the previously described perturbational ap-
(A — O)RP = — (AD — (R — (AR — ,(2)RO), proaches and EOM-CCSD) we recast the EOM-CCSD)

(29) theory in the notation of this paper. The EOM-CQOSDap-
proach was introduced in an equation of motion coupled
Ccluster (EOM-CC) framework®® Coupled cluster response
theory and EOM-CC give identical excitation energies, but
oP=LOADRO =0, (29 differ for other response properties, e.g., transition moments
) and polarizabilities. The most important difference is that
mze;aecihﬁ];tel_r%rzilélg(%"z\;f gg@[gh:oﬁrtlijgrgu\iﬁi’rsa:/]v?th EOM-CC results do not _scale correct with the size of the
. . o - system for these properties, while coupled cluster response
zeroin the hlgher_excnatlon part. Projecting the second-ordetrheory does: Also if approximations are introduced in the
equation we obtain coupled cluster equations as for example in CCSDT-1a, the
0P =LOADRD 4 OARRO), (300  ground state and the excited state interact in EOM-CC, and
the EOM-CC framework cannot be applied in a rigorous way
to obtain equations for the excited state. No such problems
Qceur in the pseudoenergy Lagrangian formulation of
coupled cluster response thedrfhe essential formulas in
Ref. 16 make it possible to recast the theory in terms of the
0@=LOAR - ADAO_ ;O "IAMRO  (31)  Jacobian given above. In the EOM-CCSI) approach

Projecting the first-order equation onto the zeroth-order left
hand solution gives

This is the general form for the higher excitation level con-
tributions in the pseudoperturbational approach. Introducin
R from Eq. (27) we may write the excitation energy cor-
rection as
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TABLE IV. CH™" FCI excitation energies in eV. The error in coupled cluster mote® mode).?

%t,
Excitation FCP ccs¥ cc3¥ CCSDR3) CCSDRT) CCSDT-1§ EOM-CCSOT)® CCSDR1a CCSDR1b (CCSD

X+t oIyt 8.549 -0.560 —0.230 —0.206 —0.199 —0.232 —0.234 —0.200 —0.198 1
13.525 -—0.056 —0.016 —0.006 0.011 —0.058 —0.034 —0.032 —0.032 93
17.217 —-0.099 -0.026 —0.020 —0.001 —0.068 —0.052 —0.045 —0.045 84
1y 3.230 -0.031 -0.012 —0.003 0.016 —0.041 —0.016 —0.016 —0.019 97
14.127 -0.327 -0.219 —0.219 —0.199 —0.272 —0.268 —0.255 —0.259 72

1A 6.964 —-0.924 -0.318 —0.303 —0.279 —0.323 —0.335 —0.281 —0.281 0
16.833 —-0.856 —0.261 —0.249 —0.225 —0.264 —0.344 —0.178 -0.177 24

#Basis set and geometry as in Ref. R,,=2.137 13. Basis is [2061/53] and H51/31] from Ref. 21.
FCI numbers from Ref. 21.

°CCSD results from Ref. 2.

dCC3 results from Ref. 7.

€CCSDT-1a and EOM-CCSD) results from Ref. 16.

triples correction vectors are introduced into E4). giving each eigenvalue do one transformation according to the ex-
10 1 0 1 0 1 pressions given in Table lll. The scalar product with the
o=(LO+LI)AT+AT)(RP+RY). (82 =CsD left solution vector then gives thé? excitation en-
The left and right triple correction vectors are obtained as thergy correction. We do not need to consider the left correc-
first iteration of CCSDT-1a. This corresponds to tRE) tion vector, and the final correction is thus somewhat simpler
vector of Eq.(27) with the CCSDT-1a Jacobian &Y anda  than the EOM-CCSIY) correction as described in Ref. 16.
similar equation for the left-hand correction,

LOAO - 0y=— (OAD), (33 V. BENCHMARK CALCULATIONS
Equation(32) is with these assumptions identical to Eyl) The CH™ FCI calculations of Olseet al?! are an often
of Ref. 16. Using Eq9(27) and(33) we may write the EOM-  used benchmark for investigating the performance of ap-
CCSIOT) excitation energy as proximative models. EOM-CCSD), CC3, and CCSDT-1a
0=+ LOADRD 4 O WRD) (34) results are available in the literature. In Table IV these re-

sults are given together with the results obtained in the per-

We now compare the last two terms in E@4) with the  turbative triples models of this paper. All our perturbative
triples correction in Eq(20). The A® term in Eq.(30) is  triples corrections perform better than the corresponding it-
zero for CCSDT-1a. The last term in E@4), which is sec-  erative models[CCSDR3) versus CC3 and CCSORa)
ond order in the fluctuation potential for double replacementersus CCSDT-1a The perturbative based CCSHIR) ap-
dominated excitations, see Table Il, does not show up in Ecproach is also closer to FCI than EOM-CCGDfor all ex-
(30). Note that this extra term scale with the size of thecitations. Since these approaches are based on the same Jaco-
CCSD excitation energy. For double replacement dominategijan, this may be interpreted according to the theoretical
excitations Eq(34) is not correct through second order in the discussion in Sec. Ill. The differences between CC8R2R
fluctuation potential. Equivalently, it is not correct through and EOM-CCSDT) are rather small for the states with large
second order in the pseudoperturbation, since the terms iRingle excitation weights as expected since both methods are
volving the second-order correction vectors have been lef¢orrect to second order in the fluctuation potential. Both
out in Eq.(32). The second-order correction vectors would |eave out the ST block and no significant improvements are
enter in terms likd PAPRO+L OAOR® and these terms  obtained relative to CCSD. The extra term in Ea4) is
together with the last term in Ed34) vanish due to the expected to be rather small since in the case the product of
second-order biorthonormality condition the correction vectors is third order. For the double replace-

L@RO 4 LOR®? 4| WRMW=(. (35) ment dominated excitations the differences between

CCSDR1a and EOM-CCSMT) are larger, and for the larg-

The correct second-order result of E§0) is then obtained. est excitation energy we have the largest deviation of 0.17

The CCSDR triples corrections can in compact form begy/. This agrees with the fact that the extra term in EOM-

written as, ccsOT), 0L PRY, depends on the CCSD excitation en-
ergy. For double replacement dominated excitations the
0?=2 Lfi)%i(w(o)), (36) EOM-CCSOT) contains an error in second order that scales
Mi

with the size of the excitation energy. For the double replace-
where theo vector corresponds to one linear transformationment dominated excitations none of the perturbative models
in our partitioned CC3 algorithm or a subset of this transfor-is consistently better than the others and the differences are
mation. To obtain CCSDR triple corrections we need to calsmall compared to the overall error. Again this can be ex-
culate the CCSD left and right eigenvectors and then foplained from the theoretical discussions, since fegurba-
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TABLE V. FCI excitation energies and deviation from FECI mode) in m hartre€’, and %, in CCSD?

Molecule State %,° FCIP ccsp cc? CCSDR3) CCSDRT) CCSDT-14 CCSDR1a) CCSDR1b)

Ne 1po 97 602.6 8.8 -0.5 0.3 -0.1 -0.4 -0.6 -1.3
D 97 669.3 9.2 -0.6 0.2 -0.2 -0.4 —-0.6 -1.2

p 97 670.9 9.2 -0.7 0.2 -0.2 -0.4 -05 -1.2

S 97 679.3 8.7 -0.3 0.5 -0.2 -0.3 -0.8 -1.4

s 96 1618.9 6.2 -338 -1.2 -21 -5.2 -1.2 -1.7

BH Al 95 108.2 -0.8 -0.3 0.1 0.9 -11 -0.1 -0.2
BIs* 97 234.4 -15 -0.6 -0.4 0.3 -1.7 -0.7 -0.7

D I 94 274.4 -1.3 -0.5 -0.2 0.4 -17 -0.7 -0.7

G a1 93 302.8 -14 -0.6 -0.4 0.3 -2.0 -1.0 -0.9

cla 6 216.1 -29.2 -114 -11.1 -10.2 -115 -10.3 -10.3

cist 62 257.1 -14.4 -6.6 -8.7 -7.9 -6.9 —-8.6 -85

Elst 51 277.8 -71 -1.9 0.7 15 -3.0 -0.8 -0.8

CH, 3A; 93 239.4 0.2 0.2 1.8 3.0 -23 0.7 0.8
41, 96 311.6 0.7 0.2 1.0 2.2 -2.3 -0.2 -0.1

1'B; 95 283.1 -0.4 -0.6 0.0 1.2 -3.0 -1.1 -1.0

1'B, 97 65.9 0.5 0.2 1.0 2.3 -21 -0.2 -0.4

1A, 97 215.1 -0.2 -0.2 0.6 1.8 -23 -0.3 -0.7

2A, 5 171.1 —53.5 -17.3 —-16.9 —-15.2 -17.3 -15.3 -15.3

2B, 6 294.6 —-58.9 -19.0 -18.7 -17.1 -19.1 -17.4 -17.4

2'B, 0 327.3 —66.1 -21.0 -20.3 -18.6 —-20.9 -185 -185

3B, 2 387.8 —67.0 -22.6 -223 —20.6 —224 —-20.5 —-20.5

2'A, 0 345.8 —-88.8 —-43.1 -425 —40.8 —-43.0 —40.7 —40.7

aGeometry and basis sets as in Ref. 12. GeometRgg=2.3289, CH coordinates: C80,0)0H(*+1.644403,0,1.322)3Basis sets: spherical pvDZ with
augmented functions. The augmented functions are, with exponents in parenthesis:s(@e4)l and Pp(0.03), BH: 2(0.0315,0.009244),
2p(0.02378,0.005129), andd?0.0904,0.02383) functions on B and on H(2.0297,0.00725) and0.141,0.02735). CH 1s(0.015) on C and 4(0.025)
on H.

PFCI, CCSD, CCSDT-1a, and CC3 results from Ref. 12.

tive triple correction approaches all includes the same secongerturbative corrections. For Ne we see significant improve-
order terms for double replacement dominated excitations. ment for all triples models relative to the CCSD result. In
For single replacement dominated excitations the CCSthis case we thus actually obtain improvements of the CCSD
DR(T) and CCSDR3) results are closer to FCI than the results for single replacements dominated excitations even
CCSDR1a and CCSDRIb) results for all excitations. The though the lowest order singlet—triplet coupling is not in-
CCSDRT) and CCSDR3) methods are correct through third ¢juded. TheA®® term has some effect in this molecule. The
order since both include the lowest order singlet—triplet couccSpR3) result is closer to FCI than CC3. For BH we
pling. This coupling is not included in CCSRRY and  gpserve that all perturbative triples models improve the
CCSDR1b). Finally we note that the difference between CCSD results. It should be noted that CCSDR and
CCSDR1a and CCSDRlb) is small, indicating little effect CCSDR3) give the largest shifts relative to CCSD.

) i i i-
of the A™ term 'dependlng on the triples reference ampli CCSDR3) is closest to FCI, and actually closer than CC3.
tudes that constitute the major difference between these tw'gOr CH, we have very small errors at the CCSD level, and

approximations. I ._significant differences between the different perturbative
In a recent paper we compared FCI excitation energle§riples approaches are observed. CCEDR and

of BH, Ne, and CH with those obtained in the hierarchy of .
coupled cluster models CCS, CC2, CCSD, and CC3.CCSDR1b) differ from CCSD by less than 0.9 mhartree and

CCSDT-1a excitation energies were presented as well. IHw_ese models are thus still rather close to F_CI' CCEDR .
Table V we give the FCI results and the errors relative to FC@IVe 1arger changes of up to 3 mhartree and in the opposite
for CCSD, the perturbative triples corrections models, andliréction. The CCSDE3) shifts are smaller, indicating the
the iterative triples models CC3 and CCSDT-1a. We dividdMportance of relaxation of the ground state amplitudes. The
the excitations into single replacement dominated excitation§/ors toward FCI in CCSD®) are still larger than in the
(>90% T,) and the rest that has significant double rep|6u:ej'terative CC3 model that is very close to FCI. We tried to use
ment character. For the latter class we see the same picture @63 reference amplitudes in the CCSOR excitation en-

for CH". All perturbative corrections behave similarly and €rgy calculation, and obtained shifts in the CCSDR ap-
are in most cases more accurate than the iterative triplégroaches of—2.0+0.2 mhartree for all single replacement
results. CCSDRI) and CCSDRla) appear to be more accu- dominated excitations. In CHve thus apparently have large
rate than CCSDR), but only marginally relative to the re- cancellation effects between contributionsdifferentorder.
maining error to FCI. For the single replacement dominated’he good performance of CCSD, CCS@®), and
excitations we find significantly different behaviors of the CCSDR1b) is thus probably fortuitous.
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