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Extension of the closed-shell coupled-clusteC) theory to studies of bond breaking and general
quasidegenerate situations requires the inclusion of the connected triply and quadruply excited
clusters,T3 and T,, respectively. Since the complete inclusion of these clusters is expensive, we
explore the possibility of incorporating dominahy andT 4 contributions by limiting them to active
orbitals. We restricT; and T, clusters to internal or internal and semi-internal components using
arguments originating from the multireference formalism. A hierarchy of approximations to
standard CCSDTCC singles, doubles, and trip)eend CCSDTQCC singles, doubles, triples, and
quadruples schemes, designated as the CE€%d CCSBq approaches, is proposed and tested
using the HO and HF molecules at displaced nuclear geometries anatGhe equilibrium
geometry. It is demonstrated that the CG%dd CCSDq methods provide an excellent description

of bond breaking and nondynamic correlation effects. Unlike perturbative CCSDT and CCSDTQ
approaches, the CC$and CCSDq approaches do not fail at large internuclear separations, in
spite of using the restricted Hartree—Fock reference. All CC8bd CCSDq approaches are
essentiallyn® procedures and yet they are shown to provide reliable information aioahd T,
components, whose standard evaluation requires expendiaaedn'® steps. ©1999 American
Institute of Physicq.S0021-960809)30410-4

I. INTRODUCTION methods is simple or general enough to be as widely appli-
cable as approaches that are based on the standard SRCC
The success of the single-refereri&®) CC theory™in  description.
describing nondegenerate ground states of molecules, for Unfortunately, a full account of triply and quadruply ex-
which the basic CCSIICC singles and doublisapproxi-  cited clustersT; and T, respectively, is computationally
mation provides very good results, has stimulated considefzery demanding. The complete CCSDTCC singles,
able research activity aimed at the extension of CC theory t@oubles, and triplésmethod? #requires steps that scale as

guasidegenerate states via either a multirefere(Md®) ngnﬁ, wheren, (n,) is the number of occupietunoccu-

formalism? '~ or SRCC approaches that explicitly include pied) spatial orbitals. The CCSDTQCC singles, doubles,
the connected tri- and tetraexcited clustg&rs. triples, and quadruplésapproach™® (see, also, Ref. 17
The genuine MRCC theories may be quite useful in genscales am?né, which should be compared to a much more

eral open-shell situations. However, it is formally much tayorable n?n? scaling of the CCSD method. While the per-
easier to describe quasidegenerate ground states, includifgymance of CCSDT and CCSDTQ programs can be greatly
difficult cases of bond breaking, by including higher-than-improved by using the idea of recursively generated interme-
pair clusters in the standard SRCC formalism. In SRCC calyjates and fast matrix multiplication routinEslittle, other
culations, all nondynamic correlation effects related to thgpgp orthogonal spin-adaptati&?ﬁ?“ can be done to reduce
guasidegenerate nature of the electronic state of interest Ckge storage requirements for tri- and tetraexcited cluster

be treated dynamically. In consequence, the SRCC calculgynplitudes. As a result, the CCSDT and CCSDTQ calcula-
tions do not suffer from the convergence and intruder-stat§ons are limited to relatively small systems.

problems that plague genuine MRCC theofifs, e.g., Refs. The large costs of CCSDT and CCSDTQ calculations

18 and 19. Furthermore, they have an ease of application,aye inspired a considerable research activity towards the
that is not matched by MRCC approaches or multireference, i jation and implementation of various approximate
configuration interactio@MRCI) methods. The newly devel- CCSDT and CCSDTQ schemes, which are less expensive

oped st_ate-specific MRCC approgcl’(e!’;, €.9., Ref§. 20— than their complete counterparts. In the iterative perturbative
22), which are based on a genuine MR formulation, may~ approaches termed CCSDIT2*26 ACCSDT-1 (ap-

change this situation, but none of the existing State'SpeCiﬁBroximate CCSDT-1  methA-ACPTQ (approximate

coupled-pair theory with connected triples and quadrypfes
dpermanent address: Department of Chemistry, Michigan State Universityand CCSDTQ-f,7 and their noniterative variants, referred to

East Lansing, MI 48824-1322. as the CCSB‘T(CCSD:CCSI:[T]:CC4S[IT] 24,28-30
bp ddress: Insti f Chemistry, Silesian University, Szkolna 9 !

4gfgz)a6n§2:o?mc;e’5;0|;‘I:('[jlltute (o) emlstry lesian nlverS|ty ZKolna ACCSD+T(ACCSD)=ACC8qT],31 CCD+ ST(CCD)
9Electronic mail: bartlett@qtp.ufl.edu =CCD[ST],%#*3% ACCD+ST(ACCD)=ACCD[ST],24%°
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CCSDT)=CC4SOT),30:33:34 CCSDQ+T(CCSDQ) MRCISD (MRCI singles and double¢scalculations used in
=CCSDQ[T],3 CCSDT+Q(CCSDT)=CCSDTQ],?” the MRCI-corrected CCSD schenteeferred to as the re-
CCSD+TQ*(CCSD=CCSOTQ*],% cc5S0TQ],* and duced MRCCSD or RMRCCSD approdbhare significantly
CC5SOTQ)*° methods, thd; and T, clusters are related to More expensive than the corresponding CCSD calculations,
lower-orderT; and T, clusters using arguments originating if the MRCISD and CCSD methods are properly encoded
from many-body perturbation theofBPT). This allows  (the cost of MRCISD calculation is proportional KnZnj;,

us to reduce the3n> scaling of the CCSDT approach to WhereM>1 is the dimension of the multidimensional refer-
n3n?, when the CCSDT-1, CCYD], and CCSMT) meth-  €nce spage even though RMRCCSD results for small mol-

o u’
ods are employed. ecules represent a significant improvement over the CCSD

In another approach, attempts have been made to extenes:> Moreover, the MRCISD approach is not size-
nally correct the CCSD methdd:®6=#? In this case, the extensive, so that th€; andT, clusters resulting from clus-

T; and T, clusters are obtained by a cluster analysis of thder analysis of the MRCISD wave function introduce un-
projected unrestricted Hartree—Fo¢RUHP),3:%® valence linked terms into the CC formalism. Another problem with
bond (VB),>"*® multiconfigurational self-consistent-field all externally corrected CCSD schemes is that it is practically
(MCSCB or complete active space SGEASSCH,?13-41  impossible to formulate efficient analytic gradient techniques
and MRCf? wave functions. These approaches are not mucience different types of wave functiori® this case, wave
more expensive than the standard CCSD scheme providdtnctions of CC and non-CC origirare combined together.
that the calculation used to generdtgand T, components It is much easier to develop analytic gradient codes for per-
is significantly less expensive than the CCSD calculationturbative CC method¥*>°

The externally corrected CCSD methods are related to a re- In this paper, we investigate the possibility of incorpo-
cently proposed split-amplitude strategy of solving CcCrating the dominanf; and T, contributions by combining
equationg?® in which part of the cluster operator is obtained SRCC concepts with a limitation to active orbitals for

from external sources, while the other part is determinedigher-than-pair clusters. Our aim is to design approxima-
from a set of quasilinearized CC equations. tions, which scale as2n}, while allowing us to describe

The problem with perturbative CC schemes is that theyjuasidegenerate systems ig@npletely size-extensivean-
typically fail to describe bond breakir(gf. Refs. 44—4y. In  ner. By utilizing the well-known concept of active orbitals,
more complicated quasidegenerate situations, such as thogg restrictT; and T, clusters to internal or internal and
found in cyclic polyenes, the CCSD approach becomesemi-internal(see the next sectiprcomponents using argu-
singular?® so that theT; and T, components needed to esti- ments originating from the MRCC theory. We base our
mateT; andT, clusters in perturbative CC schemes are sim-analysis on the observation that any MRCC technique, once
ply not available. Replacing the restricted Hartree—Fockestricted to the ground state, can be regarded as a clever way
(RHF) reference by its unrestricted Hartree—Fo@HF) of selecting the most important high-order excitations from
analog improves the resultsf., e.g., Refs. 44 and 45but  all high-order excitations entering the SRCC expansion. In a
the corresponding CC wave functions are spin-contaminatedvealth of MRCI applications and in some CC
Although the level of spin-contamination of CC wave func- calculationsi®>?~*’it has been documented that the restric-
tions is significantly reduced compared to UHF wave func-tion of T3 and T, clusters to internal and semi-internal com-
tions, potential energy curves or surfad®ECs or PESs ponents can lead to an excellent description of single- and
resulting from CC/UHF calculations exhibit nonanalytic be- multiple bond breaking in small molecules.
havior in the vicinity of a triplet instabilit§#*° (for classifi- In order to learn which cluster selection schemes are
cation of Hartree—Fock instabilities, see, e.g., Rej. 50 most efficient, we propose a hierarchy of approximations to

The externally corrected CCSD schemes do not fail uporstandard CCSDT and CCSDTQ methods, which we com-
bond breaking but they have other kinds of problems. Thenonly designate as the CCSxnd CCSDq approaches
most important one is that information is taken from outside(lower casd andg indicate that not all ; and T, amplitudes
the CC structure. In addition, the PUHF wave function canhave been includgedThe CCSD and CCSBbq methods in-
only be used to estimate the effect ®f clusters, but no cluding internal and semi-interndl; and T, clusters are
information about importanf; components can be extracted equivalent to the so-called state-selecti& CCSIO(T) and
from PUHF calculation$}*® The VB wave functions pro- CCSDTQ) methods of Refs. 52, 53, and %®&r the most
vide information about botfi; and T, clusters3’*but then  general formulation of the SSCC method, see Ref. 58; for
we have to deal with the problem of nonorthogonal orbitalsearlier developments, see, also, Ref).3&e propose, how-
used by the VB method. The MCSGEASSCH method is  ever, other CCSDand CCSIbq approximations, which have
a rather inefficient source of information abolf and T, not been studied before, including approaches that use inter-
clusters if one chooses to use MCSEFASSCH orbitals in ~ nal T3 and T, components only and approaches that combine
CC calculation$?! even though PESs obtained in MCSCF- perturbative concepts with the concept of an active space.
corrected CASSCF-correctedCCSD calculations are better Our implementation of all CCSDand CCSDRqg schemes al-
than their CCSD analoé‘?;‘11 (the CASSCF-corrected CCSD lows us to uséfor the first time in the context of CC studies
scheme employing the CASSCF wave function to extiiact larger active spaces and basis sets.
and T, components and a RHF configuration to define the  All methods discussed in this paper have been tested on
reference and orbitals for CC calculations, which was pro-a number of molecular systems, including thgOHand HF
posed in Ref. 31, has not yet been tegteinally, the molecules at displaced nuclear geometries and the difficult
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example of the @molecule. All systems studied in this pa- (®¥CCSD+ (HyT3)c|®)=0, 5)
per are characterized by a largeg effect. The stretched J©
molecule and G are also characterized by a significang  (PfICCSD+[Hy(Ts+T1T3+Ty)]c|®)=0, (6)
effect.

In the following Sec. Il, we describe the CCSRNd <(DSEC|CCSD+[HN(T3+T1T3+T4+T1T4+T2T3
CCSDig methods. The relevant computational details are +1T2T,)]c|®)=0, 7
presented in Sec. Ill. In Sec. IV, we present the results of

calculations, and in the last Sec. V, we summarize our find(cbﬁﬁfd|CCSD+[HN(T3+T1T3+T4+ T Ta+T,T+3T5T,
ngs. F T T+ 3T+ 3T2T,+ T, T,Ta+ £T3T,) 1| @)=0, (8)

24213121114 1'2'3"76'1'3/1C -
where CCSD designates all terms that contaln and T,
clusters only and terms that do not contain cluster operators
In the SRCC theory, the ground stat of the at all, Hy=H—(®|H|®) is the electronic Hamiltonian in

Il. THEORY

N-electron system is written in the following form: the normal-product form, the subscriptdesignates the con-
n mponents of th rr ndin rator expression
V—eTd. 1) ected components of the corresponding operator expression,
and
where - R, ©
T=Ti+ T+ 4Ty, ) e

is the cluster operator and is a single-determinantal refer- are excited configurations. Notice that higher-than-quadruply

ence configuration which we choose as the Fermi vacuurfXCited clusters do not enter EdS) and (6) if the Hamil-
(usually, the RHF or UHF wave functiprMany-body com- tonian contains at most two-body terms. This means that if
ponentsT, (k=1,2,..,N) of the cluster operatof are de- T3 andT, clusters are exacte., they correspond to a full Cl
fined in terms of the excitation operators solution, thenT; and T, clusters obtained by solving Egs.
(5) and (6) are also exact, and so is the resulting energy,

ag -y K At? which can be expressed solely in termslgfandT, cluster
iy :Kﬂl Al 3 components
and the corresponding cluster amplitudigl's'.‘.i;k as follows: E=(®[H|®)+(P|[Hn(T,+To+3T9)]c|®). (10
12 This observatiof*” allows us to decouple Eq¢5) and (6)
T= (k_l Ly ET (4)  from the rest of the CCSDTQ chain. Indeed, once we find a
. 1 k "1 k

good approximation fof; andT,, we no longer have to use

We usei, (af) to designate the annihilatioftreation op-  the complete set of the CCSDTQ equations, Efs-=(8), to
erators. We use letteisj,k,| to designate the spin—orbitals Obtain very goodnearly full Cl) energy values. We can rely
which are occupied in the referen¢eanda,b,c,d designate 0N EQs.(5) and(6), in which we iterateT, and T, compo-

the unoccupied spin—orbitals. We also use the Einstein sunflents in the presence of terms containing mf_ormatlon é}bOUt
mation convention to indicate the summation over repeatefligher-ordefT; andT, clusters. This is the basic mechanism
indices. of reducing the computer cost of the full CCSDTQ calcula-

The CCSD approaétis obtained if we restrict the op- tion to nng steps or steps that are only moderately more
erator T to singly and doubly excited clusters, i.e., if we expensive than the CCSD steps. This idea has been recently
assume thaf =T, +T,. The CCSDT modéf~**is obtained used with a factorized form 6f, in another approact?.
if we assume thaff=T;+T,+T5 and in the CCSDTQ The question remains how to find good approximations
modef®~"%we assume that=T,+T,+Ts+T,. As ex- for Tz andT,. As mentioned in the Introduction, we can use
plained in the Introduction, the CCSD method requires stepe MBPT arguments to expre$g andT, clusters in terms
that scale as?n’, the CCSDT approach scalesrgs’, and of their Ipwer-order ar?alogé',1 andT, (we can also _think of
the scaling of the complete CCSDTQ procedurenfnS.  expressing’, clusters interms of ¢, T,, andT3_, as is done
The corresponding storage requirements for the doubly ex the CCSDTQ-1 methdd). For example, in the well-
cited amplitudestgb, triply excited amplitudes”" and known and highly successful CCSDT-1 schemésf. also,

abgc?

quadruply excited amplitudetlX!, are n?n2, nnZ, and Ref. 24 for the orthogon.ally spin-adapted formulajiave
nant, respectively. approximateT; as follows:
In order to reduce the computer cost associated with Ta=RE(WyTo)c, (11)

complete inclusion ofT; and T, cluster components, we

have to decouple the CCSD part of the CCSDT or CCSDTQvhere Rg3) designates the three-body part of the reduced
system of equations from equations projected on tri- @md resolvent used in the standard MBPT formalism &Md is
case of the CCSDTQ scheintetraexcited configurations. In the two-body part ofHy. This allows us to replace the
the following we focus on simplifying the CCSDTQ scheme. CCSDT system of equations, Eq8)—(7) (with T,=0), by

A similar analysis applies to the CCSDT method. Egs. (5) and(6), in which T3 is given by Eq.(11) (and, of
The CCSDTQ equations have the following generalcourse,T,=0). The resulting CCSDT-1 scheme scales as
form: n3n?, which should be compared to much more expensive
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ngnﬁ’ steps of the full CCSDT formalism. In addition, the A. CCSD{t}, CCSD{tq}, CCSD{t'}, and CCSD{t'q’}

CCSDT-1tl¥. amplitudes do not have to be stored, since weschemes

can calculate them on the fly using Ed.1). A similar re- In each of these approaches, we proceed as follows. We
duction in the computer effort applies to noniterative coun-first solve the complete CCSDT or CCSDTQ system of
terparts of the CCSDT-1 scheme, such as the JO$D equations, Eq945)—(7) or (5)—(8), respectively, using active
method®° (for the orthogonally spin-adapted formulation, orbitals only(Step 1. In the next Step 2, we solve Eq&)

see Refs. 24 and 29r its somewhat more popular CCS)  and(6) with T or T3 and T, obtained in Step 1. There is a
analog®®3334The examples of other perturbative CC meth-minor difference between CC§D or CCSOtq; and

ods were given in the Introduction. All perturbative cc CCSOt'} or CCSHt'q’} schemes. For example, Step 2 of

methods work very well if the ground electronic state undeﬁhe CCSRQtq} procedure requires that we solve the follow-

consideration has a nondegenerate character. For examp\re"::l system of equations:

the CCSDT-1, CCS[Y], and CCSDT) results for molecules (P3|CCSD+ (H\tY) c|®)=0, (12
near their equilibrium geometries are practically identical to ab ©) (0) L +(0) 3
full CCSDT results. Unfortunately, as mentioned in the In- (@] |CCSDH[Hn(ty" + Taty +1,7)Ic|®)=0, (13
troduction, all perturbative CC approaches fail at large interwhere
nuclear separations, since MBPT arguments are no longer

valid when bonds are being brpk@h. . t<30>ET<30)(?\;3KC> (14)
In order to respond to this, somewhat unsatisfactory,

situation, we decided to propose and investigate a new cagnd

egory of CCSDT-like and CCSDTQ-like CC methods, which

. . . (0)_—(0) ABCD

(i) are size extensive and are solely based on the CC expo- ty”’'=T, UKL | (15

nential ansatz(ii) provide a correct description of bond
breaking and quasidegenerate stat@i) offer substantial are internalT; and T, components obtained in Step 1. In
savings in computer effort compared to full CCSDT andStep 2 of the CCSP'q’} procedure, along witfT; and T,
CCSDTQ approaches, arfiy) do not use perturbative con- clusters, we extract from Step 1 tigT; term ente_ring.Eq.
cepts, even though we leave room for various perturbativé®): AS @ resullt, I,Eq(13) of the CCSRQta} scheme simplifies
approximations that can be introduced later. As is often dond! the CCSQt'q"} approach to

in CASSCF or MRCI/MRMBPT/MRCC approaches, we di-  (®/8|CCSD+[Hy(t +t2tL +t0)]c|®)=0  (16)
vide all spin—orbitals into three sets of core, active, and vir-

tual spin—orbitals. We designate core spin—orbitals byand
i,j.k,l,..., active spin—orbitals occupied in referende(ac- ((I)f}b|CCSD|<I>>=O, 17
tive holes by 1,J,K,L,..., active spin—orbitals unoccupied
in referenced (active particlesby A,B,C,D,..., andvirtual
spin—orbitals bya,b,c,d,.... Thenumber of active spatial
orbitals occupied in referenck is designated by, and the
number of active spatial orbitals unoccupieddnis desig-
nated byN,. Clearly, if the core and virtual sets are not

if CDf}b contains at least one inactive index. This means that
in the CCSBt'q’} procedure, we simply add the entire
(ORBITHN(Q + Ot + () ]| ) term generated in Step
1 to the CCSD equations projected on inter(ell-active
double excitations without storing interngfl. and thsep
amplitudes and without modifying the Step 2-CCSD equa-
empty, we havéN,<n, andN,<n,. tions projected on semi-internal and external excitations. We
With this partitioning of the one-electron space, we in-might add that the{(b?l(HNt(so))d(I)) term, which modifies
troduce various approximationgcommonly termed the the CCSD equations projected on singly excited configura-
CCSD and CCSIgq schemek in which T; and T, clusters  tions, changes only these equations in &) which corre-
are restricted to certain, relatively narrow classes defined ispond to projections on internal, monoexcited configurations.
terms of active spin—orbitalsTq and T, clusters are treated An obvious advantage of all four CC$0), CCSOtq},
exactly, i.e., all available spin—orbitals are used to defindcCSOt’}, and CCSBt’q’} schemegapart from their in-
these clustejsWe are interested in a significant reduction of herent simplicity is their minimum cost. Step 1 of these

5 4n16 ;
the computer time, so that active spaces satisfying the Corp_roczedures scales NgNu or NNy . Step 2 consists of regu-

dition N,<n, and, if possible, the conditiohl,<n,, are lar n3n¢ and less expensive steps of the standard CCSD pro-

preferred. We distinguish between schemes using intern gdure. IiN,<n, andN,=<n,, the CPU cost associated with

. . ; tep 1 is negligible compared to Step 2. For example, Step 1
triples and quadruples only, in whidhy and T, components of the CCSDt} and CCSBt'} procedures is no more ex-
are defined using excitations within the active space, angensive than Step 2 provided thanhore or less N <n23

. o—"lo

schemes using semi-internal tri- and .teft_raexcnatil_%ns, ™ind N,<n{®. This means that we can actually use fairly
which at least one spin—orbital index definitif andtfcq  large active spaces in this case and still obtain procedures
amplitudes is inactive(core or virtual. The CCSD and  which are not much more expensive than the standard CCSD
CCsxq approximations tested by us so far are described irapproach. The relevant CPU timings that illustrate this state-
Secs. [l A-11D below. ment are presented in Sec. IV.
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Notice that CCSEx}, CCsSOtq}, CCsOt’'}, and The only essential difference between the CESbr
CCsOt’'q’'} schemes are genuine CC analogs of theCCSIt'q’ approaches and methods described in Sec. Il Ais
CASSCF-corrected CCSD scheme of Refs. 39-41. In théhe fact that we now iterate the restricted setBfor ti" and
CASSCF-corrected CCSD approach of Refs. 39—-41, one fwsﬁ“ components, Eq$22) and(23), in the presence of atlEl
has to solve the full CKFCI) equations within the active andt”b amplitudes, whereas in methods described in Sec.
space(CASFCI equationsto obtain thet}5. andthhe, am- 1l A we calculate the internaly and T, clusters in the pres-
plitudes(which is done by analyzing the cluster structure ofence of internall; and T, components prior to solving for
this all-active FCI or CASSCEF solutionThis might become  the actual set of alt, andty, amplitudes. As a result, the
a very expensive step if the active space is large. We replaasost of the CCSD and CCSD@'q’ calculations is more or
this step by a much simpler CCSDT or CCSDTQ calculationless identical to the cost of the corresponding C@$P
within the active space, since for all practical purposes the€CSOtq}, CCSOt'}, and CCSBt'q’'} calculations
CCSDT or CCSDTQ approachésarticularly the latter one  (~N3N3+n2n? in the CCSR' case and~N2NS+n2n? in
are almost as good as the FCI method. Thus, we reduce thke CCSDR'q’ case¢. Compared to the simplest CCED}
cost associated with the CASSQ#r CASFC) calculation, and CCSBt’'q’} schemes, we now have to store the internal
which is an integral part of the method of Refs. 39-41, and}5. or thi. and thscp, amplitudes. As explained in Sec.
completely eliminate the need for a cluster analysis, since all A, there is no need to store these amplitudes in the
the information about cluster components defining theCCSIO{t'} and CCSRt'q’} calculations(of course, there
CCSDT or the CCSDTQ wave functions is directly obtainedare relatively fewt b andtiss, amplitudes, so the need for
by solving the CCSDT or CCSDTQ equations. In conse-their storage is not a major limitatianOn the other hand, it
guence, we can study much larger active spaces than thlahould be easier to implement the analytic gradient tech-
authors of Refs. 39—-41. This is very important, since oneniques for the CCSD and CCS@’'q’ methods, since the
cannot reproduce a significant portion of the and T, ef-  only difference between CC3Dand CCSD'q’ equations
fects using a CASSCF-corrected CCSD scheme of Refsand their complete CCSDT and CCSDTQ analogs are loops
39-41 if the active space is smétff. Ref. 41. In our meth-  over orbital indices describing tri- and tetraexcited clusters,
ods, we also usegin the closed-shell cagestandard RHF  which in the CCSI' and CCSD'q’ cases are restricted to
orbitals, instead of the CASSCF orbitals used in Refs. 39-active indices only.

41, although our programs are general and allow us to use
orbitals of any typegsee Sec. IV for more comments related
to the use of CASSCF orbitals in SRCC calculatjons C. CCSDt and CCSD tq schemes

The complete CCSDand CCSDkq schemes arise from
solving the CCSDT or CCSDTQ systems of equations, Egs.
(5)—(7) or (5)—(8), respectively, withT5 or T; and T, clus-

In these two procedures, we solve the CCSDT or CCSters restricted to internal and semi-internal excitations of the
DTQ system of equations, Eq&)—(7) or (5)—(8), respec- following type (cf. Refs. 52, 53, and 58
tively, using the complete sets df andt}), amplitudes and

B. CCSDt’ and CCSDt'q’ schemes

the tUk_ or tUK_andt'K! . amplitudes restricted to internal _1./2BC
abc abc abcd t3 T3 lik (24)
types only, i.e. th8. or tiK. and t3ks,. Thus, in the J
CCsix'q’ case, we solve the following system of equations: oot abCD) 25
(D3 CCSD+ (Hytih | ) =0, (18 4704 1kl
- The CCSRq system of equations fot,, tU . tUk. and
ab int int int _ a ab abC
(®F7|CCSD+ [H(ts™+ Tats"+ 177 ]c| ) =0, (19 to«  has the following form:
(DHBC|CCSD+ [ Hyy (154 Tyt it Tt Tt (D CCSD+ (Hyty)c|®)=0, (26)
240Nt —
+ 37759 Jc| @) =0, (200 (@3CCSD+[Hy(ts+ Titsttg)Ic| D) =0, 27
(PURC°ICCSDH [Hyy(t5" Tty + 7+ Toty'+ Totg" (D3| CCSD+[Hy(ta+ Totg+tat Totat Tt
- Tit'gt+ Tt 3(t 2+ AT+ T, Tt +1T2)]|®)=0, (29
3 t
8T 1| @) =0, (2D (@ACP|CCSD+[Hy(ta+ Totg+ty+ Toty+ Totg+ 2T,
where + Tty 35+ 3T+ TiTota+ §T5t) Ic|@)=0, (29
tlnt:Tg(ABC) 22) wheret; andt, are defined by Eq924) and (25), respec-
3 IIK tively. The CCSD system of equations is obtained by elimi-

nating Eq.(29) from the CCSBq system and by setting,
=0 in the remaining equations. As explained in Ref.(6B
also, Refs. 52 and 53the internal and semi-internal tri- and
tetraexcited clusters defined by E¢&4) and(25) are needed

and

ABCD) 23

tTt:T‘*( 1IKL

Downloaded 29 Sep 2005 to 128.227.192.244. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



6108 J. Chem. Phys., Vol. 110, No. 13, 1 April 1999 Piecuch, Kucharski, and Bartlett

if we want to describe all single and double excitations from  One might of course argue that for severe cases of mul-
the configurations spanning the multidimensional referencéiple bond breaking, such as dissociation of, Nvhere the
space active space should consist of more than two occupied and
more than two unoccupied spatial orbitals, one needs to in-
Mo=spaq®, f, DI} avp. (30) P P

clude higher-than-quadruply excited connected clusters of
Thus, the choice of triples and quadruples described by Egénternal type Tt", Tg", etc) to make the reference sta@4)
(24) and (25) leads to an SRCC scheme which has a MRfully equivalent to a CAS reference statg5). In fact, this
cluster structure of the ground-state electronic wave functioan easily be accomplished within our formalism by adding
built directly into T. In fact, the CCSDand CCShg wave the relevantTs", Tg", etc. cluster components to E1)
functions have a much richer structure than the wave functcf. Ref. 58. Since these high-order clusters would only be
tions corresponding to mono- and bi-excitations frawy,, evaluated within the active space, their addition should not
Eq. (30). This is an immediate consequence of the exponenincrease the cost of calculations significantly. On the other
tial nature of the SRCC ansatz. In particular, various higherhand, methods such as CCSDT or CCSDTQ, which do not
than-quadruply excited disconnected clusters of internal andse higher-than-quadruply excited connected clusters, are ca-
semi-internal type are present in the CG§Mvave function pable of describing the bond breaking ip &hd similar sys-
(clearly, the highest rank of the internal cluster componentsems quite reasonabﬁ?,so that the issue of the relative im-
is limited by the number of occupied and unoccupied orbitalportance of Ti", T'g“, and other higher-order cluster
included in the active spage components in these kinds of studies can be debated. We
It can be showtf that the choice of triples and qua- should keep in mind that many high-order cluster compo-
druples according to Eq$24) and (25) is equivalent to de- nents of connected and disconnected type are included in our
composing the SR cluster operafbiinto internal and exter- CCSDt and CCSIDg approaches. Thé*g“, Tet, etc. com-
nal parts, T™ and T®, respectively, which in the CCSB  ponents are included in the recently proposed RMRCCSD
case are defined as follows: method? through cluster analysis of the MRCISD wave
function. Unfortunately, the resulting procedure is not size

int__ int int int int
TI=Tit T+ T Tan B extensive and this wil eventually limit its applicability when
+ —ext. —ext, —ex] @DC o @DCD larger systems are investigated. As demonstrated in this pa-
TH=T+ T3 +T3'( ik )+T4'( Ik ) (32)  per, we can use large active spaces in our CC@bd

) i ) ) CCShxq calculations. The RMRCCSD calculations are lim-
where the amplitudes defining™ carry only active spin—jteq to fairly small active spaces, since MRCISD calculations

orbital labels, and the amplitudes defining many-body compecome prohibitively expensive when the number of active

label. With this decomposition, we obtdn Clearly, the multiconfigurational reference stade™
P =eT™pint (33 =e™"®, Eq.(34), of the CCSIq approach and its analog
characterizing the CCSDg’ method discussed in Sec. 11B
where are identical[the same Eq(31) applies to both methodls
Pint=e™"p (34) The only difference between both approaches lies in the defi-

nition of T® [if we assume the viewpoint based on Egs.
is the multiconfigurational reference state satisfying the in{31)—(34)]. In the CCS@'q’ case, we would have to replace
termediate normalizatiofid"™|®)=1. With T™ defined by  Eq. (32) by the formula
Eqg. (31) (the CCtSDq approacb} the. muIticpnfigurationaI Tex_ext, Text @7
reference staté'™ is practically identical or, in some cases, 1 2 -

(if the active space contains no more than two occupied angtys s of course what makes the COSH and CCSD'
no more than two unoccupied spatial orbifatentical tothe  procedures less expensive than the corresponding GESD

renormalized CAS reference state and CCSD approaches based on internal and semi-internal
(Di(r:],tAS: 1+CMy, (35) trizplezs 2azld qu'adruples. The CC&DapproacZI gcalgs4as
NgNgngn,, which should be compared te NgN;+ngn;
where scaling of the CCSBq’ scheme. The CCSDapproach
Cim= ity Cift--+ Ol (36)  scales asNeN,ngny, which should be compared to

~N3N3+n2n! scaling of the CCSB scheme. Typically,
is a FCI excitation operator within the active space. Thisthe scaling of the CCStg method is almost identical to the
equivalence (or approximate equivalengeof CAS and scaling of the MRCISD approadithe CCSD method, how-
CCshxg multiconfigurational reference states is an immedi-ever, is usually less expensive than MRC)SDn the other
ate consequence of the fact that the multiconfigurational refrand, neglect of semi-internal componerﬁ?t(f‘jic) and
erence statéb™ characterizing the CCS approach is a T fgt,’f,:D) in Eg. (37) must worsen the accuracy of the
CCSDTQ state corresponding to excitations within the activeCCSI'q’ and CCSD’ schemes, compared to the CQgD
space and for all practical purposes the CCSDTQ solutiomnd CCSD approaches, respectively, if the same active
within the active space is identical to a FCI solution within space is employed in both kinds of calculations.
the same space, which is in turn the same as the renormalized The CCSD and CCSq approaches are a lot less ex-
CAS referencablhs, Eq. (35). pensive than their complete CCSDT and CCSDTQ analogs,
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both in terms of scaling and storage requirements for clustgg discussed in Sec. IV. Performance of other CE%hd

amplitudes. We will return to issues related to costs ofcCSDxq methods, which we described in Secs. Il A-IIC, is
CCsSDt and CCsSIq calculations when we discuss the nu- discussed in Sec. IV as well.

merical results in Sec. IV.

Ill. COMPUTATIONAL DETAILS

D. Dt-1 sch . . .
CCSDt-1 scheme All methods discussed in Sec. Il have been implemented

We also decided to explore the possibility of combiningby utilizing our closed-shell CCSDT and CCSDTQ
the above selection schemes for triples and quzidrupleqsxrogr(—jm%6 (cf. also, Ref. 15 and Aces 112 routines. Al-
which are based on a concept of a multidimensional activghoughAces 1l routines were primarily used to perform the
space, with simple perturbative estimates of Theand T,  ground-state RHF calculations and to generate the trans-
contributions discussed earlier. An example of such an apformed one- and two-electron molecular integrals, we also
proach, in which perturbative and active space concepts ameok advantage okCES Il routines when converging the CC
mixed together, would be the CC$ scheme proposed equations.
below. In this method, we solve the regular CCSDT-1  Since this is only our initial implementation of various
equation® (cf. also, Ref. 24 with Eq. (11) replaced by its CCSDt and CCSDq methods, our codes do not fully utilize

semi-internal analog the spatial symmetry of the Hamiltonian. On the other hand,
our codes are completely vectorized, since we fully exploit

abC 3)(abC ) . . . ;
T3 Ik =R} Ik (WNT2)c- (38)  the idea of recursively generated intermediates, which are

efficiently evaluated using fast matrix multiplication
The difference between the complete three-body resolvenbutines® Our CCSOt}, CCSDtq}, CCSOt'}, and

R$Y and its semi-internal analoBS)({C) lies in the fact CCSD{t'q’} programs are, thus, as efficient as they could
that the latter resolvent includes the summation over the innormally be. Implementation of the remaining CQ3D
ternal and semi-internal triexcited configuratioﬂsf‘j'ﬂc, CCsix'qg’, CCsh, CCshxq, and CCSM-1 methods dis-
whereas the former resolvent includes all triexcited configucussed in Secs. IIB-II D is less efficient at this point, even
rations (I)f}EC. In other words, the CCSP1 scheme is a though we can already study large active spaces and use

CCSDT-1 analog of the complete CCSBcheme discussed large basis sets.

in Sec. Il C. Other perturbative CC$@nd CCS®q proce- In all calculations reported in this paper, we use the RHF
dures can be proposed as w@f. Sec. V}, but in this pre- determinant as a reference configuration. This includes cases
liminary study we only focus on the CC$1 method. where bonds are significantly stretched or broken, so that the

The study of perturbative CCSDand CCSDg ap- RHF solution becomes triplet unstaBfewe do not use the
proaches has two purposes. First of all, we want to demonJHF reference, since it is our aim to prove that all CESD
strate that selection schemes for triples and quadruples basadd CCSBbq methods have an ability to describe bond
on the concept of an active space can be used in conjunctidireaking, even if the RHF wave function is used as a refer-
with any CC procedure that includeég; and T, clusters. ence. By using RHF orbitals, we can avoid problems associ-
Cluster analysis of the quasidegenerate ground-state wawed with the use of UHF orbitals mentioned in the Introduc-
functions tells us that the most importaig and T, clusters  tion. The RHF-based CC approaches are also less expensive
are those of the internal and semi-internal tyffe$.Other  than the corresponding UHF-based CC schemes and can be
types of T; and T, clusters are much less important and canadapted to all available symmetries of the Hamilton(am
be safely neglected. This should be true for all CC schemesluding the spin symmetjy
accounting fofT; andT,, including those which use MBPT The results reported in this paper include three systems:
arguments to approximat€; and T, clusters. Second, at The H,O molecule with both O—H bonds stretched to twice
least some perturbative CCE@and CCSBg methods may the equilibrium bond length, the,Gnolecule at the equilib-
prove useful in practical applications, since they offer sig-rium geometry, and the entire potential energy curve for the
nificant CPU time savings. For example, thgn? step of the HF molecule. The stretched,8 molecule and Eare char-
CCSDT-1 approach reduces to MONunﬁnﬁ step in the acterized by a large effect due ®; and a significanfl,
CCSIx-1 case. In other words, th& step of the CCSDT-1 effect. Thus, these two systems should allow us to illustrate
procedure f=n,+n, is the number of molecular orbitals the effectiveness of various CCEBnd CCSDg methods in
used in the calculationbecomes an inexpensive step if  reproducing largd; and T, contributions(by comparing the
the CCSI@-1 method is employed. Thus, the scaling of theCCSIX and CCSIbq results with their complete CCSDT and
CCSDx-1 method is practically identical to the scaling of the CCSDTQ analogs By comparing the results of various
CCSD approach. We would never be able to state anythin@CSCt and CCSIq calculations with the available FCI re-
like that if the complete CCSDT-1 approach were employedsults for HO and G, we should be able to test the perfor-
since the CCSDT-1 procedure is significantly more expenmance of CCSDband CCSDRq approaches in cases where
sive than the CCSD approach. quasidegeneracy of the ground electronic state is severe. The

The CCSD-1 method may become a useful alternativepotential energy curve for HF should allow us to illustrate
to the well-known CCSDT-1 approach provided that thethe effectiveness of methods discussed in this paper in de-
CCSDx-1 and CCSDT-1 results are of comparable accuracyscribing single bond breaking.

Performance of the CCSBL approach in actual calculations Two different basis sets are employed to describ® H
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TABLE |I. Correlation energiegin mE,) for the DZP model of HO* (n,  tion based on an active space spanned by the three highest

=4,n,=20). The O—H bond length is fixed at twice the equilibrium value. neray occupied orbitals and eight lowest eneray unoccupied
Numbers in parentheses represent correlation energies obtained in CCSD;)erbitgl}; P 9 9y P

or CCSDTQ calculations using active orbitals only.

When both O—H bonds in JO are simultaneously
Active space Ky, Ny) stretched by a factor of @.e., R=2R,, whereR is the O—H
Method 33 3.9 @8 bond length andR, is the equilibrium value oR), we create
a situation in which the effect due W;, as measured by the
ceso} —349.846 ~356.304 —358.817 difference between the CCSDT and CCSD energies, is
ccsojt) (:giézggg) ﬁg;g:gg? Sggé:gi;) 23.9mE,. Clegrly, this largel ; effect is related to a quaside-
(—212.594) ( 274.486) ¢301.911) generate(multireferencg nature of the ground-state elec-
ccso’ —348.850 —355.632 —358.020 tronic wave function aR=2R,. For comparison, thd,
ccsix-1 —372.363 —372.580 —372.580 contribution at the equilibrium geometry equals r8f, .
cest —372.094 —372.394 —372.394 The T, contribution to the energy is also large whén
ccsoitq’) 347,003 350957 355497 =2R,. For the DZP_ model of 5D _vvith R=_2Re, the effect
(—209.703) ¢ 271.051) ¢ 298.468) due toT,, as obtained by forming a difference between
ceso'qg’ —348.475 —354.798 —357.517 CCSDTQ and CCSDT energies, equals n2,, which
ccsig —369.471 —369.886 —369.886 should be compared to O, at R=R.. Higher-than-
quadruply excited clusters are negligible, as a comparison of
gg:gT_ 1 :2‘7‘2'2;3 the CCSDTQ and FCl results in Table I clearly indicates. As
CcCSDT 372455 it often (but not alway$ happens, the signs af; and T,
CCSDTQ —369.998 energy contributions are opposite.
FCP —369.983 The results collected in Table | show that all CGSind

|ﬁZCSD:q calculations improve the CCSD results. The most
accurate description df; and T, effects is provided by the
CCSDtx and CCSq approaches using internal as well as
semi-internal tri- and tetraexcited clustdrs. Sec. 11Q. In
this case, it is sufficient to use a small active space,
No,N,)=(3,3), which is more or less equivalent to a va-
Ence shell of HO. The active spac€3,3) consists of the
three highest energy occupied orbitaldg]l 1b;, and 3,
orbitals if theC,, symmetry is employed; the ordering of
1molecular orbitals in the RHF configuration is
|(1a;)?(2a,)?(1b,)?(1b,)%(3a,)?|) and the three lowest
energy unoccupied orbitals 62, 2b,, and 4a;). Indeed,

d the difference between the full CCSDT and CQEH3) en-
ergies is less than Q®E, and the difference between full

aThe basis set, geometry, and FCI energy were taken from Ref. 63. In a
correlated calculations, the lowesa;lorbital was kept frozen.

We use a DZRdouble zeta plus polarizatiphasis set, con-
sisting of twenty five orbitals, as described in Ref. 63, so tha
we can compare our results with the results of the exact F
calculatior?® and with several earlier CC results, including
the full CCSDT? and CCSDTE’ calculations. We also use
the much larger cc-pVTZ basis set of Ref. 64 consisting o
fifty eight orbitals, for which a comparison could be made
with the complete CCSDT resulbbtained in this study
The calculations for € are performed using the modifie

aug-cc-pVDZ basis s&t of Ref. 66 (designated here as o
pVDZ+ basis set for which the exact FCI resuftéas well  CCSDTQ and CCSmy(3,3) energies is only OrBE, . When

as numerous CC resul?€5%7are available. Finally, we use a larger active spaces are employed, the full CCSDT and
DZP basis set described in Ref. @8venty orbital3 in the CCsIt energies become virtually identical. For example, the
calculations for HF. In this case, the exact FCI energies ardifference between CCSDT and CC&B,8) energies equals
available for three internuclear separations, the equilibriunf-06IMEs. The same observation applies to the C&$D
bond lengthR, and two stretches of the H—F bond, RS &Pproach. The difference between CCSDTQ and

and R,.% For the remaining H—F distances studied in thisCCSd(3,8) energies is only 0.112E, . None of the other
work, we rely on our own CCSDT results. methods provides results which are as good as the GCSD

and CCSIIq ones. The choice of eight active orbitals from
the total number of twenty unoccupied orbitals in the ex-
IV. RESULTS amples presented in Table | is justified by the orbital energy
spacings, which increase to almost 8vH, for the energies
of the eighth and ninth unoccupied orbitals.
The results for the DZP model of @ are summarized The remarkably good performance of the CGSind
in Table I. Here and elsewhere in the present paper, we use@CSDtq approaches observed for the DZP model gOHat
notation in whichX(N,,N,) designates the calculation per- R=2R, is certainly very promising from the point of view of
formed with methodX and employing an active space potential applications of these methods, since the cost of
spanned byN, active orbitals occupied in referendeand each CCSBD or CCSO(q calculation is comparable to the
N, active orbitals unoccupied i® (we assume the orbital cost of a standard MRCISD calculation employing the same
ordering in which active orbitals occupied dmare the high- active spacdin fact, the CCSD calculations are less expen-
est energy occupied orbitals and active orbitals unoccupiedive than the corresponding MRCISD calculatiprs simi-
in ® are the lowest energy unoccupied orbitalBor ex- lar behavior of the CCSDand CCSDBq approaches in cal-
ample, CCSMtq}(3,8) symbolizes the CCSy} calcula- culations for HO was observed earliéf,even though the

A. The DZP model of H ,O
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authors of Ref. 57 tested only a small DZ basis set and activeCSD[t’q’'} energies increases to 17.04, .
spaces consisting of at most two active orbitals of occupied There seems to be a correlation between the quality of
and unoccupied types. Here, we can consider relatively largghe CCSQt’} and CCSBt’'q’} results and the fraction of
active spaces, although the CGSihd CCSIDq methods are  the correlation energy reproduced in Step 1 of these calcula-
capable of providing excellent results even when small actions, in which we solve the CCSDT or CCSDTQ equations
tive spaces are employed. using active orbitals only. For example, the fraction of The

Interestingly enough, inclusion of perturbative internal contribution to the energy reproduced in various CESpP
and semi-internal triples in the CC approach, as is done igalculations, which we carried out for the DZP model gEH
the CCSD-1 schemédcf. Sec. 1D, Eq.(38)], gives remark-  at R=2R,, increases from 5.3%, obtained when (393
ably good results. Part of this success can be attributed to thetive space is employed, to 32.4% and 42.9%, respectively,
fact that the CCSDT-1 method itself provides a very goodobtained when the CCYD/}(3,8) and CCSEx'}(4,8) cal-
estimate of theT; effect atR=2R,. For this geometry, the culations are performed. For comparison, the CCSDT calcu-
difference between CCSDT and CCSDT-1 energies is onlyations using the(3,3), (3,9, and (4,8) orbital spaces give
0.174mE, (cf. Table ). It should be noticed, however, that 57.50, 74.2%, and 81.6% of the FCI correlation energy,
the CCSDT-1 method slightly overestimates Tecontribu-  respectively. This would indicate that an active space em-
tion. This should be regarded as the first sign of the breakployed in the CCSEt’} and CCSBt'q’} calculations
down of the perturbative description 0% effects at larger  should be large enough to enable us to reproduce more than
internuclear distances. For larger stretches of the O—H bondg9%—80% of the total correlation energy in the preliminary
(R>2Rg), the CCSDT-1 method using RHF orbitals would CCSDT or CCSDTQ calculations using active orbitals only,
fail altogether. if we want the CCSEt'} and CCSDQt'q’} approaches to

Although the CCSDT-1 method must eventually fail at reproduce a significant portion of tHe, and T, contribu-
large internuclear distances, the CASDresults presented tjons.
in Table | are most encouraging. The CGSD and There is practically no difference between the CE8D
CCSDT-1 energies are practically identical, even when aCcsp{t’}, and CCSD' results on the one hand and the
small active space, such &&3), is employed. The difference ccsO{tq}, CCSOt'q’}, and CCSD'q’ results on the
between CCSDT-1 and CC${1(3,3) energies for the DZP other. The fact that there is no difference between the
model of HO atR=2R is only 0.26@nE,. This indicates CCSO{t} and CCSHt’} or CCSHtq} and CCSHt'q’} en-
that we can reproduce the CCSDT-1 results by consideringrgies would imply that it is not important how we treat the
the internal and semi-internal perturbative triples only. AsST,T, contribution to Eq.(13). In principle, we should only
explained in Sec. 11 D, the cost of the CCBD calculationis  extract theT; and T, clusters from the CCSDT or CCSDTQ
small when compared with the full CCSDT-1 calculation. In calculations using active orbitals and iterate the cluster
the CCSI-1 method, the” step of the CCSDT-1 approach component entering th&; T contribution to Eq(13) in the
is replaced by an inexpensive step, so that the CCSBL  same way as we iterate the remainifig and T, compo-
approach is as inexpensive as the standard CCSD method.rénts. This is what we do in the CC8D and CCSBtq}
is interesting to see that we do not have to compromise thapproaches. It seems, however, that we can be less rigorous.
accuracy of the CCSDT-1 approach by switching to itswe can simply pull out the entir€, T5 term entering Eq(6)
CCShi-1 analog. (along with the correspondin@; andT, contribution$ from

The results in Table | indicate that the CCBR  the CCSDT or CCSDTQ calculations in the active space.
ccsOtg), CcsOt'}, CcCsOt'q’}, CcCsh’, and The resulting CCSR'} and CCSBt’'q’} approaches are
CCsDt'q’ methods using internal; and T, clusters only  significantly simpler (we only have to extract the
provide worse results than the CCSRBNd CCSBq ap-  (®HP|[H D+t +t) 1| @) term from the CCSDT
proaches using internal as well as semi-internal triples andr CCSDTQ calculations in the active space and modify the
quadruples, if identical active spaces are employed. For exequations of the final CCSD calculation accordingly without
ample, the negligible 0.084E, error in describing thel3  even storing theths. and tiss, amplitudes and yet, as
effect, obtained when the CC$(3,8) method is employed, Table | shows, they yield results which are almost identical
increases to 16.181F, when the CCSEt’}(3,8) approach tothe CCSBt} and CCSBtq} ones. It also seems that there
is used(the total T; effect equals 238 E,). On the other is no need to iterate the internd} andT, components with
hand, it is very easy to improve the CC8P CCSOtq}, all singly and doubly excited cluster amplitudes, as Egs.
CcsOt'}, ccsOt’'q’'}, ccs’, and CCSB'q’ results (18 —(21) of the CCSR’ and CCSD'q’ approaches require.
by employing larger active spaces. For example, thélhe CCSR’ and CCSD'q’ results are of the same quality
16.15InE, error in describing thd 5 effect, obtained when as the CCSDt} and CCSBtq} or CCSOt’'} and
the CCSBt’'}(3,8) method is employed, reduces to CCSOt'q’} ones. Thus, it is totally sufficient to extract the
13.638nE, when the CCSEx'}(4,8) calculation is per- internal T3 and T, components from the CCSDT or CCS-
formed. A similar observation applies to the CC$'} DTQ solution using active orbitals only in these types of
scheme. The difference between the CCSDTQ andalculations. The simplest CC$D} and CCSRt'q’} ap-
CCsOt'q’'}(4,8) energies is 14.5TE,, which should be proaches seem to represent the optimum computational strat-
compared to 21.418AE, representing the total; plus T,  egy if we do not want to use the semi-interfia and T,
effect. For comparison, if the small¢8,8) active space is components of the complete CCSBnd CCSbq schemes.
employed, the difference between the CCSDTQ and The results in Table | indicate that the efficiency of the
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Cqut}, CCSD{tq}, CCSI:{t'}, and CCSB}t’q’} meth- TABLE Il. Correlation energiesin mEg;) fqr the cc-pVTZ model of I—2‘Oa

ods in estimating th&; and T, effects is comparable to the (N,=4, n,=53). The O—H bond length is set to twice the experimental
> equilibrium valugR(O-H)=1.94 A, 2 (H-O—H)=106°]. Numbers in pa-

efficiency of the CASSCF-corrected CCSD approach advorentheses represent correlation energies obtained in CCSDT or CCSDTQ

cated in Refs. 39-41. For example, the authors of Ref. 4talculations using active orbitals only.

could not reduce the 12.68tE, error in the CCSD result for

the DZP model of OH aR= 2R, (the ground state of OH is

Active space N,, N,)

2I1) by more than 3—BE, using their CASSCF-corrected  Method (3.3 (3,19 (4,14 (4,20
CCSD scheme. The only case where the reduction Wa?:cso{t'} 370414  —384520 —387.495 —394.897
somewhat largeterror relative to FCI of 5.118E, or 40% (—170.750) (-247.434) (-278.614) (-326.614)
of the difference between CCSD and FCI resultas a cal- ccsOt} —378.842  —384.482  —387.310 —394.767
culation employing seven active electrofal electrons in (=170.750) (-247.434) (-278.614) (-326.614)
OH except for two electrons that occupy the @ torel and ~ CCSX’ —378.725  —383732  —386.133  —393.967
ccso-1 —404.872  —407.277  —407.277  —407.604

six unoccupied orbitals in the active space, which is 37.5%

. . cecst —-404.505 —406.806 —406.806  —407.121
of the total number of unoccupied orbitdthe total number

of unoccupied orbitals is sixteen in this cas@ur results for  ccsbp —378.541
H,O (and other results discussed in this pam@em to be  CCSDT-1 —407.748
consistent with this observation. For the DZP model gbH  CCSDT —407.232

with R=2R,, we can _eaS"y reduce the 21.40E, error iN" aThe basis set was taken from Ref. 64. In all correlated calculations, the
the CCSD result relative to FCI by 30%—50% by using our lowest 1a, orbital was kept frozen.

CccsOt}, ccsOtqg}l, ccsOt'}, and CCSBt'q’} meth-
ods and by including 40% of all unoccupied orbital,(
=8) in the active space. A better description of theand  study large active spaces; the CASSCF-corrected CCSD
T, effects by the CCSP}, CCSOtq}, CCSOt'}, and method® *'becomes very expensive if larger active spaces
CCsOt’'q’} methods can only be obtained if larger active are employeq In fact, to further elaborate on this issue, we
spaces are employed. This implies that interfigland T,  tried to use CASSCF orbitals in our CC8&D, CCSOtq},
cluster components used in the CASSCF-corrected CCSDCSO[t’'}, and CCSBt'q’} calculations. Following the
approach and in our CCSB, CCSOtq}, CCSOt'}, and  prescription described in Refs. 39—-41, we defined the refer-
CCSDOt'q’'} methods can only be used to describe a portiorence configurationb as the dominant configuration in the
of the total T; and T, effects. Neither our CCS[p}, CASSCF wave functioriwe usedcAMESS® to generate the
CCsOtq}, CCsOt’}, and CCSBt’q’} approaches nor the CASSCF solution The results for the DZP model of ,B
CASSCF-corrected CCSD approach of Refs. 39—41 can dealiscussed here barely changed compared to calculations em-
scribe the importanfT; and T, components of the semi- ploying RHF orbitalsiindependently of the active space em-
internal type. These can only be described by the CC8fd  ployed, the energies never changed by more than a fraction
CCShiq methods of Sec. Il C and, somewhat less efficientlyof a milihartre@. The fact that nothing can be gained in our
(although quite accuratelypy the MRCISD-corrected CCSD calculations by using CASSCF orbitals is an immediate con-
method of Ref. 42referred to as the RMRCCSD approach sequence of the presence Bf components in the cluster
We must remember, however, that the latter method stepsperatorT, plus the undue emphasis of other configurations
outside the CC structure and is not size extensive, whiclin the wave function. It is well-known that; clusters make
should worsen the performance of the RMRCCSD method/arious approximate CC methods includifig almost insen-
for large systems. sitive to orbital rotations, even if mixing of occupied and
Using any kind of orbitals from a multireference wave unoccupied orbitals is involvet® This “numerical insensi-
function in a SRCC approach is counterproductive, sincdivity” of CC theory applies, in particular, to our CCSB,
multireference wave functions emphasize other configura€CSO{tq}, CCSOt’}, and CCSRt'q’'} schemes. The in-
tions than the reference function. In particular, the use ofensitivity of the CCSDand CCSIDq approaches employ-
CASSCEF orbitals in the CASSCF-corrected CCSD calculaing internal as well as semi-internal triples and quadruples
tions of Refs. 39-41 is of no significance for the quality of with respect to CASSCF orbital rotations has been demon-
the results, as the authors of Ref. 41 indicate. In other wordsstrated in Ref. 54. As suspected above, CASSCF orbitals are
in CASSCF-corrected CCSD calculations it is sufficient toactually a handicap, as their use in CC calculations makes it
use the RHFor restricted open-shell Hartree—Fa&OHR | more difficult to converge the CC equations due to relatively
orbitals and extracT; and T, clusters from the FCI calcu- large T; components, which in the RHF case they do not
lation within the active space defined in terms of RKff  contribute to the first-order MBPT wave function.
ROHP orbitals. The same is observed in our CGED Next, we report results obtained with larger, cc-pVTZ
CCsOtg}, CCsOt’'}, and CCSBt'q’} calculations, in  basis.
which instead of performing FCI calculations within the ac-
tive space and analyzing the cluster structure of the resultin
wave function, we extract; and T, clusters directly from B. he cc-pVTZ model of H ;0
the less expensive CCSDT or CCSDTQ calculations, which ~ The results for the cc-pVTZ model of B with R
we also perform in the active spadelearly, the use of =2R, are given in Table Il. Since no FCI result is available
CCSDT and CCSDTQ methods instead of FCI allows us tdn this case, and since and it would be rather difficult to
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obtain the full CCSDTQ result for a basis set of cc-pVTZ FCI problem. In consequence, it would be rather difficult
quality, we decided to focus on the effectiveness of variougand certainly very expensiyéo reproduce 50%—60% of the
approaches in describing tfig effect. total T4 effect characterizing the cc-pVTZ model of,® at
Typically, the magnitude of th&; effect increases when R=2R, using the CASSCF-corrected CCSD scheme of
the size of the basis set increases. This is what we obsenRefs. 39—41. We have no problem whatsoever with perform-
for the cc-pVTZ model of HO atR=2R,. In this case, the ing our CCSQt}(4,20) and CCSEt’'}(4,20) calculations,
effect due toT3, as measured by forming a difference be-which reproduce 60% of th&; contribution to the energy.
tween CCSDT and CCSD energies, equals @&, which  One might argue, of course, that the CCSDT-1 approach is a
should be compared to 23rd, characterizing the DZP better solution in this case, since the difference between the
model of HO with the same geometry. It is interesting to seeCCSDT-1 and CCSDT energies is only @k, but we
how various CCSDapproaches describe thg effect which  must remember that the CCSDT-1 method will eventually
is so large. fail when the O—H bonds are brokgthe CCSDT-1 ap-
Let us first discuss the performance of the C@8D proach overestimates the magnitude of Theeffect already
CCsSOt'}, and CCSD' approaches, in which we consider for R=2R,). As we demonstrate in Sec. IV D, the CC8R
internal T; components only. As in the DZP model of®, CCSD{t’'}, and CCSD' procedures describe the bond
there seems to be a correlation between the quality of thbreaking process correctly, since they account for most of the
CCsSOt} and CCSBt'} results and the fraction of the cor- nondynamic correlation effects through inclusion of internal
relation energy reproduced in the CCSDT calculation em-T3 components.
ploying active orbitals only. Clearly, the small active spaces, As observed in the calculations for the DZP model of
such as(3,3), are too small to provide us with a good esti- H,0O, all three CCSBt}, CCSOt’'}, and CCSD' methods
mate of theT; effect. The CCSDT calculation using three provide results which are virtually identical. For this reason,
occupied and three unoccupied active orbitals gives onlghe simplest CCSQa’} approach, in which we add the entire
41.9% of the total CCSDT correlation energy obtained with(®2|[ Hy(t+ t{{?) ]c|®) term obtained in the CCSDT
all orbitals. This is too little to provide us with a great deal of calculation within the active space to the CCSD equations
information abouT ;3 components. The situation dramatically projected on internal double excitations and correct the
changes when we use larger active spaces, su¢h23. In CCSD equations projected on singles by adding the
this case, the CCSDT calculation based on active orbitaléd?|(H\t{))c|®) term, represents the best and the most
reproduces 80.2% of the correlation energy obtained usingfficient way of incorporating the interndl; components.
the CCSDT approach and all orbitals. In consequence, then the other hand, as mentioned earlier, it might be easier to
28.7mE, difference between the CCSDT and CCSD enerdevelop analytic derivatives within the CC8Dscheme, in
gies reduces to a difference of 1h&, between the CCSDT which internalT; components are iterated with dl} andT,
and the CCSIt'}(4,20) energies. This means that theclusters.
CCSOt'}(4,20) calculation reproduces almost 60% of the  The best results for the cc-pVTZ model of® are pro-
total T3 contribution to the correlation energy, which is a vided by the CCSP method including internal as well as
very good result, particularly if we realize that the total costsemi-internal triexcited clusters. We must emphasize that the
of the CCSQt’'}(4,20) calculation is still comparable to the present CCSDcalculations for the cc-pVTZ model of J@
cost of the CCSD calculatiofexamples of timings are dis- are the first calculations of this kind for a fairly large basis
cussed in Sec. IV Although an active space containing set and active spaces containing as many as twenty unoccu-
twenty unoccupied orbitals seems to be very ldthe total  pied orbitals in the active block. The CC8Results listed in
number of unoccupied orbitals equals fifty threthe n3n>  Table Il look very promising. As in the DZP case, it is en-
scaling of the CCSDT approachsed only in Step 1 of the tirely sufficient if we use the minimum active space corre-
CcsOt} and CCSBt’'} procedures makes the initial sponding to a valence shell of,8. Indeed, the difference
CCSDT calculation employing four occupied orbitals andbetween the CCSip3,3) and CCSDT energies is only
twenty unoccupied orbitals many times less expensive tha@.727nE,, which is less than 10% of the totdl; effect.
the CCSDT calculation in the full orbital space. It would When larger active spaces are employed, the CC&ml
certainly be very difficult to perform the CASSCF-corrected CCSDT energies become virtually identical. For example,
CCSD calculation using an active space consisting of fouthe error in the CCSi§3,14) result relative to the CCSDT
occupied and twenty unoccupied orbitals, since the FCEknergy is only 0.426 E;, and there is a negligible, 0.161E,
problem using four occupied and twenty unoccupied orbitalglifference between the CC$(@,20) and CCSDT energies.
is already extremely demanding. Indeed, the FCI calculation It is important to realize that the CC$Rpproach offers
in an active space of this size would be identical to a FCla tremendous savings in computer effort compared to the full
calculation for the DZP model of 4D, in which case one CCSDT method. Then3nfj scaling of the full CCSDT
needs to consider 6 740 280 spin and symmetry adapted comethod reduces tNoNunonﬁ, when the CCSbapproach is
figuration state functions (CSFg or 28233466 employed, and the number @% cluster amplitudes that are
determinant$3 the CCSDT calculation in the same orbital considered in the CCSDscheme is very small compared to
space, which constitutes Step 1 of CG§Dand CCSQt’'}  a complete CCSDT problem. For example, the number of all
calculations, requires as little as 15520 CSFs and the corrélf, amplitudes for the cc-pVTZ model of @ is
sponding CCSDTQ calculation would need 151248 CSFs;-2 400 000(assuming the nonorthogonally spin-adapted or
which is only 2% of the total number of CSFs defining the spin-free description and making no use of the spatial sym-
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TABLE lll. Correlation energiegin mg,) for the pvDZ+ model of G2 (n,=4, n,=30). The equilibrium
internuclear distance of 2.348) is assumed throughout. Numbers in parentheses represent correlation energies
obtained in CCSDT or CCSDTQ calculations using active orbitals only.

Active space N,, N,)

Method 2.9 4.9 (2,12 (4,12 (4,19

ccsot’} —312.648 —313.584 —312.738 —317.438 —328.826
(—15.822) (-78.436) (-60.226) (-180.782) (261.543)

ccsot} —312.648 —313.558 —312.758 —317.346 —328.924
(—15.822) (-78.436) (-60.226) (-180.782) 261.543)

ccso —312.648 —313.165 -312.732 —316.246 —327.323

ccso-1 —331.525 —333.049 —338.424 —340.081 —341.438

ccso —330.099 —331.578 —336.033 —337.654 —338.861

ccspt'q’} —312.658 —313.806 —313.208 —319.792 —330.728
(—15.862) -78.727) 61.023) (- 183.395) 263.529)

ccso'q’ —312.652 —313.370 -312.934 —318.968 —329.911

ccshig —331.515 —333.206 —338.153 —340.026 —341.456

ccsb —312.648

CCSDT-1 —341.554

ccspT —338.972

CCSDTQ —341.623

FCR —342.245

aThe basis set, geometry, and FCI energy were taken from Ref. 66. The p\iaZis set used here and in Ref.
66 was obtained by eliminating diffuskfunctions from the aug-cc-pVDZ basis set of Ref. 65. In all correlated
calculations, the lowest two orbitalsgd and 1o, were kept frozen.

metry of the Hamiltonian The number of spin-fre¢l.  challenging system. The correlation effects ipaBe largely
amplitudes characterizing the CC8B,3) calculation is nondynamic already at the equilibrium geometR<R,).
only 382 032(if we do not take into account the spatial sym- The quasidegenerate nature of the electronic ground state of
metry of the Hamiltonian It is, therefore, remarkable that C, at R=R; is reflected by largd’; and T, contributions to
with 16% of allt¥ . coefficients we can reproduce more thanthe energy, which are 26.3 and BE,, respectively, when
90% of the totall 5 effect. Clearly, the CCS[2}, CCSOt’},  the pVDZ+ basis set of Ref. 66 is employédf. Table Il).

and CCSD' approaches including the intern@ compo-  Higher-than-quadruply excited clusters play a much smaller
nents only use even smaller numberst[,j{{ifC amplitudes. The role, even though the On6E, difference between the CCS-
number of aIIt',fBKC coefficients(assuming again the spin-free DTQ and FCI energies is larger than a similar energy differ-
description and no symmejrgharacterizing the CCSH}, ence characterizing the DZP model of(H with R=2R,.
CCsOt’}, and CCSB' calculations based on the active Another difference with the stretched water molecule is the
space containing four occupied and fourteen unoccupied ofact that bothT; and T, components lower the energihe
bitals is as little as~44000. The CCSfa}, CCSOt’}, and  signs of T; and T, energy contributions are opposite in the
CCSDt’ approaches based on the active space containing,O casg.

four occupied and twenty unoccupied orbitals need as little  The advantage of studying the pVBZmodel of G is

as 128 000 spin-fregis.. coefficients, which is 5% of atllf,  the availability of the FCP® CCSDT*¢” and CCSDTE®’
amplitudes. With these very fewhs. coefficients, the energies, which are important if we want to analyze the per-
CCsOt}, ccsOt’}, and CCSD' approaches reproduce formance of various CCSDand CCSDg methods. Before
~60% of the entireT, effect without risking the failure we begin our discussion, a few words should be mentioned
associated with the use of perturbative approximations. Thigbout possible choices of active spaces for CC3Dd

is certainly encouraging. CCShxq calculations.

As in the DZP case, the CC$E1 method, which uses The RHF solution for theR=R.C, molecule has a
inexpensiven® steps in the calculation of perturbatiiy, ~ Somewhat unusual orbital structure. The energy ordering of
component, is capable of reproducing the completéhe RHF orbital symmetry specig¢according to irreducible
CCSDT-1 result. The difference between CAGSI¥3,3) and representations of thB..,, point group is as follows:
CCSDT-1 energies is only 2.8iftE,, and for larger active
spaces the CCSDT-1 and CCSD energies become virtu- O =[(1og)*(10)*(20¢)*(20)*(1m)*(2m,)?|
ally identical (differences between CC$HL and CCSDT-1 0 0 0 0...
energies are less than ik,). X (30g) (30y) (1mg) (2mg) ™. (39

There is a small energy difference between the highest occu-
C. The pvDZ + model of C , pied molecular orbital, 4,, which correlates with a |2

The results for the pVDZ model of G are collected in  shell of the carbon atom, and therg orbital, which corre-
Table Ill. The G molecule is known to represent a very lates with a 2 shell of C (0.0&,, if the pvDZ+ basis set is
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employed; this energy difference should be compared téthe CCSDT or CCSDTQ calculations in these spaces. The
0.5%,, difference between energies ofrg and 2o, orbit-  CCSDT and CCSDTQ calculations using two occupied and
als). The significant lowering of the energies ofrland 27,  four unoccupied orbitals reproduce only 5% of the FCI cor-
orbitals causes £t0 sometimes be regarded as a triple-bondrelation energy. A somewhat larger portion of the correlation
species. Formally, however, the, @olecule is a double- energy is reproduced if the CCSDT and CCSDTQ calcula-
bond species, so we decided to see if we can obtain anyons use two occupied and twelve unoccupied orbita896
information aboutT; and T, effects by using active spaces of the FCI correlation energy is reproduced in this ¢abat
containing only two occupied orbitalghe 17, and 27, or-  then practically no information abouf; components and
bitalg). Clearly, a much better choice is offered if all four little information aboufT, components result from such cal-
occupied orbitals corresponding to valence shells of carbonulations. Indeed, the CCSDT and CCSDTQ correlation en-
atoms, i.e., &4, 20y, 1lm,, and 2m,, are included in the ergies obtained using two occupied and twelve unoccupied
active space. Both choicedl{=2 and 4 are considered in orbitals are—60.226 and—61.023nE,, respectively(cf.

this study. The smallesi, value which makes chemical Table IIl). The corresponding CCSD energy obtained using
sense is 4. This value df, corresponds to a situation in the same orbital space is59.966nE,. Our CCSQt'},
which all four unoccupied orbitals, which correlate with va- CCSOt}, CCSQ’, CcCsOt'q’}, CCsOtq}, and
lence shells of both carbon atoms, i.es3 30, 17y, and CCSI'q’ results corresponding toNG,N,)=(2,4) and
2wy, are included in the active space. We could try to usg2,12 imply that it is very likely that almost no information
smaller values oN,,, since the lowest unoccupied molecular about T; and T, components would be provided by the
orbital (30) is separated from the nex3 valence orbital CASSCF-corrected CCSD calculations using these particular
by 0.1%,, (which should be compared to 0B3difference  values ofN, andN,.

between energies ofa3, and 1,274 orbitalg, but we have The situation changes dramatically when we include
not done anything like that since all unoccupied valence orsemi-internalT; and T, components in the calculations. In
bitals have fairly close energies. Along with,=4, we also  spite of the fact that foN,=2 the internal triexcited com-
consider two other casel,, =12 andN,=19. TheN,=12  ponent,T3", vanishes or is almost zero, the CQ$R4) and
case corresponds to adding the entirs,8B) shell of each CCS[X(2,12) approaches reproduce most of fhe effect
carbon atom to the active space. The chdige=19 is justi- [66% and 89%, respectively; these percentages were ob-
fied by a rather large energy difference between the ninetained by forming the ratios of the following energy dif-
teenth and twentieth unoccupied orbitals (&g) and the ferences, CCSON,,N,)—CCSD and CCSD¥+CCSD,

fact that the twentieth unoccupied orbital is the lowést for (N,,N,)=(2,4),(2,12). The CCSkq(2,4) and
orbital in the pVDZ+ basis set, which we do not want to CCSIxq(2,12) calculations reproduce most of thg effect
include in our calculation. The total number of unoccupied[53% and 80%, respectively; these percentages were ob-
orbitals is thirty, so that th&l,=19 case corresponds to in- tained by forming the ratios of the following energy differ-
clusion of 63% of the unoccupied orbitals in the active spaceences, CCSfy(N,,N,)— CCSX(N,,N,) and CCSDTGQ-

Let us begin our discussion with the smallest activeCCSDT, for (N,,N,)=(2,4), (2,12). As a result, there is
space, N,,Ny)=(2,4). In this case, the CCSD}, good agreement between the CQED4), CCS@(2,12),
CCsOt}, and CCSD' methods give energies which are CCSxq(2,4), and CCSIiy(2,12) energies and FCI results.
identical to the CCSD energy. This is a consequence of th&he errors in the calculated CCHR,4), CCSD(2,12),
fact that none of thet',fgc amplitudes corresponding to CCSIxq(2,4), and CCSiy(2,12) energies, relative to FCI,
(No,Ny)=(2,4) is totally symmetric. As a result, there is no are 12.146, 6.212, 10.730, and 4.698,, respectively. This
internal T3 contribution to the ground-state problem if the should be compared to 29.597, 3.273, and 006ER errors
active space consists ofr], and 2, occupied orbitals and obtained with the CCSD, CCSDT, and CCSDTQ methods,
30y, 30y, 17y, and 2y unoccupied orbitals. In fact, there respectively. Excellent performance of CGS&nd CCSiq
are very few totally symmetritiscp amplitudes in this case, methods employing small active spaces and the poor perfor-
so that there is only a very small, 0fQE, or less, difference mance of the CCS2’'}, CCSOt}, CCsy’, CCsOt'q’},
between the CCS[d'q'}(2,4) and CCSD g’ (2,4) energies CCSDtq}, and CCSD'q’ methods employing small active
and the energy obtained in the CCSD calculation. Clearlyspaces indicates that semi-internal triples and quadruples are
we cannot rely on the CCYP}, CCSOt}, CCSOm', thedominanttypes ofT; andT, clusters. This makes a lot of
CCsOt'q’'}, cCcsOtq}l, and CCSD'q’ methods, which sense in view of the quasidegenerate nature of the ground
include only internalT; and T, components, if the active state of G.
space is too small to support rich tri- and tetraexcited mani-  The fact that the CCSDand CCSbq methods employ-
folds. In fact, the symmetry of the ;Gnolecule is so high ing internal and semi-interndl; and T, clusters and small
that we cannot introduce manfs. andthsc, amplitudes if  active spaces are capable of providing good results for C
we continue to use active spaces witi=2. Indeed, the agrees with the earlier SSCCED and SSCCSII Q) calcu-
ccsOt’'y, ccsOotl, ccso’, ccsOot’q’l, ccsOtql, lations for this molecule using a DZ basis set and active
and CCSDB'q’ methods using N,,N,)=(2,12) give us spaces consisting of two or three occupied and two or three
practically no information about th&; and T, clusters. In  unoccupied orbital3® The results presented in Table Il in-
fact, both active spaces witN,=2 [(N,,N,)=(2,4) and dicate that very good CCSand CCSIDqg energies can also
(No,Ny)=(2,12)] are so small that we cannot even describebe obtained when a basis set is significantly larger, which is
a significant portion of the correlation energy by performingan important finding since larger basis sets enhance the role
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of T3 and T, clusters, making their description somewhat TABLE IV. CPU timings for some CC calculations performed for the C
more difficult molecule. Except for the CCSDT calculation, the convergence threshold for

_ the energy was set to I&'E,,. The convergence threshold for the CCSDT
As expected, the performance of the CGSand calculation was set to T0E,. All calculations were performed on IBM

CCSDig methods including internal as well as semi-internalrR6000 model 590 assumir@, symmetry.
triples and quadruples can be further improved by employing

larger active spaces. For example, the energy resulting from Method CPU time(s)
the largest CCSD calculation reported in this paper, in CCSD 167
which we included four occupied and nineteen unoccupied ccsht'}t (4,12 219
orbitals, is virtually identical with the CCSDT enerdghe ccsot'} (4,19 415
difference between both energies+90.1ImE;). A similar cc:ggg-l 1223

observation applies to the largest CQ§Dcalculation re-
ported here [the CCSRq(4,19) calculatioh The
CCsx(4,12) and CCSmy(4,12) results are excellent as

well [the corresponding differences between CORI12)  tyely. In consequence, the CCSD}(4,19) calculation re-
and CCSq(4,12) energies and their CCSDT and CCSDTQproduces 61% of the totdl; contribution to the energthe
analogs are 1318 and 158E,, respectivel). The gitference between CCYD'}(4,19) and CCSDT energies is
CCsx(4,12) and CCSIy(4,12) calculations reproduce 10.146nE,, which should be compared to 26.38&, of
95% and 89% ofl ; and T, effects, respectively. the total T, contribution. The CCSBt’q’}(4,19) calcula-
As in the case of kD, the CCSB-1 method using per-  tion is quite successful too as it recovers 71% of the tBgal
turbative internal and semi-internal triples can be regarded asontribution[the difference between CcC$Dq’}(4,19) and
a reasonable alternative to a more complete and thus signif'tcsqtr}@,lg) energies is 1.982E,, which should be
cantly more expensive CCSDT-1 approach. Indeed, th@ompared to 2.650E, of the totalT, effecf]. Other CCSD
CCSnr-1(4,12) and CCSD1(4,19) energies are practically and CCSBq approaches based on interfia) and T, clus-
identical to the CCSDT-1 energy, which is impressive sinceers behave in a similar wagwhich again implies that the
the CCSD-1(4,12) and CCSD1(4,19) calculations do not 5imp|est CCS[{I’} and CCSQt’q’} approaches give us all
use then’ steps of the CCSDT-1 procedure. In fact, thethe information about internal; and T, contributions that
relationship between CCSDT-1 and COSDresults is very  one can possibly obtain with methods of this typ& lot of
similar to the relationship between full CCSDT and CASD information aboufl 5 clusters is lost already when we replace
results. For example, the difference between CG3D4,12)  the active spacét,19 by the active spacét,12. Indeed, the
and CCSDT-1 energies is 1.4M%,, which should be com- CccsOt’}(4,12) calculation recovers only 18% of the total
pared to the 1.318E, difference between CCS[4,12) and T, contribution, which confirms our earlier observation that
CCSDT energies. For smaller active spaces, suct?@,  a very good description of; cluster components in Qre-
we obtain 10.0281E, for the difference between quires an explicit inclusion of semi-internal excitations in-
CCsmx-1(2,4) and CCSDT-1 energies and 8.8, for the  volving high-lying virtual orbitals. On the other hand, the
difference between CCS2,4) and CCSDT energies. This CCSD[t'}(4,12) and CCSRt’'q’}(4,12) calculations can be
confirms our earlier observation th@g clusters are largely used to estimate the magnitude Bf energy contribution.
semi-internal in nature. Our CC$£1 results clearly demon- The difference between the CC&Dg'}(4,12) and
strate that the semi-internal natureTof components is pre- CCSD[t'}(4,12) energies is 2.354E,,, which is quite close
served at the CCSDT-1 level. to a total T, contribution to energy of 2.654E,. A very
Let us now turn our attention to the CC8Bnd CCSDg  similar observation applies to the CC8Dand CCSD'q’
calculations employing large active spaces and intefal methods, in which unlike in the CC$B} and CCSBt'q’}
and T, components only. As the results in Table Ill clearly approaches, the interndly, and T, clusters are iterated to-
indicate, in the CCSfp}, CCsOtq}, CCsSOt'},  gether with allt] andt], amplitudes.
CCsOt’'q'}, ccshi’, and CCSB'q’ calculations for G, The fact that a fairly large active space must be em-
the use of larger active spaces is a necessity, at least as loptpyed to describ&; and T, effects in G does not diminish
as we insist upon RHF virtual orbitals. Various kinds of fro- the usefulness of the CC$lnd CCSD@qg approaches using
zen natural or improved virtual orbitdfs’2 may offer im-  only internalT; and T, components. First of all, unlike the
provements in CCSfd}, CCSOtq}, CCsOt'}, perturbative CCSDT and CCSDTQ methods, the C€&
CCsOt’'q’'}, ccsn’, and CCSD'q’ results and we plan CCSIXq approaches using interndl and T, components
to return to this issue in future publications. never overshoofl; and T, contributions to the energy.
We cannot obtain a great deal of information abdyt Moreover, all CCSD and CCSIDq approaches using inter-
and T, components if the CCSDT or CCSDTQ calculationsnal Tz and T, components offer tremendous savings com-
using active orbitals only do not reproduce a significant porpared to full CCSDT and CCSDTQ calculations. In Sec.
tion of the FCI correlation energy. In case of,ery good IV B we showed that the number cbeKC clusters carrying
ccsOt}, ccsOtq}, ccsOt'y, ccsOt'q’}, ccsm’,  only active orbital indices drops very fast with decreasing
and CCSD'q’ results are obtained only ;=4 andN, values ofN, andN,. In consequence, we never have to deal
=19. In this case, the CCSDT and CCSDTQ calculationsvith manytise (@ndtisep) amplitudes, even when the ac-
using four occupied and nineteen unoccupied orbitals repraive space contains 50%—-60% of all virtual orbitals. A sig-
duce 76% and 77% of the FCI correlation energy, respecnificant reduction in computer effort is also observed if we
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TABLE V. Total energiesE+100.0 (in E;,, all signs reversedfor the DZP model of HE(n,=4, n,=15) at various internuclear separatioRs The
equilibrium internuclear distand®, equals 1.733%,.

R CCSD CCShT) CCSDT-1 CCSDT FCI  ccsoi’l® ccsOt) ccsm’® ccsm-1° ccsm-1°  ccsm®  ccesoP

1.0R, 0.247963 0.250572 0.250800 0.250704 0.250969 0.249560 0.249415 0.249223 0.248833 0.250777 0.248808 0.250680
1.5R, 0.155296 0.159508 0.159906 0.159749 0.160393 0.157544 0.157477 0.157255 0.158307 0.159875 0.158207 0.159717
2.0R, 0.070927 0.080850 0.080886 0.079982 0.081108 0.074861 0.074850 0.074461 0.079432 0.080849 0.078446 0.079941

3.0R, 0.021495 0.070375 0.052413 0.041827 0.029204 0.029089 0.028509 0.051006 0.052373 0.039912 0.041774
3.5R, 0.017962 0.087312 0.056293 0.040531 0.026 190 0.026 043 0.025515 0.054880 0.056253 0.038494 0.040475
4.0R, 0.016844 0.098061 0.059147 0.040380 0.025234 0.025082 0.024588 0.057731 0.059107 0.038287 0.040324

#The basis set and FCI energies were taken from Ref. 68. In all correlated calculations, the lpwdsitdl was kept frozen.
PActive space(3,9).
Active space(3,)).

look at CPU timings. This is demonstrated in Table IV. The

CCSOt'}(4,12) calculation for the pVDZ model of G is e S ;__'___'__‘_;._'_-
only 31% more expensive than the the standard CCSD cal- [ (a) /‘ o 2 jj
culation. The CCSPt'}(4,19) calculation is 2.5 times more %% [ S AR TR 7
expensive than the CCSD calculation, while recovering 61% 3 i 1
of theT; effect for a very difficult case of £ The CASSCF- g 0.10 | -
corrected CCSD calculation of the type discussed in Refs.m

39-41 withN,=4 andN,=19 would be much more expen- ‘-~ 015 | cospir) 69|
sive than the CCSD and CC$D}(4,19) calculations with- < CCSDL(3,9)

out giving a lot more information abott; clusters than the 8 s CCSDEG3,D)
CCSDOt'}(4,19) calculation, since the important semi- ™' -020 [~ —-ccsp 7
internalT; components, which are largely responsible for the 5 """" CCSD(T)
remaining~40% of theT; effect, cannot be included in the 025 | '_ﬁﬁzl _
CASSCF-corrected CCSD method usifg,=4 and N,

=19. The CCSBt'}(4,19) calculation with the convergence o | | D
threshold for the energy set to 1HE,, is almost five times '0'300.50 100 150 200 2350 300 350 4.00 450
faster than the CCSDT calculation converged to seven deci- R (Angstrom)

mal places. If we compare the CPU timings corresponding to

the same convergence thresh@even decimal placgsthe 0.00 —— — |

CCSDT calculation is seven times slower than the | b e
CCSOt'}(4,19) calculation. The CPU time saving resulting ( ) -~

from switching from CCSDT to the CCSD'} approach > 005 . --.:..:_f‘ Doty o on |

would be even larger if we increased the size of the basis set, ¢
since the number of unoccupied active orbitals that we must & -0.10 -
include to get good CCS['} results grows slower with the

size of the basis set than the total number of unoccupied™— . [ n cospeiGn)|
orbitals. One might argue, of course, using timings listed in g o COSDE1(3.9)
Table Ill, that at least for the pVDZP model of G with S —-CecsD

R=R,, a better alternative is provided by one of the pertur- : e I CCSIXT) 7
bative approaches, such as CCSDT-1. Indeed, the CCSDT-] - ggzﬁz‘l
calculation is in this case only 24% longer than the 0.25 |- — -
CCSOt'}(4,19) calculation and the CCSDT-1 and CCSDT

energies differ only by 2.582E,. However, we should also 030 ——1 | N

notice that the CCSDT-1 method overestimatesTheon- 050 100 150 200 250 3.00 350 400 450
tribution (the CCSDT-1 energy is too negatjyavhereas the R (Angstrom)

CCSDOt'}(4,19) energy is inevitably between the CCSD and _ _
CCSDT energies. For Iarger internuclear distanBesthe FIG. 1. Poten’nal energy curves for the DZP model of ki#f A comparison
CCSDT-1 energies would overestimate theg contribution of the CCSQL'}(3,9), CCSI(3,1), and CCSHS,9) resiltsopen squares,
9 . @ open triangles, and open circles, respectiyveijth the results of CCSD,
even more and we would finally end up with a completelyccsoT), CCSDT-1, and full CCSDT calculatior{slesignates by dashed,
unphysical shape of the potential energy curve resulting frondotted, dashed—dotted, and solid lines, respectivety A comparison of
the CCSDT-1 calculations. An example of unphysical behavlhe results obtained with perturbative CQSI(3,1) and CCSD1(3,9)
. f the CCSDT-1 hatl int | dist schemes(open triangles and open circles, respectivelyth the CCSD,
Ior or the -1 approach at large Internuclear distanCe€gcspyT), ccsDT-1, and full CCSDT resulfdine textures the same as in

is presented in Sec. IV D. @]
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D. The DZP model of HF O =|(10)%(20)%(17)%(2m)%(30)?|

The results for the DZP model of HF are given in Table X (40)°(50)%(37)°(47)%(60)° -+ , (41)
V and Fig. 1. In this case, we studied the entire potential
energy curve(the internuclear separatidR was varied be- becomes almost degenerate with the configuration corre-
tween 0.8 and 4.2 A; recall that the equilibrium bond lengthsponding to the (8)?— (40)? double excitation. The @
R, equals 0.917 A or 1.728). Our aim was to investigate —4c monoexcitation becomes important as well. This
the ability of various CCSDschemes to describe the break- means that the most natural choice of the active space, which
ing of a single chemical bond. In particular, we focused onshould allow us to incorporate the most essential nondy-
the ability of various CCSDmethods to reproduce thE; namic correlation effects characterizing the region of ldRge
cluster components, which become increasingly large as thealues into various CCSDwave function expansions, is the
H—F bond breaks. Th&; contribution to the energy, as mea- one including the 8 and 4r orbitals. The orbital energy
sured by a difference between CCSDT and CCSD energiegrdering forR~R, suggests, however, that a better descrip-
increases from 2IME, atR=R, to 23.5nE, atR=4R.. In  tion of theR~R, region should be obtained if we added the
fact, the magnitude of th&; effect is large already foR 17 and 27 orbitals to the active spadef. Eq. (40)]. This
=2R.. In this case, th& 5 contribution to the energy equals implies that the smallest, chemically meaningful, active
9.1mE,. space that should allow us to correctly describe the entire
Another reason for focusing on various COSd¢hemes  potential energy curve for HF in thé 13" state is the one
in our calculations for HF was the fact that the full CCSDT containing the entire valence shéle occupied 4, 27, and
method provides almost exa€ECI) results in this case 3o orbitals and the unoccupiedrdorbital). For this reason,
(which are available foR=R,, 1.5R,, and R.%). The role  we choose the active space wikhy=3 andN,=1 as a pri-
of T, and higher-than-quadruply excited clusters is verymary space for our considerations. We can expect, however
small. Indeed, differences between the exact FCI energie®n the basis of our calculations reported in Secs. IVA-
and their CCSDT analogs are 0.268, at R=R,, IV C), that an active space consisting of only three occupied
0.642nE, atR=1.5R,, and 1.12&E, atR=2R.. We can orbitals and too few unoccupied orbitals may be too small
thus assume that the potential energy curve resulting frorfor the CCSHt}, CCSOt’}, and CCSDB’ calculationgas a
CCSDT calculations is practically identical to the exact, FClmatter of fact, the internal’; component is zero iN,=3
curve. We use our CCSDT energies as a representation ahdN,=1). For this reason, we consider another, yet physi-
FCI energies, even for geometries for which FCI results areally meaningful active space consisting of three occupied
not available. The fact that the CCSDT method is capable ofnd nine unoccupied orbitals. This space is almost equivalent
describing the bond breaking in HF is an immediate conseto a space corresponding t®,12s, and 2 shells of the H
guence of the nature of the H—F bond, which is essentially @atom and », 3s, 3p, and 4 shells of the F atonjwe
single bond involving two valence electrons and two mo-decided to exclude the tenth unoccupi®d) orbital of HF,
lecular orbitalgthe highest occupied and the lowest unoccu-since the energy separation between the tenth and ninth un-
pied o orbitalg. In fact, the qualitatively correct description occupied orbitals is very large, 1.88 at R=R, and 2.3E,
of the bond breaking in HF is provided by the much simplerat R=4R,].
CCSD methodcf. Fig. 1). The only problem with the CCSD The results presented in Table V and in Figall.clearly
description is the lack of importarit; contributions, which  demonstrate that the best description of the potential energy
lower the CCSD energy by more thanr2g,, upon dissocia- curve for HF is provided by the CC3Dnethod employing
tion. internal as well as semi-intern®} clusters. The CCSDT and
At the equilibrium geometry and for geometries near theCCSIx curves shown in Fig. 1a) are practically indistin-
equilibrium one, the energy ordering of the RHF orbital sym-guishable, particularly when the active spa&9) is em-
metry speciegaccording to irreducible representations of theployed. The CCSKE3,9) calculations reproduce 99%-100%
C.., point group is as follows: of the total T; effect (99% for R<2R, and 100% forR
=2R,), so that the differences between the CE&0) and
CCSDT energies are almost zero for all values Rf
P =|(10)*(20)*(30)*(1m)*(2m)? (0.024nE, for R=R,, 0.042nE, for R=2R,, 0.065nE,
X(40’)0(50)0(37T)O(47T)0(60')0‘ - (40) for R:?)Re, and OO5ﬁ"|Eh for R:4Re) The CCSD re-
sults obtained using small, yet a chemically meaningful ac-
tive space consisting of only the three highest occupied or-
In this region of nuclear geometries, the RHF configurationbitals and a single, lowest energy unoccupied orbital are
is a dominant configuration in the FCI expansion of theexcellent as well. FOR=3R,, the CCSI¥(3,1) calculations
ground-state wave function. If we were only interested inreproduce 91% of the total; contribution. A somewhat
describing the equilibrium region, the choice of active spacavorse description of thd@; effect is obtained only wheR
for various CCSD calculations would not be a critical issue, ~R,. ForR=R,, the CCSD(3,1) calculation gives 31% of
since even the basic CCSD approach provides an excellettie T4 contribution to the energy, compared to 99% obtained
description forR~R,. The choice of active space becomesin the CCSD(3,9) calculation. Although this might be
important, however, if we want to study geometries far fromviewed as a failure of the CCSDapproach at shorter dis-
the equilibrium one. Indeed, at large internuclear separationsncesR, this poorer description of 3 cluster components
R, the ground-state RHF configuration for R=~R, is actually a useful and important feature, as it
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helps the potential energy curve resulting from CE&L)
calculations to remain almost parallel to the CCSDT cuitve
is important to remember that all CC8Durves always lie
between the CCSD and CCSDT curkekdeed, for large
internuclear separationRE3R,), the difference between
the CCSI(3,1) and CCSDT energies is~2mkE,
(1.915nE, for R=3R., 2.093nE, for R=4R.), which
should be compared to more thann2B, error relative to

CCSDT results obtained with the standard CCSD method.

the CCSI(3,1) calculation reproduced 91% of thAg con-
tribution at R=R,, as it does forR=3R,, the difference
between the CCSIp3,1) and CCSDT energies f&iR=R,
would be 0.24iE,, which is only 12% of the similar en-
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than the corresponding CCSDT calculations. This is related
to n3n? scaling of the CCSDT methog@s explained in Sec.

Il, the CCSOt}, CCSOt'}, and CCSE' approaches scale
as ~n2ni+N3N3). In fact, our CPU timings indicate that
the CCSBt}(3,9), CCSHt’}(3,9), and CCSP (3,9) cal-
culations for the DZP model of HF are only twice as slow as
the standard CCSD calculatiorifor geometries near the
equilibrium, the factor is even less than fnand as twice as
|fast as the CCSDT-1 calculations, which provide unphysical
results at large distancd® (cf. Fig. 1 and the discussion
below). We should also point out that the fact that we use
Z=60% of all unoccupied orbitals as active orbitals in cal-
culations employing a DZP basis set does not necessarily

ergy difference characterizing large internuclear separationgean that we must always use 60% of all unoccupied orbit-

R (R=3R,). The resulting CCSi§3,1) curve would not be

als in CCsSDQt}, CCsSOt'}, and CCSE' calculations em-

parallel to the CCSDT curve, as the difference between suchloying larger basis sets in order to obtain a reasonable de-
CCSIx(3,1) energies and their CCSDT counterparts wouldscription of T3 contributions. As mentioned earlier, the

increase from 0AE, atR=R, to 2.ImE,, at R=4R,. For-

number of active orbitals that leads to reproduction of a

tunately, the CCSE{3,1) calculation reproduces only 31% given fraction ofT; contributions to the energy by CC$D),
of the T effect atR=R,. This increases the difference be- CCSOt'}, and CCSD’ methods grows significantly slower

tween CCSIM(3,1) and CCSDT energies &R=R, to
1.896nE,, and makes the CCS[B,1) curve almost parallel

than the size of the basis set. This means that GESD
CCsOt'}, and CCSDB' calculations become less and less

to the CCSDT curve. We can thus expect that various propexpensive, when compared to CCSDT or even CCSDT-1
erties of HF related to the shape of the potential energgalculations, once larger and larger basis sets are employed.
curve, such as vibrational term values and the dissociatioAsymptotically, i.e., for very large basis sets, the cost of
energy resulting from the CCS[B,1) calculations, will CCSOt}, CCSOt'}, and CCSD' calculations giving 50%
closely resemble the CCSDT values. For example, the diss@ more of the totall; contribution to the energy would be
ciation energy D, defined as an energy difference similar to the cost of CCSD calculations, sinkéN? steps
E(R=4R,)—E(R=R,), gives 5.729 eV using the related to CCSDT calculations within the active space be-
CCS(3,1) results, 5.723 eV using the CCSDT results, andcome  significantly less expensive thagn] steps of the

6.289 eV using the CCSD results. In this case, theCCSD procedure.

CCsIx(3,1) approach reproduces the CCSDT valu®gto
within 0.01 eV. Clearly, the CC3p3,9) and CCSDT vibra-

The CCSBt}, CCSOt’'}, and CCSB' results for HF
are most encouraging, particularly if we take into account the

tional term values and dissociation energies should be virtusmall computer effort involved. With only three occupied

ally identical. Indeed, if we calculate the CCEB,9) value
of D, using the CCSI3,9) energies forR=4R, and
R=R,, we obtainDSPG9=5 724 eV, which differs from
the CCSDT value oD, only by 0.001 eV.

An excellent performance of the CC8&nethod is re-
lated to the presence of the semi-interfiglclusters defined
by Eqg.(24) in the CCSD calculations. A similar behavior of
the CCS=SSCCSMOT) procedure was observed earffér,
even though the choiceNG,N,) =(3,9) was not considered

and nine unoccupied orbitals in the active space, the simplest
CCsSOt'} method reproduces as much as 58% of the total
T, contribution at R=R,, 43% of T5; contribution at
R=2R,, 38% of T3 contribution atR=3R,, and 36%
of T5; contribution upon dissociatior(ffor R=4R,). In
consequence, the potential energy curve obtained in
CCSOt'}(3,9) calculations represents a significant im-
provement in comparison to the CCSD cufeé Fig. 1(a)].

The performance of the CC$E, CCSOt’}, and

in Ref. 46. This choice of active space is important for us,CCSCt’ approaches becomes particularly impressive if
since we want to compare the performance of the CCSDwe realize that the perturbative CCSDT-1 calculations,

method using semi-internal and intern®} clusters with
much simpler CCSfi}, CCSOt’'}, and CCSD' methods,

which are more expensive than the Cd8D3,9),
CCSOt'}(3,9), and CCSDP (3,9) calculations, give a com-

which use internall; components only. The latter three ap- pletely unphysical shape of the potential energy curve for
proaches require that larger active spaces be employed. A#F. Indeed, the CCSDT-1 curve lies below the CCSOT
mentioned earlier, we would not gain anything by applyingFCI) curve and has an unphysical hump for intermediate
active spaces containing, for example, a single unoccupiedalues ofR (see Fig. L For larger internuclear separations,

orbital.

the CCSDT-1 method overestimates Thgeeffect, so that the

Let us therefore discuss the performance of theerrors in the CCSDT-1 results relative to CCSDT increase
CCsOt}, ccsOt’}, and CCSD' approaches. We restrict from acceptable 0.908E, atR= 2R, to totally unacceptable
our discussion to only one active space, which contains thre#8.76 E, at R=4R.. The situation becomes even worse,
occupied and nine unoccupied orbitals. Let us first emphaif we employ the popular CCSD) method. The errors in the

size that although there are only fifteen unoccupied orbitalCCSDO(T)

in the DZP basis set, the CC$), CCSOt'}, and CCSE’

results relative to CCSDT increase from
0.848nE, at R=2R, to 28.45ImE, at R=3R, and

calculations using N,,N,)=(3,9) are many times faster 57.643nE, at R=4R,. The hump in the CCSQO) curve is
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more pronounced than in the CCSDT-1 case. In additionbecome virtually identical to their CCSDT-1 counterparts
unlike the iterative CCSDT-1 approach, the noniterative[differences between CC3$H(3,9) and CCSDT-1 energies
CCSOT) method underestimates the contribution atR  do not exceed 0.G4E, for all geometries considergdt is
~R., while grossly overestimating th€; effects at large true that the CCSDT-1 scheme fails at large internuclear
internuclear separations, which shows that it is even difficulseparations and that the same applies to the GEISD
to predict if the CCSIT) energies are above or below their method due to the perturbative treatment of triples in both
CCSDT counterparts. The more accurate CCSDT-1 approackpproaches. We must realize, however, that a large portion of
overestimates th&; contribution to the energy for all geom- the potential energy curve for Hghe entireR< 2R, region
etries. is very well described by the CCSDT-1 approach. It is thus
None of the problems encountered in perturbativefascinating to learn that we can obtain the CCSDT-1 results
CCSDT-1 and CCSO) calculations shows up in the employing inexpensiva® steps of the CCSB1 procedure.
CcsOt}, ccsOt'}, and CCSDB' calculations. The
CcsOt}, ccsOt’}, and CCSD' methods provide an in-
expensive and systematic improvement of the CCSD result: SUMMARY
and a correct description of the bond breaking. The magni- | this paper, we introduce a hierarchy of approxima-
tude of this improvement depends on the size of the activgons to standard CCSDT and CCSDTQ approaches, in
space employed. Moreover, it is somewhat easier to conghich the dominanfl; and T, contributions are evaluated
verge the CCSD equations at larger internuclear separationg, the concept of active orbitals. We demonstrate that the
once the corrections due to interflgl components are prop- yesulting approaches, which we commonly label as the
erly incorporated into the CCSD scheme, as is, for examplegcsty and CCSBq schemes, enable us to successfully de-
done in the CCSRt'} method. This can be easily understood scribe the single and multiple bond breaking and quasidegen-
if we realize thatt; andty, amplitudes iterated in the ab- erate electronic states without using expensifeand n’°
sence of higher-order clustefthe standard CCSD approgch  steps of full CCSDT and CCSDTQ procedures. By restrict-
are not as meaningful as the values of these amplitudes okhg T, and T, clusters to internal or internal and semi-
tained by iterating’; andT clusters in the presence 8 or  internal components only, we describe the dynamic as well
T3 and T, components. The same has been observed in thgs nondynamic correlation effects dynamically. This enables

CASSCF-corrected CCSD calculatiofts. us to achieve an effectively multireference description, while
As in all other cases examined in this paper, the differ-retaining the simplicity of the SRCC theory.
ence between CCHD}, CCSOt'}, and CCSD' results is All CCSDt and CCSDq methods studied in this paper

very small. The difference between the CG803,9) and  are essentially?n’ procedures. The computer costs associ-
CCSDOt'}(3,9) energies does not exceed Onis, for all  ated with the use of the CC$D), CCSOtq}, CCSOt'},
geometries examined by us, which confirms our earlier obccsOt’q’}, cCS’, and CCSD'q’ schemes, which re-
servation that there is no need to iterate Theclusters in the  quire that we only evaluate the interriB} and T, compo-
T,t) contribution to Eq(13). Itis sufficient to replacd; in  nents, are comparable to costs of standard CCSD calcula-
the Tt contribution to Eq.(13) by the T; component re- tions. The costs of the CC$Dand CCSDq calculations
sulting from the CCSDT calculations within the active spaceemploying internal as well as semi-interngy and T, clus-
[cf. Eq. (16); for similar remarks about CASSCF-corrected ters are comparable to costs of standard MRCISD calcula-
CCSD calculations, see Ref. BIAs explained in Sec. IIA, tions. Even if we use fairly large active spaces, the
this simplifies the CCSd’} scheme tremendously. The dif- CCSOt}, CCSOt'}, and CCSD' methods remain less ex-
ferences between the CC8[3,9) and CCSEX'}(3,9) en-  pensive than the perturbative CCSDT-1 approach. This is an
ergies are somewhat larger (0.3—0E,), but still far too  important observation, since perturbative CC approaches fail
small to conclude that there is any need to invoke the comto describe bond breaking, whereas all nonperturbative
pletely iterative CCSD approximation, in which interndlg CCSmx and CCSDkq approaches(including CCSQt},
components are iterated in the presence ofrait just inter- CCSO{t'}, and CCSD’ schemepprovide a correct descrip-
nal) t;, andt}, cluster amplitudes. The simplest CCBDQ tion of the bond breaking process.
scheme provides a satisfactory treatment of intefnadom- In order to test various CCSDand CCSbg methods,
ponents. we studied three systems: The stretched water molecyle, C
Finally, it is interesting to observe the performance ofat the equilibrium geometry, and HEhe entire potential
the CCSD-1 approach based on internal and semi-internaknergy curve Investigation of the stretched water molecule
perturbative triples. Tha® treatment of triexcited clusters, and G was useful since these systems are characterized by
which is a major characteristic of the CCSID approach, is largeT; and T, contributions. Investigation of the potential
entirely sufficient to reproduce the entire CCSDT-1 curveenergy curve for HF allowed us to see what happens to vari-
[see Fig. 1b)], in spite of the fact that the CC$EL method ous methods when we go from a nondegenerate regime cor-
is significantly less expensive than the CCSDT-1 approachesponding to the equilibrium geometry to a quasidegenerate
(CCSDT-1 is ann’ procedurg The differences between regime characterizing the broken H—F bond.
CCSIx-1(3,1) and CCSDT-1 energies are only 1.868, at Our immediate observations can be summarized as fol-
R=R., 1.453nE, at R=2R,, 1.412nE, at R=3R,, and lows. All newly proposed methods improve the CCSD re-
1.416nE, at R=4R,. With three occupied and nine unoc- sults and give the correct signs of tig and T, energy
cupied orbitals in the active space, the C@SDenergies contributions. Improvement in all CC3and CCSRq re-
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sults is proportional to size of the active space. None of th%ternalt',fBKc andt',fgéD amplitudes and which are based on a
newly proposed CCSDand CCSIg methods(with an ex-  straightforward modification of the subset of standard CCSD
ception of the perturbative CC$EL approach overesti-  equations, which corresponds to equations projected on in-
mates theT; and T, contributions to the energy. In conse- ternal singly and doubly excited configurations, are as good
quence, all nonperturbative CC8@and CCSDg methods as or actually even somewhat more accurate than the
provide a correct description of bond breaking and a veryccsp{t} and CCSBtq} or CCSD’ and CCSD'q’ ap-
good description of dominarit; and T, effects. In all non-  proaches. We thus recommend using the c@spand
perturbative CCSD and CCSIbq calculations for ground CCsOt’q’} schemes in CCSDand CCSMq calculations
singlet states, it is sufficient to use ordinary RHF orbitals, inemploying internall 3 and T, clusters only.
spite of the fact that the RHF method itself is a very poor  Finally, the CCSBD-1 method employing perturbative
reference at large internuclear distances. This means that weples of the internal and semi-internal types gives results
can adapt the CCSCand CCSIdg methods to spin and spa- which are virtually identical to CCSDT-1 results. This is true
tial symmetries of the Hamiltoniafin fact, we used closed- even when small active spaces are employed. We can thus
shell codes in all our calculations use the CCSB1 approach instead of the CCSDT-1 method
The best results were obtained with the CE@Sihd  without sacrificing the accuracy of the CCSDT-1 method.
CCshiq approaches employing internal as well as semi- The cost of CCSB1 calculations is very small com-
internal triples and quadruples. We clearly demonstrated thagared to standard CCSDT-1 calculations. In fact, the cost of
there is no need to use large active spaces in this case. OGCSx-1 calculations is practically identical to the cost of
calculations indicate that the CC8Dand CCSDg ap- ordinary CCSD calculationéthe n’ steps of the CCSDT-1
proaches, which are the well-defined and rigorously sizeprocedure are replaced by inexpensiné steps if the
extensive CC analogs of the well-known MRCISD schemeCCSIX-1 method is employed Although the CCSDT-1
provide by far the best description of bond breaking andmethod fails at large internuclear separations, it is still ca-
difficult quasidegenerate situations, so that they are ideallpable of giving very good results for a wide range of nuclear
suited for reaction dynamics and various spectroscopic studgeometries. As we demonstrated in this paper, the same ob-
ies. The CCSPDand CCSDBg methods employing internal as servation applies to the much less expensive CCSp-
well as semi-internal triples and quadruples are capable géroach. This indicates that we can mix perturbative and ac-
reproducing nearly 100% of the tofd} andT, contributions  tive space concepts and propose an entire hierarchy of
at a significantly lower cost compared to the full CCSDT andperturbative CC methods employing selected classes of tri-
CCSDTQ schemes. With very small active spaces and foand tetraexcited clusters defined through active orbitals. We
geometries near the equilibrium one, the C@Sipproach are currently working on the implementation of the CC§D(
may reproduce less than 100% of tlig contributions, but method, which is a noniterative analog of the CGSDap-
that actually helps to improve the parallel nature of theproach and an active-space analog of the popular GTED
CCSDx and CCSDT potential energy curves, as we demonmethod. The only difference between CC$PD(and
strated for HF. CCSOT) methods is the fact the former approach uses only
The CCSBt}, CCSOtqg}, CCSOt’}, and CCSBt'q’} internal and semi-internal triples in defining the noniterative
methods as well as their CC$Dand CCSI'q’ counter-  correction due tdl 3, whereas the latter approach needs all
parts employing small active spaces are not capable of reprdriply excited configurations in defining the analogous cor-
ducing a large portion of ; and T, contributions, since none rection. The CCSDx) scheme that we hereby propose should
of these approaches describes the imporfarandT, com-  be as accurate as the CCSDmethod. At the same time, the
ponents of the semi-internal type. On the other hand, th€ost of the calculation of triples correction reduces in the
CccsOt}, ccsOtqg}, ccsOt’}, ccsOt'q’}, ccso’, CCsSD({) scheme from noniterative, but still rather expen-
and CCSD'q’ methods are not much more expensive tharsive n’ steps, to noniterative and inexpensive steps. The
the CCSD scheme, even when large active spaces are ef@CSD() results will be presented as soon as the method is
ployed, and they always improve the CCSD results. In factfully implemented.
with judicious choice of the active space and by incorporat-
ing sufficiently many unc_)cc_u_pied orbitgls in the active SPace, ~KNOWLEDGMENT
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