AI P I The Journal of
Chemical Physics

The X 2g+1,BAg1,andB’'X g+ 1 states of C 2 : A comparison of renormallzed

coupled-cluster and multireference methods with full configuration interaction

benchmarks
C. David Sherrill and Piotr Piecuch

Citation: The Journal of Chemical Physics 122, 124104 (2005); doi: 10.1063/1.1867379
View online: http://dx.doi.org/10.1063/1.1867379

View Table of Contents: http://scitation.aip.org/content/aip/journal/jcp/122/12?ver=pdfcov
Published by the AIP Publishing

Articles you may be interested in
A state-specific partially internally contracted multireference coupled cluster approach
J. Chem. Phys. 134, 214116 (2011); 10.1063/1.3592494

Inclusion of selected higher excitations involving active orbitals in the state-specific multireference coupled-
cluster theory
J. Chem. Phys. 133, 234110 (2010); 10.1063/1.3515478

Full configuration interaction potential energy curves forthe X 12 g+,B1Ag,andB' 12 g+ statesof C2: A
challenge for approximate methods
J. Chem. Phys. 121, 9211 (2004); 10.1063/1.1804498

Renormalized coupled-cluster calculations of reactive potential energy surfaces: A comparison of the CCSD(T),
renormalized CCSD(T), and full configuration interaction results for the collinear BeFH system
J. Chem. Phys. 117, 3617 (2002); 10.1063/1.1494797

Geometry optimization of excited valence states of formaldehyde using analytical multireference configuration
interaction singles and doubles and multireference averaged quadratic coupled-cluster gradients, and the conical
intersection formed by the 1 1B 1 (o-m*)and 2 1 A1 (-1 * ) states

J. Chem. Phys. 114, 746 (2001); 10.1063/1.1331107

SUBSCRIBE TO



http://scitation.aip.org/content/aip/journal/jcp?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/327320036/x01/AIP-PT/JCP_ArticleDL_101514/PT_SubscriptionAd_1640x440.jpg/47344656396c504a5a37344142416b75?x
http://scitation.aip.org/search?value1=C.+David+Sherrill&option1=author
http://scitation.aip.org/search?value1=Piotr+Piecuch&option1=author
http://scitation.aip.org/content/aip/journal/jcp?ver=pdfcov
http://dx.doi.org/10.1063/1.1867379
http://scitation.aip.org/content/aip/journal/jcp/122/12?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/134/21/10.1063/1.3592494?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/133/23/10.1063/1.3515478?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/133/23/10.1063/1.3515478?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/121/19/10.1063/1.1804498?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/121/19/10.1063/1.1804498?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/117/8/10.1063/1.1494797?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/117/8/10.1063/1.1494797?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/114/2/10.1063/1.1331107?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/114/2/10.1063/1.1331107?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/114/2/10.1063/1.1331107?ver=pdfcov

HTML AESTRACT * LINKEES

THE JOURNAL OF CHEMICAL PHYSICSL122 124104(2005

The X'X;, B*A,, and B’ '3 states of C ,: A comparison of renormalized
coupled-cluster and multireference methods with full configuration

interaction benchmarks

C. David Sherrill®
Center for Computational Molecular Science and Technology, School of Chemistry and Biochemistry,
Georgia Institute of Technology, Atlanta, Georgia 30332-0400

Piotr Piecuch®
Department of Chemistry and Department of Physics and Astronomy, Michigan State University, East
Lansing, Michigan 48824

(Received 2 December 2004; accepted 13 January 2005; published online 28 Margh 2005

Unusual bonding and electronic near degeneracies make the lowest-lying singlet states of the C
molecule particularly challenging for electronic structure theory. Here we compare two alternative
approaches to modeling bond-breaking reactions and excited states: sophisticated multireference
configuration interaction and multireference perturbation theory methods, and a more “black box,”
single-reference approach, the completely renormalized coupled-cluster method. These approximate
methods are assessed in light of their ability to reproduce the full configuration interaction potential
energy curves for thx 12;, B 1Ag, andB’ 12; states of G, which are numerically exact solutions

of the electronic Schrédinger equation within the space spanned by a 6i3HE®& set. Both the
multireference methods and the completely renormalized coupled-cluster approach provide dramatic
improvements over the standard single-reference methods. The multireference methods are nearly as
reliable for this challenging test case as for simpler reactions which break only single bonds. The
completely renormalized coupled-cluster approach has difficulty for large internuclear sepdRations

in this case, but over the wide range BE1.0-2.0 A, it compares favorably with the more
complicated multireference methods.2005 American Institute of Physics

[DOI: 10.1063/1.1867379

I. INTRODUCTION tion includes all possible Slater determinafis configura-
The G molecule is central to interstellar chemistry and ttl)on Sftatle funCt'on)S\éVh'C;? can ze fﬁ.rr?]er? for t::e given num-
combustion reactions. It features many low-lying electronic er of electrons and orbitaland which have the appropriate

excited states. the first one being”lau state only 716 crit symmetry. Thus, the full Cl method provides an exact treat-
I+ : ment of electron correlation within the space spanned by the
above theX 29 ground state. These electronic near degen-

eracies are challenging for experiment and theory Experigiven one-electron basis set, and full Cl results are critical as
mentally, there was some early confusion about the corred@€nchmarks against which approximate methods may be as-

ground state of § with Herzberd listing it as the®ll, state sessed. The availability of full Cl results is particularly use-
u . . . .
IS+ (i ; ful for calculations involving ground- and excited-state po-
rather than Eg (this was corrected later in Huber and

Herzberg). Theoretically, electronic near degeneracies jn C tential energy surfaces along bond-breaking coordinates,

are quite significant even near the equilibrium geometry,Where electron correlation effects become large and rapidly

causing difficulties for the most commonly used “single- qhanging with th nuclear geor_netry, causing severe difficul-
reference” methods which rely upon the dominance of dies fqr the majority of electronic .structure methods.
single Hartree—Fock determinant. Stretched geometries in- |t 1S Well known that the restricted Hartree—FokHF)
crease the degree of electronic degeneracy and become e\)gﬁthod fails qualitatively for bond-breaking re_zactlons. L_Jnre-
more problematic. For these reasons,rakes an excellent Sticted Hartree-FocKUHF) reference functions provide
test case to assess the robustness of theoretical methodsCffSiderably better energies, but they are usually quantita-
applications involving quasidegenerate ground and exciteE!Ve'y pqozr and the wave functions are no longer eigenfunc-
states, and potential energy surfaces involving bond breakions of S°. In some cases, such as the well-known example
ing. of the K, molecule, UHF fails in a quantitative and qualita-
In a recent papéerwe presented full configuration inter- tive sense, providing a potential curve with no minimum on
action(full Cl) potential energy curves for the's;, B'A,, it (cf, e.g., Ref. 4 The deficiencies of the RHF, UHF, and
andB’ 12; states of G. By definition, a full Cl wave func- other independent-particle-model approximations employing
single-determinantal wave functions are often so severe that
dauthor to whom correspondence should be addressed. Electronic mai :he_y Ca_nnOt be e“mm_atEd by the addition of electr_on_corre-
sherrill@chemistry.gatech.edu ation via the usual single-reference methods. This, in par-
PElectronic mail: piecuch@cem.msu.edu ticular, applies to the otherwise successful methods based on
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coupled-cluste{CC) theory’ The RHF-based CC approxi- NPE of more than 20 kcal mdi contradicts the common
mations, including the basic CCSEC singles and doublgs wisdom that the UHF-based approaches are panacea for the
approack?,‘lo and the popular noniterative triples approachedailures of single-reference methods employing the RHF ref-
of the CCSIT] (Refs. 11 and 1R2or CCSOT) (Ref. 13 erence. Based on the earlier experiences with EOMCC
type, in which the effects of triply and other higher-than- methods>*2>%%>*%%t is not surprising that the RHF-based
doubly excited clusters are estimated using the argumentSOMCCSD approach cannot give reasonable results for the
originating from many-body perturbation theory, completelypotential energy curves corresponding to tBéAg and

fail in the bond breaking regioicf., e.g., Refs. 3, 4, and B’ 12; excited states of & although, as shown in Ref. 3 and
14-30 for examples In the case of multiple bond dissocia- as further elaborated on in this paper, the failure of the EOM-
tions (including G,), even the full CCSDT(CC singles, CCSD method for the potential curves of tl&lAg and
doubles, and triplésmethod™>? and the noniterative treat- B’ 12; states of G is more dramatic than in other cases.
ments of quadruply excited clusters via, for example, theSurprisingly enough, the expensive high-level single-
CCsSOTQy) approacF'l3 are not powerful enough to over- reference CI calculations, such as CISDTQI singles,
come the failures of the CCSD and CCGD doubles, triples, and quadruplesvhich often provide a vir-
schemeg?22242521.8gmjlar failures are observed in the tually exact and well-balanced description of ground and ex-
calculations of excited states employing the response CCited states, fail too, providing NPEs on the order of
(Refs. 34—-39 and equation-of-motion CCEOMCC) (Refs.  23—24 kcal mol* for the B 1Ag andB’ 12; states of (}.3

40-43 theories. The standard response CC and EOMCC The low-lying states of €are so challenging and the
methods, including the basic EOMCCSD approxima"t‘?c‘)ﬁ failures of various high-level electronic structure methods
and its EOMCCSD®R,** cc3%* EomccsOT),*  are so dramatic that it is desirable to use the full CI results
EOMCCSOT),*® EOMCCSIOT'),*® and CCSDR3) (Refs.  obtained in Ref. 3 to assess the reliability of methods which
48 and 49 extensions, in which the effects of triple excita- are designed to handle bond breaking, excited states, and
tions are estimated using the arguments originating from pelectronic near degeneracies or to improve single-reference
turbation theory, fail to describe excited states having largéesults in all of these situations. Specifically, in this paper, we
contributions due to doubly excited configurations andconsider multireference configuration interactiGdRCl),
excited-state potential energy surfaces along bond breakingultireference perturbation theo§RPT), and the com-
coordinateg*?*?#4244-%9The high-level EOMCC approxi- pletely renormalizedCR) CC'®"****and EOMCC(Refs. 25,
mations, such as EOMCCSDTthe EOMCC singles, 28, and 58 methods. MRCl is perhaps the most widely ap-
doubles, and triples methdtfd (cf. also Ref. 6pand EOM-  plicable and commonly used method for modeling bond-
CCSDTQ (the EOMCC singles, doubles, triples, and qua-breaking reactions and ground- and excited-state potential
druples methot) eliminate these failures, although the energy surfaces in small molecules; if properly used, it can
EOMCCSDT approach can only partly reduce large errors irgive very reliable results across an entire potential energy
the vertical excitation energies obtained in the EOMCCSDsurface. Its principal shortcomings are lack of size extensiv-
EOMCCSDTh, and CC3 calculations for th@ 1Ag state of ity (the fraction of the correlation energy recovered decreases
C,, leaving the 0.41 eV difference with the full CI result for larger molecules its great computational cost, and the
unaccounted féP?®>* (one has to use the full EOMCCS- requirement that the user must specify several parameters
DTQ method to reduce this error to 0.02 )V Based on the such as active orbitals, reference determinants, or thresholds
early positive experiences with the UHF-based CC methodfr neglecting unimportant electron configurations. At
(cf., e.g., Refs. 4 and 62it is often assumed that the use of present, a universally applicable and accepted methodology
the UHF rather than RHF reference functions should autofor choosing these parameters is ab$eft. The MRPT
matically eliminate the failures observed in the standardnethods, such as the popular complete-active-space second-
RHF-based CC calculations, but there is a growing evidencerder perturbation theory(CASPT2 modef’™" and its

that one has to be very careful about employing UHF refervariantd’~"° (cf. Ref. 80 for a review offer an alternative,
ences in correlated calculations, since the results are oftdass expensive, approach. However, like MRCI, CASPT2
much worse than expectddf., e.g., Refs. 63 and §4For  and other multireference perturbation theory models are dif-
example, in a recent full Cl stud§of “easy” bond-breaking ficult to use for nonexperts. They can also be prohibitively
reactions which remove a hydrogen atom from BH,,C&hd  expensive if the numbers of active electrons and orbitals be-
HF, we found surprisingly large nonparallelity err¢dPEs;  come large. In addition, some MRPT methods may suffer
NPE is defined as the difference between the maximum anftom intruder states and a strong dependence of the results on
minimum errors along a potential energy cunaven for the choice of active spadef., e.g., Ref. 80 Nevertheless,
highly correlated methods employing UHF determinants a®oth MRCI and CASPT2 approaches are specifically de-
references. For the UHF-based CQ$Pp approach[UHF  signed to describe bond breaking and quasidegenerate
CCSOT)], NPEs were around 4 kcal md) which is more  ground and excited states. Thus, it is useful to test the per-
than one might expect in such simple cases. For the morrmance of these most popular multireference methods in a
challenging case of £ the performance of UHF-based demanding situation created by ground and excited states of
single-reference methods was much wotséHF CCSOT)  the G, molecule.

gave a NPE of more than 20 kcal mbfor the ground state. In contrast to multireference approaches, the CR-CC and
This is better than the NPE of over 60 kcal Mabbserved in  CR-EOMCC methods, such as CR-COSD

the RHF-based CCSMD) calculations, but clearly the large CR-CCSOTQ),#%1%32°%8 and CR-EOMCCSDT),?*28°8
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are built upon a single-reference CC/EOMCC framework,over, the CR-CCSO), CR-CCSOTQ), and full CI calcula-

and as such are “black-box” methods that are no more diffitions reported in Refs. 24 and 25 were limited to m&;

cult to use than the standard noniterative CC approaches state only. Full ClI vertical excitation energies have been re-
the CCSOT) or CCSOTQ;) type. These methods are basedported in Ref. 49 and full Cl spectroscopic constants have
on the more general formalism of the method of moments obeen obtained in Refs. 103 and 104. In particular, the authors
CC equations(the MMCC formalism, 81925285657 ynich  of Ref. 49 have used their full Cl data to assess the perfor-
provides detailed information about the many-body structurenance of the standard EOMCC/response CC methods, such
of the differences between the CC or EOMCC and full Clas EOMCCSD and CC3, in calculations of vertical excitation
energies of the electronic states of interest. This informatioenergies of G. These studies have been extended by the
enables one to suggest several types ofatlp@steriorinon-  authors of Refs. 25 and 54, who demonstrated, for example,
iterative corrections due to triples or triples and quadrupleghat the failure of the standard EOMCCSD and CC3 ap-
to standard CCSD or EOMCCSD energies, defining the CRproaches to describe vertical excitation energy corresponding
CCSOT), CR-CCSOTQ), and CR-EOMCCSDY) approxi- to theX 125—»8 1Ag transition can be considerably reduced
mations, which have the same computer costs as the standd?d employing the full EOMCCSDT theory and its active-
triples and quadruples corrections defining the CCS@ind ~ space EOMCCSDt variar(see Ref. 61 for the most recent
CCSDTQ) approaches and which improve the results offull EOMCCSDTQ calculations The full Cl results reported
single-reference CC/EOMCC calculations for quasidegenerin Ref. 49 have also been used to test the performance of the
ate ground and excited states characterized by large nond=R-EOMCCSDT) (Refs. 28 and 5Band other excited-state
namical correlation effects. Previous experience indicate¥/MCC (Refs. 25, 28, and §7approximations. These studies
that CR-CCSDT), CR-CCSDTQ), and CR-EOMCCSIY) have shown that the CR-EOMCCS8D and other MMCC

approaches can be quite successful in describing bon@iethods are capable of reducing large, eV, errors in ver-
breaking'®-2123-2527.285%ychange chemical reactiofis?®  tical excitation energies obtained with the EOMCCSD

diradicals?® excited states dominated by doubfég®>® method to ~0.1 eV, but neither the CR-EOMCCSD

and at least some excited-state potential energy surfacégethod nor any other MMCC approximation has been used
along bond-breaking coordinat®s>® However, these meth- t0 examine the entire potential energy curves of the excited
ods have never been thoroughly tested in the most challengiates of G. Again, this was not possible until now because
ing environment of configurational quasidegeneracies comof the lack of the corresponding full CI data, which were
bined with curve crossings and avoided crossings created djublished only re_centl§/.Th|s paper reports the CR-CC and
the X lgg, B lAg, andB’ 12; states of G. In this case, the R-EOMCC studies of the ground- and excited-state poten-
CCSD and EOMCCSD wave functions, on which the CR-fial curves of G for the first time. . .

CCSOT), CR-CCSOTQ), and CR-EOMCCSIY) ap- Finally, we should mention that high-quality computa-
proaches are based, are not only quantitatively, but alsBons of the 12 lowest singlet and triplet electronic states of
qualitatively incorrect and this may severely impact the CR-C2 have been obtained by Halvick and co-work&twsing _
CCSDT), CR-CCSOTQ), and CR-EOMCCSIY) results.  contracted MRCI wave functions and a large cc-pV5Z basis
Although one should not expect the relatively inexpensiveSet: These results should be very reliable, but it is not pos-
single-reference, RHF-based CR-CG$D CR-CCSOTQ) sible to obtain full Cl energies with the cc-pV5Z basis for
and CR-EOMCCSDT) methods to perform as well as the comparison. Here, direct comparison to full Cl results in the
best CASSCF-base@ASSCF—complete-active-space self- 6-31G basis allows us to carefully examine the accuracy of
consistent-fielyl multireference approaches, it is interesting MRC!, CASPT2, and CR-CC/CR-EOMCC methods for the

to learn how much information about ground- and excited—eml're+ potential energy curves of the '3, _ B*A, and

state potential curves of the difficult,Gystem can be ex- B’ Eg states, all of which have a strong multireference char-

tracted from these inexpensive black-box calculations. Ther8Cter:

exist several alternatives to the CR-CC and CR-EOMCC ap-

proaches, Which are formulat.ed ina single-reference frame”_ THEORETICAL APPROACH

work and which can be applied to certain classes of bond-

breaking reactions and quasidegenera](f\ég,”'ﬂ'g“‘lmand As in our recent full Cl benchmark stuaw,ve have used

excited-state potential energy surfaces along bond-breakirte 6-31G basis set. Perhaps surprisingly, this basis gives

coordinates®°but examination of all of these methods lies better spectroscopic constants on averéage compared to

beyond the scope of the present work. experimenk than other basis sets of DZP quality for full CI
Prior to our recent 6-31Gfull Cl benchmark studfh wave functiong®* Al six Cartesiand-type polarization func-

potential curves for €had been examined using a smallertions were used and the lowest tWepre-type orbitals were

basi$*? or at a limited number of geometrié¥ The au-  kept frozen in all correlated calculations.

thors of Refs. 24 and 25 compared the full Cl potential  We begin the discussion of methods used in this study

curves obtained with the doublg (DZ) basis set with the with details of multireference calculations. To account for

corresponding CR-CCSD) and CR-CCSDTQ) curves, but near-degeneracies of electron configurations, we have used

at that time the 6-31Gfull CI results were not available, so CASSCF(Ref. 108 reference wave functions, which include

it was not possible to test the CR-CCAD and CR- all configurations which can be generated by distributing the

CCSDTQ) methods in more realistic calculations employing active electrons among the active orbitals. For this case, we

a basis set of the DZ plus polarizatiODZP) quality. More-  have chosen all valence electrons and orbitals as active; this
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yields a CASSCF wave function comprising 65Q=0 de- Werner's*! variation on this approactwhich exploits a dif-
terminants ofA; symmetry in theDy, computational sub- ferent internal contraction scheme to avoid the use of third
group. The CASSCF wave function should provide a reasonand fourth Orderllgensity matricesis implemented in the
able zero-order description for any of the three valence state4OLPRO program.~ We found it technically easier to per-
considered here. We also considered the possibility of #rm these computations using CASSCF orbitals averaged
smaller active space, but the full CI results indicate that alover all three stategthe two 'S ] states and theA, state.
most all of the valence orbitals have variable occupationg\though, in principle, theB A, state would be described
among the most important electron configurations. Limitedore accurately without the admixture & orbitals in the
computations were also performed in which the, 2rbital, SA-CASSCF procedure, we found in tests of the multirefer-

which is usually doubly occupied, was left out of the active€nce Cl _energies that this l?d only to modésﬂO%) in-
space. creases in the error for tH% A, state with essentially no
Although there is no difficulty obtaining the CASSCF change in the error for thes states.

wave function for the lowestS! state, it is technically chal- As mentioned in the Introduction, one of the goals of
lenging to obtain a CASSCF solution for the high’&; this study is to test the single-reference CR-CC and CR

. . . EOMCC methods against the full Cl and multireference data.
state. One. could optimize orbitals for_the second root of th'sl'he CR-CC and CR-EOMCC methods are based on the idea
symmetry in t.he CASSCF wave f.unctlon,_but eventually thISOf improving the results of standard CC and EOMCC
root can be improved to the point that it drops below the ccsp EOMCCSD, etg.calculations through the sitably
lower "% state, leading to “root flipping” and convergence gefined corrections to CC and EOMCC energies derived
difficulties. This problem may be circumvented by usingfrom the MMCC formalisnt-&1:252856.5{yhich provides us
“state averaged(SA) orbitals®"** obtained by varying or-  with the explicit expressions for the differences between the
bitals to minimize the weighted sum of the CASSCF ener-cC or EOMCC and full Cl energies of the electronic states
gies for the two'S; states. We have used SA orbitals to of interest. As it turns out, these energy differences and the
obtain CASSCF energies for the tvili; stateeach state is noniterative corrections to CC and EOMCC energies that
equally weighted result from them can be expressed in terms of the generalized
ThelA@j state has the same symmetry as]tﬁgstates in  moments of the CC or EOMCC equations characterizing a
the D4, computational subgroup used in the computationsgiven CC/EOMCC approximation, i.e., the CC or EOMCC
Nevertheless, it is possible to determine the underlying symequations projected on the excited determinants that are not
metry of the wave function by examination of the CI coeffi- included in standard CC/EOMCC calculations. In the spe-
cients. In this case, the real component of the state must ~ cific case of the CR-CCSD), CR-EOMCCSDT), and CR-
have the|...1ﬂzx3ozg> and|'~~1w§3o§> determinants appear- _CCSI}TQ) methods considered in this work_, we use the pro-
ing with equal coefficients but different signs, and gm% jections of the CCSD or EOMCCSD equations on the triply
states have these coefficients appearing with the same sigcited[the CR-CCSIT) and CR-EOMCCSII) methods
(here we use labels and = for readability, but strictly OF triply and quadruply excitedthe CR-CCSDTQ) ap-
speaking the computations are run under g, point proach determinants to construct thg relevant corrections to
group. We have added a “state following” subroutine to ourCCSD/EONICCSD energies. Symbolically, the CR-CGED
pETCI program® which allows the user to specify a series of and CR-CCSRTQ) energy formulas for the ground-state

determinants and coefficients, and the program will optimize(K:O) problem can be written as
the CASSCF for whichever root has the maximum overlap  Ey= E5“P+ Ny/D,, (1)
with the user-specified root. This allowed us to obtain
CASSCF wave functions for thJeAg state without difficulty.

To provide a good description of dynamical electron cor-
relation on top of these qualitatively correct CASSCF refer-  Ey = ERPMCCSP+ N, /Dy (2)

ence functions, we obtained multireference configuration in- ccsb EOMCCSD
teraction (MRCI) wave functions using the CASSCF Here, and Eg are the CCSD and EOMCCSD

. . energies, respectively, and the numerator and denominator
orbitals. We have used the second-order CI procedure, which o9 P Y, a
terms,Nk andDy, respectively, that are used to calculate the

generates all single and double substitutions out of all deter; | .. 0o e to triple excitatiorighe CR-CCSIT)/CR-

minants which are present in the CASSCF wave funCt'onEOMCCSIZ(T) casd or triple and quadruple excitatiofithe

this is a kind of “complete limit” for multireference configu- CR-CCSOTQ) caséd have been defined
ration interaction with singles and doubl@dRCISD). The elsewherd8-20.24.25.27.28 581, projections of the CCSD and
MRCI wave functions comprised 270388 determinantseopmccsp equations on triply or triply and quadruply ex-
CASSCF and MRCI results were obtained using t#Cl cited determinants defining the corresponding moments of
andpeTcas modules of PSI 3.2° these equations enter the numerator teNpsIn particular,

To explore somewhat less computationally demandinghe numeratoN, entering the CR-CCS@) formula is simi-
models, we also consider the MRPT approach throughar to the triples correction to CCSD energy exploited in the
second-order based on CASSCF references. The most costandard CCSII) approximation. The numeratdi, enter-
monly used approach of this type is the CASPT2 method ofng the CR-CCSIDTQ) energy expression is similar to the
Roos and co-worke¥="° Here we employ Celani and combined triples and quadruples correction defining the

and the corresponding CR-EOMCCED energies of ex-
cited (K>0) states have the general form
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CCSOTQs) approach. Thus, the main difference betweenEOMCCSDOT) methods introduced in Refs. 28 and 58 is
the standard CCSD) and CCSDTQ;) approaches on the their behavior in the vicinity of the avoided crossing involv-
one hand and the CR-CC$D and CR-CCSITQ) methods ing theX 12; andB’ 12; states. We comment on this aspect
on the other hand is the presence of the denomiriagoin of the CR-CCSDT)/CR-EOMCCSNOT) -calculations in
Eq. (1), which does not enter the CC8D and CCSIDHTQ;)  Sec. lll.
energy formulas. It is this denominator that renormalizes the The CR-CCSDT),llIl and CR-EOMCCSDT),lIl ap-
triples and quadruples corrections, which allows the CR{proaches are somewhat more expensive than other CR-
CCSOT) and CR-CCSITQ) methods to improve upon the CCSDT)/CR-EOMCCSQT) calculations, since the CPU
failing of the standard CCS[) and CCSITQ;) approaches time required to calculate each triples correction is increased
in the bond-breaking regio¥-%° by the iterativen’n{ steps of the single-reference CISD cal-
In analogy to the standard CCSD) and CCSIHTQ;)  culations that are used, along with the CCSD/EOMCCSD
approaches, the CR-CC8D, CR-EOMCCSDT), and CR-  calculations, to determine the corrections due to tripteé.
CCSOTQ) methods are single-reference black-box schemeddur ~ experience ~ with  various ~ CR-CC$SD/CR-
In particular, the numerator and denominator terdsand ~EOMCCSIT) methods shows than the CR-CCSD|II ap-
Dy, respectively, defining these methods are expressed iproach is somewhat more accurate than the original
terms of the singly(T,) and doubly(T,) excited clusters CR-CCSOIT) approximatiort,**which can only be applied
obtained in the standard CCSD calculations and, in the cad® the ground-state problefithe CR-CCSDT), Il method
of excited-state(K>0) calculations, the zero-, one-, and has a natural extension to excited states through the
two-body components of the linear excitation operagyr ~CR-EOMCCSRT), Il approach of Refs. 28 and $&A direct
that defines the excited-state wave function in the EOM<Lomparison of the CR-CCSD),lll and CR-CCSRT) re-
CCSD ansatz. The straightforward relationship between thgults for the ground-state of,Gn Sec. Il confirms this ob-
standard and completely renormalized CG¥Dand CCS- servation. In order to examine the effect of connected qua-
D(TQ) approaches implies that the computer costs of thélruples on the results for Cwe compare the CR-CCSD)
CR-CCSOT), CR-EOMCCSDT), and CR-CCSDTQ) cal- and CR-CCS), Il results for theX 123 state with those
culations are essentially identical to the costs of the standai@Ptained with the CR-CCSDQ) approximation. Again,
CCSDT) and CCSDTQ)) calculations. Thus, in analogy to Several variants of the CR-CC$IQ) method have been
the CCSDT) approach, the CR-CCSD) and CR- formulated,_ e but our calculations for &€ d_o
EOMCCSOT) methods areZn’ procedures in the nonitera- NOt shoyv S|gln|f|cant differences among them. Thus, in our
tive steps involving triples and’n® procedures in the itera- discussion in - Sec. ll, we focus on varianta™
tive CCSD and EOMCCSD steyfs, andn, are the numbers ©f the 20C2§2_5C2928DTQ) theory [the CR-CCSDTQ)a
of occupied and unoccupied orbitals, respectively, used in thB1ethod.” === "We have to “m'tl our discussion of the
correlated calculationsMore specifically, the CPU time re- CR-CCSOTQ) calculations to theX "% state of G, since
quired to calculate a triples correction to the CCSD or EOM-the extension of the CR-CCSIQ) theory to excited states
CCSD energy of a givefground or exciteflelectronic state Nas not been implemented yet.
that defines one of the CR-CC$D or CR-EOMCCSIT) All - CR-CCSD(), CR-EOMCCSRT), and CR-
approaché'é’lg'zs’sgis twice the CPU time required to calcu- CCSOTQ) calculations reported in this paper as well as the

late the standar€T) correction of the ground-state CCS[) ~ corresponding  CCSD,  EOMCCSD,  CCED,  and
theory. Similarly, in complete analogy to the noniterative CCSDTQy) calculations, have been performed with the CC/
triples corrections, the costs of the CR-CA$Q) calcula- EOMCC modules described in Refs. 22, 58, 113, and 114
tions are of the same type as the costs of the COED interfaced with thesaMESS (Ref. 115 andACES Il (Ref. 1.16
calculationgrecall that CCSITQ)) is anngnﬂ' procedure in packages. In all CC/EOMCC calculations, t.he spin- and
the triples part and armgn5 procedure in the noniterative symmetry-adapted ground-state RHF determinant was used
steps involving quadruplgﬁ. Again, all variants of the &S a reference.
CR-CCSOTQ) method®2924252728 e twice as expensive
as the CCSDIQ;) approach in the steps involving the non- [I. RESULTS AND DISCUSSION
iterative _trlples and quadruples corrections. _ A Full CI benchmarks

In this paper, we focus on the performance of variant 11l
of the CR-EOMCCSIDT) theory[the CR-EOMCCSIT),lII Full C potential curves for th& *S;, B*A,, andB’ '3
approach and its ground-state CR-CC$D,llIl analog states of G are presented in Fig. 1 using the data of Ref. 3.
described in Refs. 28 and 58. Other variants of theThe potential well for theX 12; state is much deeper than
CR-EOMCCSDOT) method described in Refs. 28 and 58, that of the other two states, which have similar energies. All
particularly the CR-EOMCCSQ),ID approximation and its three states become energetically close ardRad.5 A (R
ground-state CR-CCSD),ID analog, provide similar re- is the C—C separationand theBlAg state actually drops
sults, which are not, therefore, reported here. The more sulbelow theX 3" state around 1.7 A. These two states remain
stantial difference between the most complete variants of theery close in energywithin 3 kcal mor?) as they approach
CR-CCSOT)/CR-EOMCCSDT) theory, including the the dissociation limit. TheX 125 andB’ 125 states form an
CR-CCSOT),II/ICR-EOMCCSIOT),lll approximation ex- avoided crossing aR=1.7 A (at R=1.7 A, the two states
amined in this work and the CR-CC$D,ID/CR- are separated by 10 kcal mblonly) and forR>1.7 A, the
EOMCCSOT),ID approach, and other CR-CC8D/CR- B’ 12; state begins to rise in energy relative to the other two,
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FIG. 1. CASSCF and FQffull Cl) potential curves for
theX 'Sy, B'A,, andB’ 'S states of G.
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but it approaches them again at larger distances. All threspace except for thedg orbital, which generally remains
states approach the same asymptotic limit @£2p? 3p) doubly occupied in the most important electron configura-
and are virtually degeneratéo within 2.5 kcal mot?) at R tions. We explored some additional multireference computa-
=3.0 A. tions in which the 2r, orbital was left out of the active space.
The ground state features a surprisingly large multirefer-
ence character even near equilibrium.Rst1.25 A (the ex-
perimental equilibrium geometry B=1.243 A), the coeffi-
cient of the primary configuratiof(core 205207172175 is Figure 1 presents CASSCF potential curves along with
only 0.83, and the doubly excited configurationthe exact, full Cl curves. The corresponding energy values
|(core 2031 mi1m;303) has a surprlsmgly large coefficient of are given in Tables I-ll(see Table | of Ref. 3 for the full CI
0.33. At thls same geometry, tie'A , state is dominated by data. State- -averaged orbitals have been used for theIE/go
|(core 2032051 m¢30%) ~|(core2052071m;30%), while the  states. CASSCF is designed to provide a good description of
B’ 12* state has these two determlnants domlnant but wittelectronic near degeneracigmndynamical correlationbut
the same sign. Thus, in the equilibrium region both excitedt does not provide a reliable treatment of short-range dy-
states are completely dominated by theﬁ1—>30§ double  namical correlation. Hence, the CASSCF energies are sig-
excitations relative to the primary configuration nificantly higher than the full Cl energies. Nevertheless, Fig.
|(cor@20§202u1n§177§>, whereas the ground state has a sig-1 demonstrates that the qualitative features of all three states
nificantly quasidegenerate character involving the primaryare accurately represented by the CASSCF wave functions.
configuration and theﬁa&fé biexcited determinant. A more quantitative assessment is provided by Fig. 2, which
The situation becomes even more complicated atisplays the error in the CASSCF curves vs full Cl; because
larger C—C separations. By 1.6 A, the doubly exciteda constant shift in the curve would not affect any chemical
determinant |(COI’@20’§1772X17T§30'§> becomes much less properties, the most important issue is the flatness of the
important to the ground-state wave function, and the otheerror curves. None of the error curves are close to being flat:
two biexcited determmants|(core)2022021772302> and the error for theX!S! state shows significant changes at
|(core2032031m530%), which also dominate the lgA and intermediate distances, and the errors for ®eA; and
B’ 12; states are nhow much more important for the descripB’ 12* states are significantly larger at short dlstances than at
tion of the X12+ state. Roughly speaking, ttBlA and Iarger distances. Nevertheless, the CASSCF wave functions
B’ lEg states remam qualitatively similar to their form near clearly provide reasonable reference functions which might
the ground-state equilibrium geometry. However, by 1.80 A be further improved by multireference models of dynamical
the B 1A state has dropped below th@12+ state, and the correlation. Indeed, the larger errors at short distances ob-
character of the twéﬁg states is reversed due to an avoidedserved for theB 1Ag andB’ 12g states are consistent with the
crossing. This gives the ground state potential curve a rathexpectation that dynamical correlation should be larger at
unusual shape which was not reproduced by any of the stathese geometrietbecause electrons are closer togethér
dard single-reference methots. we quantify the flatness of the error curves by the NPE, we
In addition to the aforementioned configurations, severabbtain values of 5.4, 11.3, and 11.0 kcal Mdbr the X 13,
of the most important configurations in the full Cl wave BlAg andB’ 12* states, respectivelisee Table 1Y. These
functions involve double excitations to the antlbondnggl NPEs are quite S|zable although they are all much smaller
orbitals. Thus it seems clear that the active space in multithan the NPE of 21.6 kcal midi computed for theX 12*
reference wave functions should include thg, 217, 3oy, state using the UHF CCSD) method, not to mention the
1mg, and 3, orbitals. This accounts for the entire valence NPE of 61.3 kcal mof* obtained for this state with the RHF

B. Accuracy of CASSCF
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TABLE I. Total energieghartrees for the X 12; state of G for various values of the internuclear separatR(€—C) (A) using the 6-31Gbasis set.

R(C-0O SA-CASSCF SA-CASPT2 MRCI CCSsD am),ind CR(T)® CR(TQ),a°
0.90 -75.200 369 -75.311743 -75.314 659 —-75.290119 —-75.310 307 -75.308 053 -75.310 362
0.95 -75.340031 -75.451 828 -75.454710 —75.430 310 —75.450 482 -75.448 178 -75.450 750
1.00 —75.440478 —-75.552 552 —-75.555 407 —75.530 942 —75.551201 —75.548 810 —-75.551 666
1.05 -75.510 846 -75.622 890 -75.625762 —-75.601 021 —-75.621472 -75.618 974 -75.622 129
1.10 -75.558 190 -75.669 846 -75.672810 —75.647 606 —-75.668 349 -75.665 726 -75.669 186
1.15 —75.587 907 —-75.698 918 —75.702 046 —75.676 225 —75.697 336 —75.694 576 —75.698 343
1.20 —75.604 189 —-75.714 430 —-75.717 769 —75.691 204 —75.712736 —75.709 833 —75.713 904
1.25 -75.610 330 -75.719774 -75.723 349 —75.695 935 -75.717 918 -75.714 871 —-75.719 243
1.30 -75.608 922 -75.717 612 —-75.721 437 —75.693 083 —-75.715 526 -75.712 341 -75.717011
1.35 —75.602 006 —-75.710037 -75.714 120 —75.684 744 —75.707 631 —75.704 328 —75.709 290
1.40 -75.591 196 -75.698 699 -75.703 053 —75.672 564 —-75.695 864 -75.692 469 -75.697 723
1.50 -75.562 720 -75.669 696 -75.674 696 —75.641 556 —75.665 564 -75.662 083 -75.667 923
1.60 —-75.530 897 -75.638 349 -75.644 491 —75.607 318 —-75.631 897 —-75.628 434 -75.634 860
1.70 —-75.501 051 —-75.610619 —-75.618 641 —75.574 160 —75.600 722 —75.595 835 —75.602 805
1.80 —-75.477 669 -75.588 855 -75.597 900 —75.544 554 -75.582 601 -75.566 777 -75.574 140
1.90 —-75.459 434 -75.570 557 -75.579 896 —-75.519 837 —-75.564 922 -75.542 662 -75.550 095
2.00 —75.443 952 —75.554 833 —-75.564 150 —75.500 618 —75.548 233 —75.524 199 —-75.531169
2.20 —75.420 247 —-75.530793 —-75.539 687 —75.478 125 —75.516 428 —75.503 863 —-75.507 815
2.40 -75.405 657 -75.515579 -75.524 032 —75.470 669 —-75.499 728 -75.498 762 -75.497 839
2.60 -75.397 903 -75.506 703 -75.515044 —-75.469 410 —-75.500 407 —-75.499 276 -75.493 526
2.80 —75.394 093 -75.501701 -75.510178 —75.469 749 —75.502 627 —75.500 809 —75.490 992
3.00 —75.392 204 —-75.498 879 —-75.507 543 —75.470 279 —75.504778 —-75.502 163 —-75.488 999

*The CR-CCSIT),Ill approach of Ref. 58.
*The CR-CCSDT) approach of Refs. 18 and 19.
“The CR-CCSIDTQ),a approach of Ref. 20.

CCcsOT) approacﬁ (cf. Table IV). The standard single- C. Accuracy of MRCI
reference CC methods provide an accurate description of dy- As mentioned above, MRCI is a generally applicable

namical correlation, but they are incapable of describingyaihoq which, in principle, can provide very accurate results
nondynamical correlation effects, which play a S|gn|f|cantf0r almost any bond-breaking problem, as long as the com-
role in reducing NPEs. putations do not become prohibitively expensive. In the case

TABLE II. Total energies(hartrees for the B 1Ag state of G for various values of the internuclear separatiR(€—C) (A) using the 6-31Gbasis set.

R(C-0O CASSCF SA-CASPT2 MRCI EOMCCSD CR-EOMCCSD, I
0.90 -74.893 331 —-75.022 209 -75.025 398 -74.923 620 -75.013 169
0.95 —-75.075 584 —75.202 397 -75.206 821 -75.106 101 —-75.194 742
1.00 —75.212794 —75.337 568 —-75.343 207 —75.243 363 —75.331441
1.05 -75.315088 —75.437 989 -75.444 674 -75.345438 -75.433 212
1.10 —-75.390 288 —-75.511570 -75.519 046 -75.420 103 -75.507 921
1.15 —-75.444 470 —75.564 363 -75.572 408 -75.473 413 —-75.561 636
1.20 —75.482 382 —75.601 057 —-75.609 519 -75.510112 —75.599 097
1.25 —-75.507 752 —75.625 341 -75.634 116 -75.533931 —-75.624 030
1.30 -75.523521 —-75.640129 -75.649 152 -75.547 820 —-75.639 363
1.35 —75.532003 —75.647 725 —75.656 947 —-75.554 113 —75.647 389
1.40 —75.535020 —75.649 941 —-75.659 328 —-75.554 656 —75.649 893
1.50 —-75.530 048 —-75.643 602 -75.653 244 -75.544 028 -75.643 613
1.60 -75.516 606 —-75.629 080 -75.638 904 -75.524 327 —-75.628 935
1.70 —75.499 446 —75.611 105 —-75.621 042 —75.500 808 —75.610 585
1.80 —75.481 343 —75.592 424 —-75.602 394 —-75.476 781 —75.591 009
1.90 —-75.463 908 -75.574 614 -75.584 523 -75.454 314 —-75.571424
2.00 —-75.448 079 —75.558 566 -75.568 312 -75.434 604 —-75.552 505
2.20 —75.423 034 —75.533 262 —75.542 444 —-75.404 752 —75.518 355
2.40 —-75.407 258 —-75.516 886 -75.525515 -75.385013 —-75.490 553
2.60 —-75.398 784 —-75.507 299 -75.515719 -75.371184 —-75.469 421
2.80 —-75.394 618 —75.501 949 —-75.510 444 -75.361111 —75.455 525

3.00 —75.392570 —75.498 970 —-75.507 627 —-75.353777 —75.440 830
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TABLE IIl. Total energies(hartreeg for the B’ 12; state of G for various values of the internuclear separatR(€—C) (A) using the 6-31Gbasis set.

R(C-0O SA-CASSCF SA-CASPT2 MRCI EOMCCSD CR-EOMCCED, I
0.90 -74.984720 -75.112772 —-75.114 235 -75.060 845 -75.120 558
0.95 -75.132 145 —75.259 385 —-75.261 307 -75.201112 —-75.265 143
1.00 —-75.244 195 -75.370171 —75.373023 —75.303 995 —-75.373763
1.05 -75.329 841 —75.454 183 —-75.458 303 -75.379 983 -75.455 960
1.10 -75.394 786 —75.517 397 -75.522719 -75.436 717 -75.517 932
1.15 —75.442 826 —75.563 818 —75.570 064 —75.478 630 —-75.563 614
1.20 —75.477 044 —75.596 588 —75.603 497 —75.508 204 —-75.596 030
1.25 -75.500 169 —-75.618 426 —-75.625 809 -75.527 448 -75.617 766
1.30 -75.514571 —75.631675 —-75.639 402 -75.538 295 -75.631 058
1.35 —75.522 236 —75.638 296 —75.646 272 —75.542 532 —75.637784
1.40 -75.524 785 —75.639 888 —-75.648 033 —-75.541711 -75.639 488
1.50 -75.519434 —75.632784 -75.641011 -75.529 872 -75.632 589
1.60 -75.505721 —75.617 228 —-75.624 913 -75.510561 -75.618 162
1.70 —-75.487 174 —75.595 899 —75.602 356 —-75.488 773 —75.599 216
1.80 -75.464 557 —75.571 686 -75.577 681 -75.467 574 -75.570014
1.90 -75.442 230 —-75.550015 —-75.556 017 -75.448 733 -75.545 667
2.00 —75.424 148 —75.532769 —75.539 043 —75.433102 —75.526 848
2.20 —-75.402 242 —75.511 229 —75.518 365 —-75.411294 —75.505 502
2.40 -75.393423 —75.501 453 —-75.509 427 -75.397 887 -75.496 517
2.60 -75.390 336 —75.497 324 —-75.505 820 -75.388720 -75.479074
2.80 —75.389 325 —75.495 541 —75.504 309 —-75.382 197 —75.467 128
3.00 —75.389 046 —75.494728 -75.503 640 —-75.377 616 —-75.459 577

of the G, molecule, the small size of the system makes everand 0.7 kcal mott for the Xlﬁg, B 1Ag, and B’ 125 states,
a second-order Cl easily accessible. MRCI wave functionsespectively. These NPEs are somewhat higher than our best
have been computed using the CASSCF orbitals for thé/RCI results for bond-breaking reactions in BH, ¢Hand
B 1Ag state and SA-CASSCF orbitals for the t\?@é’ states. HF (NPEs of 0.3 kcal mot or Iess),65 but that is to be ex-
The MRCI potential curves are of very high quality, and wepected because the electronic structure @fi<much more
do not present a figure of the total energies because they acemplex. The reliability of MRCI is very satisfactory even
impossible to distinguish from the full Cl energies. Instead,for this difficult test case. The high accuracy of the MRCI
we plot the errors vs full ClI in Fig. 3. The actual MRCI results and the significant reduction of NPEs compared to the
energies are provided in Tables I-lll. underlying CASSCF calculations clearly illustrate the impor-
The MRCI errors are much smaller than the CASSCHance of a well-balanced description of the nondynamical
errors, and the error curves are also much flatter, with differand dynamical correlation effects in studies of molecular po-
ences of less than 1 kcal mélbetween the maximum and tential energy surfaces. CASSCF describes only the nondy-
minimum errors. Errors are somewhat larger at smaller disnamical correlation effects and this results in a significant
tances, and the general behavior of the error is similar foncrease of errors and, what is perhaps most important, rela-
each of the three states. The NPEs in Table IV are 0.4, 0.8ively large NPE values compared to MRCI.
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TABLE IV. Nonparallelity errors(kcal moft) vs full Cl for three states of Cusing the 6-31Gbasis set.

Method X3y B'A, B '3

(SA)-CASSCF 5.4 11.3 11.0
(SA)-CASSCF MRCI 0.4 0.6 0.7
SA-CASPT2 3.8 3.6 4.0
(EOM)CCSD 24.3 34.1 44.9
(EOM)CCSD' 24.2 20.7 22.5
(EOM)CCSD 17.5 16.3 17.4
CR{EOM)CCSD(T),IlI 13.5 35.9 30.9
CR{EOM)CCSD(T),III? 8.4 3.8 75
CR{EOM)CCSD(T),IlI® 8.3 1.3 2.1
CR{EOM)CCSD(T),IIA 21.2 37.3 33.4
CR{EOM)CCSD(T),IIA? 19.9 16.6 10.3
CR{EOM)CCSD(T),IIA® 14.0 10.9 6.7
ccsnT) 61.3

ccsoT)? 14.5

ccsoT)’ 11.4

*Based on the results in tHiR=1.0—2.0 A region.
PBased on the results in tiR=1.1-1.8 A region.

The high quality of these MRCI results is not often pos-112) implementation of CASPT2 with state-averaged orbitals
sible to achieve for larger molecules because the seconder all three states, we obtain potential curves which are ap-
order CI procedure is very expensive computationally. Vari-proximately parallel to the full CI curves and are shifted
ous schemes exist for reducing the costs of MRClIslightly higher in energy. We omit a figure of these curves
computations, from internal contractighto neglecting ref-  because the near degeneracies beyond 1.6 A make them hard
erences with small weights. We briefly examined the CIS+o distinguish. However, the error curves are plotted in Fig. 4
D[TQ] wave function;'®** which is a “class-selected” (see Tables Il for the corresponding total enerpiemlike
MRCI wave function in which higher-than-quadruply substi- the MRCI errors of Fig. 3, which were largest at small dis-
tuted determinants are neglected along with determinant@nces, here the errors are greatest at intermediate or larger
which place more than two electrons outside the activalistances. The NPEs in Table IV are 3.8, 3.6, and
space. In CISPrQ] computations of the twolig states 4.0 kcal mot? for the xlﬁa, BlAg, and B’ 125 states, re-

(87 415 determinants the NPEs grow dramatically to spectively. If we attempt to reduce the size of the active
16 kcal mof™* (X statg and 24 kcal mot* (B’ state, suggest-  space by making thed, orbital inactive, NPEs for the three
ing that this selection scheme is not robust enough to handletates grow to 8.1, 7.3, and 6.3 kcal mMplrespectively, in-
the breaking of the double bond in the, @olecule. The dicating significant sensitivity to the choice of active space
performance of the CISDQ] wave function is much better for this difficult system. A more general exploration of the

for breaking single bonds in BH, HF, and G sensitivity of CASPT2 and MRCI results to the choice of
active space has been presented previdi€The NPEs
D. Accuracy of CASPT2 for CASPT2 are significantly improved over the NPEs for

A somewhat more computationally affordable alternativeCASSCF, but they are not nearly as good as the MRCI re-
to MRCI is the CASPT2 approach. Using t®LPrRO (Ref.  sults. Nevertheless, this type of accuracy is probably suffi-
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cient for many applications. The CASPT2 NPEs for&e  single-reference calculations for the complicat¥ds’,
similar to those found for the much simpler cases of bond 1Ag, andB’ 12; states of G without resorting to multiref-
breaking in BH, CH, and HF(0.5—-3.3 kcal mol), indicat-  erence techniques. This question is addressed in this section,
ing that the CASPT2 method is robust and does not degradghere we compare the results of the single-reference, black-
significantly for molecules with greater degrees of nondy-box, CR-CCSIT), CR-EOMCCSQIT), and CR-CCSDIQ)
namical correlation. calculations employing the spin- and symmetry-adapted
We note that the CASPT2 method is a “diagonalize therRHF reference with full Cl and multireference results.
perturb,” single-state approach, which can have some diffi-  Clearly, the CR-CCS[I), CR-EOMCCST), and CR-
culties when states become nearly degenéfatén the  CCSDTQ) methods, which are all based on the idea of add-
present case, the SA-CASSQ&nd CASPT2 energies be- ing simple noniterative corrections due to triples or triples
come close at large distances because all three states corggrd quadruples to CCSD or EOMCCSD energies, face a sig-
late to the same asymptotic limit. Nevertheless, the presemificant challenge. This challenge is illustrated in Figa)5
CASPT2 energies appear to be reliable for the states anghere we compare the CCSD and EOMCCSD potential
geometries considered. The significant reduction of absolutg,ryes for thex 125, B 1Ag! andB’ 123 states of G with the
errors(from ca. 72-85 to 3-8 kcal md) and NPES(from  ¢orresponding full Cl potentialéhe actual CCSD and EOM-
ca. 5-11 to 4 kcalmot) compared to the underlying ccsD energies are given in Tables I)Hs one can see, the
CASSCF calculations shows that CASPT2 provides a reaccsp and EOMCCSD potentials are not only characterized
sonably balanced description of the nondynamical and dypy nuge errors and large NPE valugs. the discussion be-
namical correlation effects, needed in calculations of moygy): they are also qualitatively incorrect. For example, the
lecular potential energy surfaces. As a result, all importang 15 potential curve is shifted to higher energies so much
features of the three states of €xamined in this paper are 4t git crosses tha' 12; curve: this is completely wrong

correctly reproduced by the CASPT2 approach. In particulargince we know from the full CI calculations that tIEElAg

: 1 15+
as in the full Cl case, thB “A, state drops below th¥ "2, ;e should cross the 'S% potential, not thed” 'S¢ curve.

state aroun’d§:+l.7 A. T,hehe”e,rg,y_ sepfarr?tion between thethe small,~10 kcal mot® energy gap corresponding to an
X X4 andB’ "X states in the vicinity of the avoided cross- ,,qeq crossing of th& 125 and B’ 125 full CI states at

ing atR_z_l.? A obtained W.ith CAS.PTZ’ of 9 keal md| is R~1.7 A is absent in the CCSD/EOMCCSD results. Ac-
very S|m|Iar1to that obtained with the full CI method cording to the CCSD/EOMCCSD calculations, the closest
(10 keal mor™). approach of th&*S; andB’ 'S} potentials should occur in
. theR=2.0—2.2 A region, where both states are separated by

E. Accuracy of completely renormalized coupled- more than 40 kcal mot. Again, this is completely incorrect,
Cluster methods showing that a large amount of nondynamical and dynamical

Multireference methods, such as MRCI and CASPT2correlation is missing in the CCSD/EOMCCSD calculations.
which are specifically designed to handle quasidegenerafhe extremely poor performance of the standard EOMCCSD
ground and excited states, work well for w(elz;, B 1Ag, approach for the3 1Ag andB’ 123 states of G confirms the
and B’ 12; states of G, eliminating the failures of single- fact that EOMCCSD cannot describe excited-state potential
reference approaches discussed in the earlier Betplﬁr,vve energy surfaces along bond-breaking coordinates and excited
must keep in mind that they are not as easy to use as thgates dominated by two-electron transitigimsthis case, the
single-reference methods and they can be prohibitively eX1775H30'§ double excitations relative to the RHF determi-
pensive, particularly when one has to use larger active orbitatany.
spaces. The question arises if one can improve the results of The CR-EOMCCSDT),IIl approach and its ground-state
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CR-CCSOT),Ill  variant improve the poor CCSD/ other in theR=1.6—1.8 A region, trying to mimic the exis-
EOMCCSD results quite dramatically. This can be seen byence of the avoided crossing between these two states that
comparing the CCSD/EOMCCSD and full ClI potential en-the standard CCSD/EOMCCSD methods fail to descfdbe
ergy curves in Fig. & with the CR-CCSDT),III/CR- the end of this section for further remayks
EOMCCSOT), Il potentials shown in Fig. &) and by ana- The reasonable performance of the CR-CCBDII and
lyzing the errors in the CCSD/EOMCCSD and CR- CR-EOMCCSDT),lll methods can be seen if we analyze the
CCsOT),lIII/ICR-EOMCCSOT),lII results shown in Fig. 6 errors relative to full Cl(cf. Fig. 6) and the corresponding
[the actual CR-CCSQ),III/CR-EOMCCSOT),IIl energies  NPE values(see Table IV. If we ignore the asymptotic re-
are given in Tables |-l Although the CR- gion, the unsigned errors in tiR<2.0 A region character-
EOMCCSOT), Il method cannot accurately describe theizing the CR-CCSDT),lll and CR-EOMCCSDT), |l results
B'A, andB’ 13! excited states in the asymptotic regithe  for the ground and excited states of €amined in this work
CR-CCsSOT),llI results for theX 12* state seem to be con- are quite small. The errors in the CR-CCSIII results for
siderably better in this regign the CR-CCSDM),lllI/CR- the X12+ state vary between 4.5 and 12.8 kcal MolThe
EOMCCSOT), Il results in theR<2.0 A region are excel- standard RHF CCS(@) approach can lower these errors to
lent, particularly considering the single-reference black-boxas little as 1.2 kcal mot in the equilibrium region, but the
nature and the relatively low cost of the CR-CGZDIII/ unsigned errors in the CCSD) results rapidly increase with
CR-EOMCCSDT), Il calculations and the challenge that the the C—-C separation, to 14.7 kcal mblat R=2.0 A and
electronic states of Lcreate for such approaches. The CR-46.6 kcal moit at R=3.0 A. In consequence, the NPE value
CCsOT),lIII/ICR-EOMCCSOT),lIl approach is capable of characterizing the CR-CCSD)Ill  approximation
restoring the crossing of th¥ 12* andBlA states, which  (13.5 kcal mot') is much lower than that obtained in the
occurs at 1.62 A, in reasonable agreement with full Cl. ItRHF CCSOT) calculations(61.3 kcal motl). In fact, the
also brings theX 123 andB’ 12; states much closer to each NPE value obtained with the RHF-based CR-CCBII
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approach is also considerably smaller than that obtained with8.2 kcal mot?, respectively. The CR-CCSDQ),a value
the UHF CCSDT) method (21.6 kcal mot!; see Ref. 8 of NPE is actually somewhat worse than that obtained with
This shows once again that we may be better off by usinghe CR-CCSIOT),Ill approach. This is a consequence of the
spin- and symmetry-adapted references of the RHF type ifact that the CR-CCS{OQ),a approximation has been
single-reference calculations when potential energy curvegeveloped by augmenting the original version of the CR-
are examined. If we limit ourselves to tR=1.0-2.0 Are-  ccsDT) method of Refs. 18 and 19, which is less accurate
gion, the NPE value obtained in the RHF CO3Dcalcula-  han the CR-CCSMN), 11l approach in the region of the in-
tions reduces to 14.5 kcal md) which is much better than termediate R values [cf. the CR-CCSDT),Ill and CR-
the 61.3 kcal mot obtained in the entird®®=0.9-3.0 A re- ' '
gion, but the CR-CCSQ),lll approach continues to remain
a better method even in this case, producing the NPE
8.4 kcal mot?! (see Table IV.

We tried to examine if we could improve the NPE values

CCSOT) potential energy and error curves in Fig. This is
c)ttelling us that it may be useful to incorporate quadruples in
the CR-CCSIT),lll scheme. On the other hand, the CR
-CCSIOTQ),a approach significantly improves the potential

resulting from the CR-CCSO),lIl calculations for the energy curve for theX 125 state obtained in the standard

X '3 state further by incorporating the connected quadruphyCCSDTQy) calculations, which is located above the f“|1| Cl
excited clusters via the standard and completely renormafurve at shorter C-C distances while goirg kcal mor

ized CCSIITQ) methods(see Fig. 7 and Tablg,Ibut neither  Pelow the full CI curve at larger values & The original

the standard CCSDQ) approximation nor the CR CR-CCSOT) and CR-CCSDTQ),a approaches provide a
-CCSDTQ),a method produced the small NPE values of thesSmoother description of the 12; state in the avoided cross-
CASPT2 or MRCI quality over a wide region of geometries ing region compared to the newer CR-CQS$DIIl approxi-
considered in this work. The NPE values characterizing thenation of Ref. 58, but this is accomplished at the expense of
CCSDOTQr) and CR-CCSDTQ),a methods are 21.5 and increasing the errors relative to full Cl. Thus, we must con-
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FIG. 7. A comparison of the ground-state potential
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D(TQ) methods and their completely renormalized CR-
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clude at this time that while the CR-CC$ID),a approach

that describes the combined effect of triples and quadrupleEOMCCSD approach.

08 10 12 14 16 18 20 22 24 26 28

3.0

B’ 12(; states, respectively, in thiR<2.0 A region with the
If we limit ourselves to the

provides a smoother and asymptotically correct potentiak1.0-2.0 A region, the NPE value resulting from the CR-

curve for theXlE+ state, the newer CR-CCSD), Il ap-

EOMCCSOT),llI calculations for theB 1A state reduces to

proximation, in WhICh quadruples are ignored, is character3.8 kcal mof?, which is a result of CASPT2 quality. For the
ized by smaller errors and smaller NPE values, which are oB’ 12* state, we obtain 7.5 kcal mdlin the same region. If
the same order of magnitude as those resulting from multiwe focus on the spectroscopically importdRt1.1-1.8 A

reference CASSCF/CASPT2 calculations.

Let us now discuss the errors and NPE values obtaineX 12;,

in the CR-EOMCCSDT),lII calculations for theB 1A and
B’ 12+ stateq see Fig. @)]. As already mentioned, the CR-

region, which is wide enough to include the minima on the
BlAg, and B’ 3" curves and the region of curve
crossing/avoided crossing, the NPE values resulting from the
CR-EOMCCSDT), Il calculations are 1.3 kcal mol for the

EOMCCSIJT) Il approach has difficulties in describing the B 1A state and 2.1 kcal mdl for the B’ 12* state. Thus, the
asymptotic region in this case, which is a consequence of thER- EOMCCSIZQT) Il approach is capable of providing re-

extremely poor description of tH8*A_ andB’ 13} states by
the underlying EOMCCSD method, but
EOMCCSOT), I results in the somewhat narroweR
<2.0 A region are excellent. For th&'A, state, the errors
in the CR-EOMCCSDT),lII results in theR=<2.0 A region
vary between 7.5 and 11.4 kcal bl Similar errors for the
B’ 'S} state vary between -1.8 and 9.2 kcal MolThis
should be compared to the 63.9-85.3 kcalthohnd
35.7—-73.4 kcal mot errors obtained for theB 1Ag and

sults of near-MRCI quality for these two states if the

the CR- asymptotic region is ignored. This is an important finding for

applications of the CR-EOMCCSD),lll method. Our cal-
culations show that this black-box approximation is capable
of providing results of CASPT2 or even near-MRCI quality
over a wide range of nuclear geometries for the very chal-
lenging B 1Ag andB’ 125 states of the €molecule. Similar
findings have been obtained earlier in studies of entire

excited-state potential curves of the “easier” CTahd HF
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molecules, and vertical and adiabatic excitations in ozon&€OMCCSOT), I and CR-CCSDT),ID/CR-
and other small systeni& but this is the first time when EOMCCSOT),ID methods, instead of the more usual
we have used the CR-EOMCCSD methodology to exam- perturbation theory denominatorée,+ep+e.—€i—&j— &)
ine larger portions of excited-state potentials involving ex-defined in terms of orbital energy differences, to improve the
tremely large configurational quasidegeneracy effects, whichccuracy of the CR-EOMCCSD) results for excited
can normally only be handled by sophisticated multirefer-states® If we replace the diagonal matrix elements
ence approaches. (PERIH[DIRS or (PFIH|DS in the CR-CCSDT)/CR-
The problem that will have to be addressed in the futureeoMCCSDOT) energy expressions by the orbital energy dif-
is that the CR'CCSD—),I”/CR'EOMCCS[IT),I” calcula- ferences(8a+8b+80_8i_8j_Sk), as is done in variants IA
tions bring the nearly degeneré{elzg andB’ 12:; states 00 and [1A of the CR-CCSDT)/CR-EOMCCSDT) theory?>®®
close to each other, so that they become virtually degeneratgyiso, in the original ground-state CR-CCSD
Careful examination of the avoided crossing region suggestgpproach®'9), the avoided crossing involving melg; and
that the CR-CCSIN)IIICR-EOMCCSOM) Il method  gr 15! states is described much better than in the CR-
makes the X'XJ and B''Yj states degenerate @R  CCSDT),IIICR-EOMCCSDT), Il and CR-CCSDT),ID/
~1.69 A; atR=1.69 A, the energy gap between tHé>;  CR-EOMCCSDT),ID cases, although none of the CR-
and B’ 12; states resulting from the CR-CC8D,III/CR- CCSDT)/CR-EOMCCSDT) methods can provide a good
EOMCCSIT),III calculations is only 0.1 kcal mot. This  description of the asymptotic region. This is illustrated in
problem is indicative of the difficulties that all noniterative g g using the CR-CCSD),IIA/CR-EOMCCSDT),IIA
single-reference CC/EOMCC methods, using elements ofesyits as an example. As shown in Figa)8the problem of
perturbation theory to estimate higher-order effects, havene unphysical degeneracy of tb(elzg andB’ 125 states at
with the avoided crossings involving states of the same symr~1 69 A and the resulting nonsmooth behavior of the cor-
metry (cf. Ref. 122 for a discussionin fact, this problem is  responding potential energy curves created by the CR-
not uncommon to high-level MRCI methods, which have ccspT),l1I/ICR-EOMCCSOT), Il method is eliminated by
difficulties with describing avoided crossings with small en-the  CR-CCSDT),IIA/CR-EOMCCSDT),IIA  approxima-
ergy gaps once the Davidson corrections are added to MRGjon,  According to  the CR-CCSD),IIA/CR-
energies. The genuine multireference methods or the iterativeomccsT), lIA calculations, the closest approach of the
multireference-like EOMCC approximations, such as they 125 andB’ 125 potentials occurs @&&~2.0 A, where both
active-space EOMCCSDt approath;” combined with ap-  states are separated by 13 kcal toin reasonable agree-
propriate orbital optimization techniquésuch as CASSOF  ment with ~10 kcal mot? obtained wth full CI. The prob-
may be the only practical approaches that can handle vengm js that the overall accuracy of the CR-CASDIIA/CR-
small energy gaps between states of the same symmetigomccsOT), 1A results, including errors relative to full CI
while providing accurate results in other regions of potentialyng NPE values, is not as high as the accuracy of the CR-
energy surfaces. It is also possible that the combination of cspT),I1I/CR-EOMCCSIT),III results [cf. Figs. b)
the CR-CCSDT),IIICR-EOMCCSOT), Il method  with  ang gb) and Table IV}, although all variants of the CR-
suitable orbital optimization techniques may alleviate theCCSEIT)/CR-EOMCCSEQT) theory provide considerable
problem of (iiefcrlbmg the small energy gap between thgmprovements in the poor EOMCCSD results. In particular,
X 24 andB’ "X states observed in our calculations, but wethe BlAg curve resulting from the CR-EOMCCSD),IIA

are unable to perform such computations at this time. Weg|cylations lies somewhat too high and does not cross the
have, however, examined the behavior of different variantgorrespondingc 123 curve, as it should do according to the
of the CR-CCSIT)/CR-EOMCCSRQT) theory proposed in - cr.cCSOT),IIIICR-EOMCCSDT), I and full CI calcula-
Refs. 28 and 58 in the vicinity of the avoided crossing in-tions. Thus, the simplified CR-CC$D)/CR-EOMCCSDT)
volving the X 'S andB' '3 states of G. Our analysis in-  methods, such as CR-CCSD,IIA/CR-EOMCCSOT), 1A,
dicates that the most complete CR-CASDII/CR-  \hich use the orbital energy differences,+e,+s.—&~s;
EOMCCSST;J” anhd A ER'CCSPT)’LD/CR' ”—sk) rather than the diagonal matrix elemerdsoH| D3
EOMCCSOT),ID approaches, which are also the overal b1 4,ab ' . .
most accurate CR-CCSID)/CR-EOMCCSIT) approxima- or <<I>ﬁk‘1l-!|d>ﬁk°) to define the perturbation theory denomina-
tors for triples energy corrections, provide a smooth and rea-

tions, behave in a very similar way, bringing tb(elig and bl d - f th ided ing invol
B’ 3" states too close to each other, as described above isnona y accurate description of the avoide Crossing nvolv-
g ’ -Ing the X'y and B''S; states, and significant

these two methods, the perturbative triples amplitudes defin- ¢ . .
ing th imate f f the th bod i provements in the results relative to the underlying EOM-
Ing the approximate forms of the three-body components o cqp, approach, but this is done at the expense of loosing

the cluster operato and linear excitation operatdRy, the high accuracy observed in the CR-CABDII/CR-

which are used to determine the noniterative triples correc; : e
. . ; EOMCCSOT),llI calculations. The above analysis indicates
tions to CCSD/EOMCCSD energies, are calculated using thfhat it may be possible to obtain an accurate description of

diagonal elements of the triples-triples block of the matrix,, challenging avoided crossings involving states of the

r(.apr-esgnting the Hamiltohianﬂ _02r85;he EOM.CCSD same symmetry, including the avoided crossing ofXH&.;
similarity-transformed HamiltoniarH.”>" These diagonal gng B’ 125 states of G, with the CR-CCSDT)/CR-

matrix elements(dFRIH|DIS or (@f},‘f‘ﬂﬂ@f}ﬁ , respec- EOMCCSIT) methodology if we choose the right form of
tively, are used in the CR-CCSD),III/CR- the perturbation theory denominators that enter the CR-
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CCSDOT)/CR-EOMCCSD) triples corrections, but one has tions all along the potential curves. Here we have examined
to develop better schemes than CR-CCBDIA/CR- the reliability of two types of theoretical approaches which
EOMCCSOT),IIA in order to match the high accuracy ob- are designed to improve the results in such situations: mul-
tained with the CR-CCSQO),llI/ICR-EOMCCSOT),lIl ap- tireference methods and single-reference completely renor-
proximation. As the results for th¥ 12; and BlAg states malized CC/EOMCC theories.
indicate, the CR-CCSQO),lIl/CR-EOMCCSOT),lIl method Multireference computations were based on CASSCF
has no problem with describing the curve crossings involvreference functions, which provide qualitatively correct de-
ing states of different symmetries and, in fact, we have prescriptions of the three potential curves. When the CASSCF
liminary numerical evidencgusing the low-lying states of reference is improved via MRPT or MRCI techniques, the
ammonia as an examplshowing that the CR-CCSD)/CR-  potential curves accurately mimic the exact full Cl results.
EOMCCSOT) methods of Ref. 58 have no difficulty with The CASPT2 version of MRPT demonstrated NPEs of
describing the avoided crossings that emerge from the trug—4 kcal mot?, which are simila?®® to those for bond-
curve crossings as a result of symmetry lowerifig. breaking reactions in BH, CHHF, H,0, and N. Very ex-
tensive MRCI wave functions yielded even smaller NPEs of
0.4—0.7 kcal moft, which is again comparable to the NPEs
observed in other systems when the active space is
A previous stud§ has shown that th& *S, B'A;, and  well-choserf>® This demonstrates that the CASPT2 and
B’ 12; states of G are tremendously challenging for single- MRCI methods are robust even to the curve crossings and
reference electronic structure methods, even those incorpsevere near degeneracies encountered,in C
rating very extensive treatments of electron correlation such A more black-box approach, employing the single-
as UHF CCSDT) or CISDTQ. This difficulty is due to the reference CR-CC/CR-EOMCC methodology, was also ap-
presence of near degeneracies among the electron configuggied to G, to assess its performance compared to the more

IV. CONCLUSIONS
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