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The theory of spin-restricted Brueckner orbitals for high-spin open-shell coupled-cluster
wavefunctions is presented. The orbitals are based on single-excitation amplitudes constructed using
the symmetric spin—orbital basis coupled-cluster method of Jayatilaka and Lee. It is shown how this
approach may be easily implemented within existing open-shell coupled-cluster programs. The
method’s performance is compared to conventional spin-unrestricted Brueckner orbitals for
C 2A, NO, and7(2A§ NOj3, for which instabilities in the Hartree—Fock reference determinant cause
serious difficulties for highly correlated wavefunctions. 1®97 American Institute of Physics.
[S0021-960807)03747-1

I. INTRODUCTION may fail dramatically in the prediction of non-symmetric
harmonic vibrational frequencies when the Hartree—Fock
Brueckner’s theory for infinite nuclear mattenas first  reference determinant suffers from a singularity in its mo-
considered for the finite, non-uniform systems of atoms andecular orbital Hessian.
molecules in 1958 by Nesb&By consideration of the prob- The application of the B-CCD method to open-shell sys-
lem of diagonalization of the electronic Hamiltonian within tems (where symmetry-breaking instabilities are the most
the basis of the reference and all singly and doubly excitegikely to occup is straightforward when either a spin-
determinants(i.e., the CISD approagh Nesbet explained ynrestricted Hartree—FodkIHF) or spin-restricted Hartree—
that Brueckner theory provides a strict condition for thepock (ROHP reference wavefunction is used as the initial
elimination of the singly excited determinants from the cor-gess for the Brueckner determinant. In the latter case, how-
related wavefunction. That is, the theory provides for a set ogver, it is not possible to maintain spin restriction on the
orthonormal orbitals for which all single excitation coeffi- yolecular orbitals because the single excitation amplitudes,
cients are identically zero. Unfortunately, the construction ofich may be used as the rotation parameters for the itera-

the set of orbitals which fulfill this “Brueckner condition,” e construction of the Brueckner orbitals, are not symmet-
can only be (_:ietermlneai postenorl. As aresult, the practical - in the spin indices in the standafd, ) spin basis. That
|mplemeqtat|on of Brueckner—orbnal—ba}sed methods has us?jé’ A« 178 wherel is a doubly occupied spatial orbital and
ally required the repeated construction of the correlated ' '« " s ) i _ ) )
wavefunction(along with the associated integral transforma-A i an unoccupied spatial orbital. This asymmetry is a con-
tion). Despite this drawback(which may perhaps be Sequence of the uneven exchange contributions between the
circumvented), Brueckner orbitals have found new life open- and closed-shell electrons. As a result, the repeated
within coupled-clustefCC) theory"5 in recent yearg_—w construction of the coupled-cluster wavefunction requires the
In 1981, Chiles and Dykstfaintroduced the first mo- transformation and storage of roughly three times the num-
lecular application of the Brueckner coupled-cluster double®er of two electron integrals needed for the initial ROHF-
(B-CCD) method, which they referred to as CC,=0).  CCSD (coupled-cluster singles and doublesalculation’®
Some years later, Handy and co-worRet$ also imple-  This represents a significant obstacle for open-shell B-CCD
mented B-CCD energies, along with a perturbational triple/mplementations.
excitation correctiofiknown as B-CCIIT)] and analytic en- In this work, we describe an approach to spin-restricted
ergy gradients. Following these important theoreticalopen-shell B-CCD calculations, which we denote RB-CCD.
developments, numerous applications of the B-CCD and BThe single excitation amplitudes are formulated within the
CCI(T) methods to “difficult” molecular systems have in- Symmetric spin—orbital basis of Jayatilaka and Eehich
dicated the tremendous potential of these approaches fdvas been used recently as the foundation for the so-called
overcoming deficiencies in the Hartree—Fock reference-averaged perturbation theof@APT 28 a reformulation of
wavefunctiont?~1416.17.19-22rhjs s particularly true in the the single-reference open-shell CCSD equatfSresd a per-
case of symmetry-breaking instabiliti&?* where it has re- turbational triple-excitation correction to the CCSD enetdy.
cently been showhi?22%that even highly correlated methods In Sec. Il we describe the theoretical foundation of the spin-
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restricted Brueckner theory, followed by a discussion ofAt convergence the orbitals will obey the Brueckner condi-
some of the practical aspects of the simple implementation afons,
the method within existing ROHF-CCSD programs. Finally, A A W
in Sec. Ill, we test the performance of RB-CCD theory rela- t|f:tw‘:+:t|; =0. ©)
tive to the conventional, spin-unrestricted B-CCD approach o
for two systems for which instabilities in the Hartree—FockIn the iterative scheme, the new orbitajg, ¢ must be
reference determinant present a serious impediment to therthonormalized, and virtual orbitals, are then obtained by
coupled-cluster treatment of electron correlation effects.  orthonormalization to these. This presents no significant dif-
ficulties. The orbitals may then be used in a “macroitera-
Il. THEORY tion” algorithm in which in each step the two-electron inte-
grals are transformed to the new basis and a new coupled-
In order to force symmetric interactions between opercjyster wavefunction is computed. Such an approach would
and closed shells, Jayatilaka and Lee developed the symm@ienefit considerably from convergence acceleration proce-
ric spin orbital basig” In their approach, new spin functions, dures, such as those based on the “direct inversion in the
1 1 iterative subspace”(DIIS) method**?3% One such DIIS
ogt=—(a+pB), o =—(a—p), implementation was described for the closed-shell B-CCD
V2 V2 method by Hampel, Peterson, and Werhand was found to

are assigned to the open-shell electrons, withassigned to  dramatically improve the convergence of the B-CCD itera-
the occupied half and~ assigned to the unoccupied half of Ve procedure by simultaneously optimizing the cluster am-
each open shell orbital. The standardind 3 functions are  Plitudes and the orbital rotation matrix. , _
used for the doubly occupied and unoccupied orbital sub- Similar to the ROHF wavefunction, the splm-restrlcted
spaces. In this new spin basis, the exchange interactioas of Brueckner determinant is an eigenfunction of #feopera-
and g electrons in the same doubly occupied orbital with antor. As a result, the RB-CCD energy is completely spin-
electron in an open-shell orbital are equivalent. Jayatilak&rojected, though the CC wavefunction itself still contains
and Lee have explored the consequences of this scheme §@ntaminants from higher-order spin stated’:*This may
many-body perturbation thecﬁ%/ and coupled-cluster be considered a theoretical advantage of the RB-CCD
theory?® and have found that it is possible to take significantmethod over the conventional spin-unrestricted B-CCD ap-
advantage of the resulting spin symmetry of the determinanProach, where the Brueckner determinant is not in general an
tal parameters in the correlated wavefunction. $? eigenfunction and therefore does not necessarily produce
For the perspective of a spin-restricted Brueckner theorya spin-pure energy. However, it is not certain whether such a
the most important result of the use of the symmetric spirdifference between the RB-CCD and B-CCD methods is of
orbital basis in open-shell coupled-cluster theory is the symany practical importance, since both schemes may generally
metry introduced in thd; amplitudes. In particular, it may be expected to produce coupled-cluster wavefunctions with
be shown thaf only a small amount of spin contaminatidit> In addition,
while it is clear that at convergence of the RB-CCD equa-
' tions there will be fewer terms which contribute to spin con-
tamination of the wavefunction relative to ROHF-CC3D,
w4 the magnitude of these terms is unknown, and it is therefore

. . . not possible to make quantitative comparisons of spin impu-
thergI,IA, and\_Ndlnd|c§1t|e dgyblly occuplgd, lunggcupn?]d, rity in the wavefunctions produced in the RB-CCD and
and singly occupied spatial orbitals, respectively. Sincenthe ©5\r ~~5p methods.

. . . o
and 3 spin functions are not orthogonal to” and o spin While the discussion presented so far has focused on the

functions, the first class of, amplitudes, known as “spin— gjngje-excitation amplitudes constructed within the symmet-
flip” T,'s, is generally non-zero in the symmetric spin or- ric spin—orbital basis, it should be noted that it is not neces-
bital basis. However, as argued by Lee and Jayatftka, sary to implement the open-shell coupled-cluster equations
since the matrix element of the Hamiltonian operator bewithin this same basis in order to take advantage of the RB-
tween the reference determinat), and a singly excitted CCD method. In either the standafd,8) or symmetric

determinant involving a spin—flip|,|A5>, contains no one- spin—orbital basis, the CCSD equations give the same an-

A H : 7
electron component, the spin—fiify’s should be formally swer at convergence, as pointed out by Jayatilaka and’Lee.

classified as double-excitation cluster operators. The remaintnerefore, once th&, amplitudes have been computed us-
ing three classes d’fl amplitudes may be used to carry out a ing a standard,5) ROHF-CCSD program, they may be

series of first-order rotations among the orbital subspace%f'v'a"y transformed to the symmetric spin orbital basis us-

viz 3 ing the following equations:
~ — Aa— = ~Aa ~A
¢|:¢|+t|A“¢A+th” dw, ) tla_%(t|a+t|;)' (4)
Bu=dwtty St . @ o= (T, (5)
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All optimized geometries and harmonic vibrational fre-

t:’v"’z % TYVE, (6) quencies were determined using finite-differences of energy

: 2 ¢ points. However, due to the occasional existence of nearby

and symmetry-broken solutions of the Hartree—Fock equations,
the determination of non-symmetric harmonic vibrational

tQ/a :i}'aa’ (7) frequencies was complicated due to variational collapse if

ot Y2 Ma the ROHF reference determinant was used as the initial

guess for the Brueckner iterative procedure. This problem
was circumvented, however, by the use of a so-called quasi-
restricted Hartree-FockQRHF) reference wavefunctidf?®

as the initial guess. The QRHF determinant is composed of
c]orbitals which are optimized for a nearby closed-shell state;

Where'tvia indicates a single-excitation amplitude in theg)
basis.

Another perspective on the RB-CC method is based o
the requirement that the Brueckner reference determidant
should have maximal overlap with the exact, correlate

wavefunction¥, in both systems studied here, the closed-shell anion was cho-
sen. Stanton and Bartlett have advocated the use of the
i[<¢|q,>]=0 ®) QRHF reference wavefunction in coupled-cluster calcula-
do ’ tions (QRHF-CQ as an alternative to B-CCD for avoiding

where d¢ indicates a variation in the component molecularinstabilities in the ROHF or UHF reference wavefunctions.

orbitals. It may be shown that this condition is equivalent to ! h€ir calculations suggest that QRHF-CC may be a powerful
the requirement that the overlap between all singly excitednd efficient method for such purposes, in spite of the fact
determinants and the exact wavefunction is Ze&¥&?'In the  that the reference molecular orbitals are not optimum for the
RB-CC theory, we impose the additional constraint that theelectronic state of interest. In the present work, it was found

rotations needed to achieve this maximum-overlap conditiothat the QRHF reference wavefunction provided an adequate
must not break the spin restriction on the orbitals. Theinitial guess for the convergence of the RB-CCD conditions

Brueckner conditions may therefore be obtained byat every relevant geometry.

writing down the conditions thaf®|¥) is stationary when

~2
0rb|ta| Change&b|—>¢| + 61¢A; (ﬁw*) ¢W+ €2¢A; ¢|*}¢| A. C A2 N02
+e3dw; dw— dw— €3¢ . This leads to the conditions The C state of NQ has been under scrutiny in recent
Aay cPB=cha = W= (9 years due to unexpected discrepancies between the
Ca™C Cw, =G ! . 2243 . 45 L .
B « B theoreticad®*® and experiment&t*® predictions of the equi-

which is equivalent to Eq4) when truncated-CC amplitudes librium N-O bond distance. High-level coupled-cluster
are used to replace the general correlated wavefunction cstudies have provided strong evidence that this excited state
efficients above. As a result, theverageof the « and 8 exhibits a pseudo-Jahn—Teller distortion along the asymmet-
components rather than the individual single-excitation amgic stretching coordinate, and, as a result, the true symmetry
plitudes in the CC wavefunction will approach zero at con-of the molecule may in fact b€, rather thanC,, as has
vergence in the RB-CC method. When considered in thgreviously been assumed. CCQI) computations based on
symmetric spin—orbital basis, however, this condition mayuHF, QRHF, and spin-unrestricted Brueckner determinants
be viewed as requiring thatl single-excitation amplitudes a|| concur in their prediction of a symmetry-broken equilib-

approach zero, and that no approximations are made. rium structure. CCSIY) computations based on a ROHF
reference determinant, on the other hand, fail to predict the
. APPLICATIONS correct shape of the asymmetric stretching potential curve

We have implemented the RB-CCD method within thedue to a nearby instability in the ROHF wavefunction at the
psP8 program package. In order to evaluate the performanc&CSDT) optimized geometry.
of this approach, we have carried out a series of calculations !N Order to assess the utility of the RB-CCD method, we
on theézAz state of NQ and the groun&Aé state of NQ. have determmgd théZZU-constramgd optimized geometry
Both of these systems have presented serious difficulties fc?rnd harmonic vibrational frequencies at that level of theory.

a variety of theoretical methods due in part to instabilities in! N€Se results are presented in Table I, along with the ROHF-
the Hartree—Fock reference wavefunction. CCsSD and unrestricted B-CCD predictions taken from Ref.

A double-zeta basis, including polarization functions22- The orbital rotations included in the RB-CCD method are

(DZP) was used for both systems. This basis consisted of thelearly sufficient to overcome the instability in the ROHF
standard Huzinaga—Dunnitff® set of contracted Gaussian reference determinant, without the need of the additional re-
functions with one additional set of higher-angular- laxations which break orbital spin restriction. The RB-CCD
momentum polarization functioffson each atom. The con- method predicts a somewhat sharper negative curvature
traction scheme for this basis is $9p1d/4s2p1d). Pure (861 cm ) of the asymmetric stretching coordinate relative
angular momentum functions were used forchllype orbit-  to the conventional B-CCD approach (689 ). How-

als. All spin-unrestricted B-CCD calculations were carriedever, it is uncertain which value is to be preferred. In any
out using theacesii program packag& case, the correct, qualitative prediction for the asymmetric
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TABLE I. Absolute energies,), geometrical paramete(d and degrees that the addition of a perturbational triple-excitation
and harmonic vibrational frequencies (ch for the C ?A; state of NQ  correctiori® would give predictions in quantitative agreement

using a DZP basis. ROHF-CCSD and B-CCD results are taken from Ref. 22YV- _ SN
RB-CCD denotes the spin-restricted Brueckner method described in the text. ith those of the B CCON) method, thoth at S|gn|flcantly
reduced computational cost.

ROHF-CCSD B-CCD RB-CCD

Energy 204569662 204569979 204568454 V- CONCLUSIONS

re (N-O) 1.281 1.281 1.279 We have developed a spin-restricted Brueckner theory
6, (0-N-O 109.6 109.6 109.6 f led-clust functiof&B-CCD It

oi(ar) 1362 1356 1368 or coupled-cluster wavefunc ion&B- . ) as an alterna-
wy(ay) 778 778 781 tive to the conventional, spin-unrestricted B-CCD method.
w3(by) 549 689 861 The RB-CCD approach is shown to be more efficient than

B-CCD, as it requires transformation and storage of only
one-third the number of two-electron integrals needed by the
) ) ) latter. We have described RB-CCD in terms of the symmet-
stretch!ng frequency given by the RB-CCD method is Mic spin orbital basig’ within which its derivation is straight-

couraging. forward. Furthermore, this approach may be easily imple-

5 mented within existing ROHF-CCSD programs. Through
B. X?A; NO; test applications to th€ state of NQ and the ground state of

The geometrical symmetry of the ground state of theNOs: We have demonstrated that RB-CCD appears to pro-
nitrate radical presents an intriguing theoretical problemYide predictions of molecular properties in quantitative
Three structures have been found to be energetically mo&dreement to those of B-CCD, and should therefore be very
favorable: (1) A high-symmetryDs;, structure,(2) a C,, useful in the avoidance of problems due to instabilities in the
structure with one long and two short N—O bor{d2S), Hartree—Fock. reference d(.eterm|.nant. Further_ developm_ents
and (3) a C,, structure with one short and two long N—O @€ currently in progress, including Iarge—baS|s—s_et applllca—
bonds(1S2L). In spite of intense theoretical and experimen-t'ons 'and the extension of the method to analytic gradient
tal analysist®4-%%t is not definitively known which of these techniques.
three corresponds to the equilibrium configuration, or if the
dynamic structure observed experimentally results from £CKNOWLEDGMENTS
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