Theor Chem Acc (2000) 105:132-144
DOI 10.1007/s002140000195

Regular article

Theoretical
Chemistry Accounts

Spin-projected coupled-cluster theory with single

and double excitations

Yuan He, Dieter Cremer

University of Goteborg, Department of Theoretical Chemistry, Reutersgatan 2, 41320 Go6teborg, Sweden

Received: 13 April 2000 / Accepted: 12 July 2000 / Published online: 24 October 2000

© Springer-Verlag 2000

Abstract. Coupled-cluster (CC) theory including single
(S) and double (D) excitations and carried out with a
spin-unrestricted Hartree-Fock (UHF) reference wave
function is free from S + 1 spin contamination as can
be confirmed by an analysm of the expectation value
of the spin operator, S?. Contamination by the S + 2
contaminant can be projected out by an approx1ma§e
procedure (APCCSD) with a projection operator, P,
represented by the product of the spin annihilation
operators Agy; and Agy,. The computational cost of
such a projection scales with O(M®) (M is the number of
basis functions). The APCCSD energy obtained after
annihilation of the S + 2 contaminant can be improved
by adding triple (T) excitations in a perturbative way,
thus leading to APCCSD(T) energies. For the 17
examples studied, the deviation of the UHF-CCSD(T)
energies from the corresponding full configuaration
interaction values is reduced from 4.0 to 2.3 mhartree
on the average as a result of annihilating the S + 2
contaminant in an approximate way. In the case of
single-bond cleavage, APCSSD leads to a significant
improvement of the energy in the region where the
bonding electrons recouple from a closed shell to an
open shell singlet electron pair.

Key words: Spin projection — Coupled-cluster theory
including single and double excitations —
Spin contamination

1 Introduction

Unrestricted Hartree—Fock (UHF) theory [1] is a
convenient starting point for single-determinant many-
body perturbation theory (MBPT) [2, 3] or coupled-
cluster (CC) methods. [4-6]; however, one of the major
shortcomings of the UHF method is that the wave
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function is not an eigenfunction of the spin operator, S2.
Contaminations from higher spin states are mixed into
the wave function and lead to erroneous energies that
effect the shape of a potential-energy surface determined
at the UHF level. Methods have been developed
to project out spin contamination from higher spin
states [7—16]. Frequently used are spin-projected UHF
(PUHF) and spin-projected UMBPT (PMBPT) methods
at second, third or fourth order [10-16].

It is a general observation that the more correlation
is covered by a correlation-corrected method the less
problematic is the spin-contamination problem. At the
lower levels of perturbation theory, the problem of spin
contamination is still imminent, so the use of spin-
projected methods is necessary [10-16]. However, the
more correlation corrections are added and, in partic-
ular, if infinite-order effects are covered, the more spin
contamination will be reduced. This should be partic-
ularly true at the CC level of theory because this
approach includes all infinite order effects for a given
level of excitation, for example, CC theory including
single (S) and double (D) excitations [17] covers all
infinite-order effects in the space of the S and D exci-
tations and CCSD with triple (T) excitations [18] covers
all infinite-order effects in the space of S, D, and T
excitations, and so on.

Schlegel [11] was the first to show that UHF-CCSD
in contrast to UHF does not suffer from the S + 1
contaminant. This may be difficult to accept since the
expectation value of 82, (8%)ccsp» adopts relatively large
values in situations where one would expect a large
S + 1 contaminant (U description of the breaking of
a single bond, singlet biradicals, etc.) We have shown
recently [19] that in these cases the correct (8% cesp value
[20] is no longer an appropriate diagnostic tool indicat-
ing the accuracy of the UHF-CCSD energy because its
value is dominated by the response of the UHF-CCSD
wave function (which does not fulfill the Hellmann—
Feynman theorem) on the perturbation caused by the
spin contamination introduced at the UHF level.
However, if one partitions (5?)cgp into an energy- and
a wave-function-related part, the former adopts values



close to 0, in line with the fact that the S + 1 contami-
nant is suppressed in the UHF-CCSD energy.

In cases where the S + 1 stateis the only source of spin
contamination at the UHF level, there is no need for spin
projection at the UHF-CCSD level. Generally, there will
be, however, residual contaminations from S + 2, etc.
states even if the S + 1 contaminant dominates at the
UHF level as, for example, when single-bond breaking or
singlet biradicals have to be described. In these cases, the
use of a spin-projected CC (PCC) method is desirable,
which will be needed even more if UHF-CCSD is used for
the description of the breaking of a multiple bond or the
simultaneous breaking of two or three single bonds. Then,
UHF-CCSD will suffer from spin contaminations caused
by S + 2 or even higher states.

We present in this work theory, implementation, and
application of an approximate PCCSD (APCCSD)
method that makes it possible to project out the S + 2
contaminant in the UHF-CCSD wave function and
which, therefore, can be used for a number of chemically
interesting problems, avoiding in this way much more
expensive methods such as multireference (MR) config-
uration interaction (CI) with D excitations, MRCC, or
multiconfigurational self-consistent field-Moller—Ples-
set methods.

2 Theory for PCC methods

In the CC approach, [4-6] the energy, Ecc, can be
expressed by Eq. (1)
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where subscripts (superscripts) i, j, k,... (a, b, c,...) denote
occupied (virtual) spin orbitals in the reference function,
while indices p, g, r,... are used for general spin orbitals.
The operators Al and b1 are creation and anmhllatlon
operators, respectively. The amplitudes a? o in Eq. (3)
can be determined by solving the nonlinear equations

ab... a
<(Dijm ‘(He

where C indicates the limitation to connected diagram
components.
One obtains from the UHF-CC description of an

open-shell problem the pure spin solution by applying
the projection operator P [7]:

T)C‘qa@zo . (4)

Wpce = Pef|c1>0> , (5)

_H s+l

For the PCC wave function, Wpcc, of Eq. (5), the energy
is calculated according to Eq. (7).

k+1)
k(k+1)

(6)

(wlirejo)

(@0]PeT [ay) 7

Epcc =

Using the fact that [H, P] = 0, Eq. (7) can be developed
according to Egs. (8), (9), (10), and (11).

<(D() Pl:lei-’(bo>
<(I)0 f’(efe*T)I:IeT’(D0>

- (| PeT | @) ®)
<(I)0 Pe?@]eT) ‘(DO>

- <cI>O|PeT|<1>0C> (10)

(o) o) + (i) o) + oot () Jon) £

(@[ P|@y) + (D] PT|Dg) + (Do PL72|0g) + ’
Fec = (on|(77) fo) OIS A T S e

where @, is a reference function usually resulting from
a HF calculation and the cluster operator, 7, in an
n-electron system is given by

T=T1+f2+'-~Tn . (2)
The operato r T, (m=1,2,....n) is defined by
=L ST bbbl (3)

zj...Aab...

(00[P(re7) foo) =

(Po|P|o)

(@7, (0 () o)
(®o|P|do)
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= (@0 [P[00) (13)

) o) o
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where the right-hand side of Eq. (12) was obtained by

(A + Ado) + (A} + Ady) + (45 + Ado) + - -

== SEE)
Tollows when sonsidering the Fact that (|16 000 e BotBitBot-
—.O.forally S, D, T,.. (see‘Eq 4). . B N o
Similarly, Eq. (15) can be rewritten to yield Eq. (18): Ao = <(DO‘P(H€ )C’(DO> = Ao+ Ao (24)
() ) (i) )
(| PT| o) + (9| P3T2|0g) + as)
5 im0 ) ) 00 o (), )+
- (@0 PTI00) + (@[ PIT ) 1
) <(I>0|PT|(D0><(I)0‘(He )| @) + (@0 L7 @0) (@ (F1eT) |@g) + )
<<I>o|PT [@o) + (o[ P3T2|0g) +
(o) Jocer n )
B (@ |PT|p) + (| PLT2[p) + - -- (17)
= <<D0‘(I:Ief)C’<DO> . (18)
Hence, Eq. (12) is identical to Eq. (15): A = <(Do‘157"(lilef)c‘(1)o> — A+ Ay (25)
(@ () Jon) s = (| P> (F1eT) |0 ) =} + Ad (26)
2 C 2 2,

(®o|P|@y)

<q>0\f>f(ﬁef)c\q>o>+<q>o];gfz (ﬁef)c\@0> +

<(D0|PT|(D()> + <(D()|p%f2|(l)o> + -
(19)
By applying the identity Eq. (20),
fi _fL_fhth (20)
g 92 g1+
Eq. (21) follows
q)olﬁlilei‘q)o (DO ’P I:Ief ‘(D()
g _ [P o) {oulp(T) Jon)
(o|Pe’ |) (9| P|@0)
(21)

which simply means that there will be no spin contam-
ination when the correct CC wave function with the full
CC operator T is used.

3 Approximate PCC methods

For dpprox1mdte CC wave functions using a truncated
cluster operator T, Eq. (21) is not fulfilled and Epcc has
to be calculated accordmg to Eq. (11), which can be
written according to Eq. (22).

Ao +A1+A4r+---

E = 22
P T By + B + By + - (22)

4f = (@4 [P|@o) (g

(I:IeT)C’(I>0> = (®o|P|®g)Ecc
(27)

S,D,T,Q,...

> (@ofPlo)(of(Ae) |o0) (28)

Ay = (D ]Pﬂq)o><(1)o’ (Hef)c“l)o> = (®|PT|®o)Ecc
(29)

SDTAQ..

Z <c1>0\PT]cD>< j(He) ‘cbo> . (30)

Ay = (| PLT*|@0) o (FreT) |0y
= (@ |PLT?| @) Ecc | (31)

$,D,TQ,...

> (@A) (@] (") |oo)  (32)

and
= (@ |P|Dy) , (33)
= (®|PT]20) | (34)
= (@ |PIT?| Do) . (35)



The PCC energy can be expressed as the sum of two
terms, one of which represents the CC energy without
spin projection, while the other gives the correction term
resulting from spin projection.

(Ao + A7+ A5+ ) + (Ado + Ady + Ady + - -)

E =
pee By+Bi+By+--
(36)
Adoy +AAdy +Ady + -+
= Ecc + 37
By +BI +B 37)
= Ecc + AEpcc (38)
where
AEpee = 200t o4+ a4+ (39)

Bo+Bi+By+---

In the following, the CCSD approach is considered, i.e.,
T =T, + T, and the question is posed how to prOJect
the S + 2 contaminant out of UHF-CCSD. According-
ly, the projection operator P can be approximated by the
product of the annihilation operators Ag, and Ay .

13 ~ zzls+11:ls+2, (40)
where the annihilation operator A, ; in its general form
is given by Eq. (41).

2 —(s+i)s+i+1)
(82)—(s+i)(s+i+]1)
@

(s+i)(s+i+1)

s+i =

; (41)

()
with
<‘§2>0: <(D0}‘§2 = <*§2>HF ‘ (42)
In Eq. (41), {$?} is the normal order form of $? [21],
ie., {82} =82+ (8?),. If just two annihilation opera-
tors are used, Eq. (39) will reduce to Eq. (43)

ABpcesp = 5 fzfigj; , (43)

with
T,Q A

Mg =S (@0l Plo,) (@] (") |@0) (44)
y

My = Y (0P, (6T o) @s)
y

where terms AA,, AA;, etc. are zero for UHF-CCSD.
To calculate EPCCSD in Eq. (43), approximations 1 and
2, leading to spin-projected UHF-CCSD energies,
APCCSD-1 and APCCSD-2, are used.

3.1 Approximation 1

This is based on approximating the spin correction by
the leading term of the nominator and the denominator
of Eq. (43):

AA
AEpccsp ~ B—OO ; (46)

which implies that
Ay Ai+Art -
B BBt
and that Eq. (22) can be simplified to Eq. (48)

Ao+ Ay +Ar+ -+ Ao
Bo+Bi+B,+-- By

= Eccsp + % ; (43)

0

which is equivalent to Eq. (46). Approximation 1 is
correct for CC theory with the full cluster operator T’
or when the projection operator P is limited to the SD
space, SDT space, etc. Alternatively, approximation 1 is
also correct for UHF-CCSD in the case of justa S + 1
contaminant, UHF-CCSDTQ in case of just S + 1 and
S + 2 contaminants, which simply means that these
contaminants are totally suppressed because of infinite-
order SD and SDTQ correlation effects, respectively. In
all other cases, terms AAdg, AA4,, By, etc. of Eq. (43)
have to fulfill one of three mathematical conditions
to guarantee that Eq. (48) is reasonable and the
APCCSD-1 energy represents a useful spin-projected
CCSD energy.

— Condition 1: A4y/By, AA1/By, AA,/B, are very small:
Ay _ A6 + AA() A/

Eapccsp-1=

= =F, 49
B, By~ B,  Feosp (49)
Ay All + AA] A/
—_—=— =F . 50
3, B, Bl cCsD (50)

— Condition 2: A4, By, B,, ... are all negligible.
— Condition 3: The influence of A4,, By, B, etc. is
mutually canceled, which is equivalent to

Adg Ay (51)
By Bi+By+---

At least one of conditions 1-3 should be fulfilled if a
doublet radical or triplet biradical without any strong
multireference character is described for geometries
close to the equilibrium. Also, if the S+ 1 contami-
nant is dominant as in the case of single-bond
breaking, terms AA,;, Bj, etc. will be relatively small.
This means that in all those cases, in which UHF-
CCSD provides a spincontaminated but nevertheless
reasonable approximation, the APCCSD-1 method
should lead to an improvement of UHF-CCSD
energies. In view of the fact that the cost for
calculating APCCSD-1 energies just scale with
O(Mﬁ) (M is the number of basis functions, see later),
this is a reasonable extension of the normal UHF-
CCSD calculation.

3.2 Approximation 2

In the case that spin contamination S + 2 is large and
dominant, the term A4, also becomes large and the term
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AA; is no longer negligible. This can be seen when
dissecting A4y and A4, into matrix elements:

o O 7] (9) J) o)) f)

(52)
A1 ~ a(0[PQ)(T|(#1e") |0) (53)

where a; is the amplitude of cluster operator 7} and 0,
T, and Q denote reference, T, and quadruple excited
functions. If the sum over all possible matrix elements
covered by Eq. (52) is large, then terms in Eq. (53)
cannot be neglected and Eq. (51) will not be fulfilled.
In this situation, the more complete Eq. (54) has to
be used, which is correct for the case that just a $+2
contaminant is present, which is projected out by A
A+>. However, if residual S + 3, etc. contaminants
are present, Eq. (54) will be an approximation.

AAy + A4,

AEApccsp-2 BoiB Bt (54)
APCCSD-2 is also a O(M°®) method, which however
is much more difficult to program since it requires the
reformulation of a large number of matrix elements
involving T and Q excitations in terms of intermediate
arrays scaling with O(M®). Therefore, we will first
develop formulas for calculating and testing the useful-
ness of the APCCSD-1 method before we derive in
future work APCCSD-2.

4 The APCCSD-1 method
The APCCSD-1 energy is given by Eq. (55):

Eapccsp-1 = Eccsp
ST (@] iyl @) (@, | (277 o)
_l’_ ~ ~
<(I)0 ‘As+1AS+2 ’(D0>

(55)

which by employing Eq. (42) can be expressed according
to Eq. (56).

Eapccsp-1 = Eccsp
S (@ |{82 {82 @, (@] (67472 |og)
(@] [82 — (s + 1) (s +2)] [$2 — (s +2)(s + 3)] |@o)

(56)
By using the expression for the normal order of 52 [21],

the matrix elements (@] {Sz}{Sz}| ®,) of the numerator
of Eq. (56) can be determined by Egs. (57), (58)

(oS HE o) =432 (-1 PULila/p)SeSuS;

(57a)

1Y°P(i/j]a/b)SSkas)

(o] ({0 ) =43 (-

(57b)

(@] {sz}{sz}@ziad>
= Z /]}k/l’d/b’C/d)SlcS kS'fiSb7 (58)

where the permutation symbol P(i/j|k/I|a/b|e/d)
means that in addition to the identity permutation, all
possible products involving permutations of just / and j,
kand /, a and b, and ¢ and d are allowed. The symbol S,;
in Eqgs (57) and (58) denotes the spatial overlap between
two orbitals

SP‘? = / d)pg-‘rd;qdf (59)

while the quantity S‘; (or Sg) is defined by

Si=> SaS; or 8 =>"8;5 (60)
i k

There are no contributions to the energy Eapccsp for

oo, (BSF) and aoco (BBPP), oo (S Se) spin cases since

in the case of equal spin for orbitals p and ¢ the spatial
orbital overlap, S,q, is equal to Jpq.

The explicit expressions for the matrix elements
<<Dy’(I:IeT1+T2)C‘CDO> in the aof and aaff spin cases
are listed in Table 1, from which one can also obtain
(e %) foo)

C
i.e., for the ffo spin case. The spin correction AEApccsD.-

1 for Eccsp covers only three different types of contri-
butions due to T and Q excitations written as

1 : abc
the corresponding expressions <(I)ﬁk

AEapccsp-1 = Eapccsp-1 — Eccsp
= AEapccsp—1(aaf) + AEapccsp—1(BBo)
+ AEapccsp-—1 (aapp) (61)

where each energy term can be given by

AExpccsp—1(oaf)
S (@ol{S) {8 ey ) (g | (e ) o)
(s+2)(s+ 3)] |CI)0>

- i<jka<b;c
(62)

(@] [$2 — (s + 1)(s +2)] [$2 —

AExpccsp—1(BPo)

iy, W0 (of| (e ) foo)
(@] [ = 5+ s+ 2)] [ = 5+ 2)(s +3)] o)

(63)
AExpccsp—1 (aaff)=
S (|{82}{8} st (et

(%) Jan)
i<jk<ia<bgc<d C

<(DO| [5‘2—(s—|—1)(s+2)] [3'2—(s+2)(s+3)] |d)0>

(64)
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In a one-step calculation of the terms appearing in
Eq. (62), the computational cost scales as O(M7) or
O(MB8). However, the calculation of Eq. (62) can be
dissected into a sequence of several M® steps by
introducing a set of intermediate arrays. As described
in the Appendix, for example, the determination of
AEapccsp-1(aaf) 1s reduced to 0(]\/[6) by using interme-
diate arrays L1-L3 and In, un, and vn (n=1,...,5).

Similarly, the matrix element <(I)Zl}(‘ld‘ (H eT1+T2) ‘(D0> is

replaced by 28 intermediate arrays, such as the contrac—
tions between spatial overlap and double amplitudes
and combinations of these contractions with the arrays
Z1, 72, and Z3 because the total cost of calculating
EAPCCSD 1(eofB) is just proportional to O(M®) (see
Appendix).

APCCSD calculations can be connected with a per-
turbative assessment of T contributions, thus leading
from CCSD(T) to APCCSD(T). Both APCCSD-1 and
APCCSD(T)-1 were implemented within the ab initio
package COLOGNE99 [22] by programming the for-
mulas given in the Appendix and in Tables 1 and 2.
Since APCCSD calculations scale with O(M®), the
calculational costs for APCCSD-1 and APCCSD(T)-1
are comparable to those of CCSD and CCSD(T) and
require just the extra work of one CCSD iteration.

5 Results and discussion
APCCSD-1 and APCCSD(T)-1 energies for the F(*P)

atom and some doublet or triplet (b1)rad1cals are listed
together with the corresponding (S ) values in Table 3.

Table 2. Definition of the intermediate arrays used in Table 1

Also shown are results for the UHF-CCSD description
of doublet/triplet (bi)radicals with stretched geometries
because the simultaneous breaking of the 4H bonds
in these molecules leads to S + 1, S + 2, S + 3, etc.
contaminations at the UHF level of theory. For each
calculated energy its deviation from the corresponding
full CI value calculated with the same basis set at the
same geometry is also given as a reference for evaluating
energy improvements obtained by spin projection. The
relevant information on geometry and basis sets used in
the calculations is given in Table 4.

As expected energy changes caused by spin projection
are marginal for molecules at their equilibrium geome-
try, reducing the mean absolute deviation of CCSD(T)
correlation energies from the corresponding FCI ener-
gies [23-26] from 0.354 to 0.242 mhartree. The energy-
related expectation value, (S2)*, which we identified as
the appropriate diagnostlc tool for the quality of the
UHF-CCSD energy [19], is in all these cases close to its
ideal value, in line with the fact that UHF-CCSD does
not suffer from the S + 1 contaminant. This becomes
particularly clear in the case of the UHF-CCSD de-
scription of the closed shell singlet state of CHz, which
at the UHF level strongly suffers from spin contami-
nation by a triplet state ((S 2 URE = 0 71, Table 3).
However, at the UHF-CCSD level (S >CCSD is 0.0016,
suggesting only a small contribution from an S + 2
contaminant. Consequently the APCCSD energy is
changed by just 0.535 mhartree and this value is positive
owing to the fact that the corresponding triplet state is
actually below the singlet state in this case.

The ($?)¢csp values for stretched geometries indicate
the strong influence from higher spin contaminants.

+Z ( (mnl|id) +Z (mn|led)a > T

m<n

+Z[X (mb, id)a;, — X (me, id)a b] — Z(mn”ed) a, uf

m,n.e

(alif) + 3 ((miles)a, il ki) + Z(za||ef>+2<mz||ef>a;>ri£

n

- PP(b/C)Z<<bmllef>—% <nm||ef>a’;>af,,

Z DPG/R)D <<mn|lje +;Z (mn|fe)a )

Intermediate arrays® Definition®
X(id, be)
(bellid) — Z ((mb|led)ase — (mcl|ed)al
+ Z bc||ed
Y(la, jk)
+Z (ml||jk)a’ +Z[ (al,ej)a; — Y(al,ek)aj]
Z1(bc, ef)
(bcllef) ZZ mn||ef
m.n
Z2(mn, jk)
(mnl|| jk) 22 (mn|lef)d]
#3me. Je) mellje) - 3 i d - ; (mnll fe)af;

+ 3 (temler) - ;<nmuef> )

For 51mphcrty the arrays X, Y, and Z1, Z2, Z3 are given in a spin orbital form

°The arrays 1%, X (mb, id) and Y (al, ej) are given by

tj?

”b—a +aa —aba"

X(mb,zd) (mb|id) +Z (mb||ed)a

+Z (mn||ed)a m‘
(alllejy =Y (mlllej)al, + > (millef)aj)
nf

m

Y(al,ej) =
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Table 4. Geometries and basis sets of the electron systems investigated®

System State Symmetry Basis set Geometry Reference
F 2p (9s6pld) [4s3pld] 25
(9s6p2d) [4s3p2d]
(9s6p2d) [5s3p2d]
CH, (1.0r,) 4, Cy, (9s5pld/4slp) [4s2pld/2slp] r(CH) = 1.117 23
0(HCH) = 102.4
CH, (1.0r,) 3B, C,, (9s5pld/4slp) [4s2pld/2slp] r(CH) = 1.082 23
0(HCH) = 1324
CH; (1.0r,) ZA’Z’ D,, (9s5pld/4slp) [4s2pld/2slp] r(CH) = 1.090 24
NH, (1.0r,) ’B, Cy, (9s5pld/4slp) [4s2pld/2slp] r(NH) = 1.024 26
0(HNH) = 1034
NH, (1.0r,) 4, Cy, (9s5pld/4slp) [4s2pld/2slp] r(NH) = 1.013 26
O(HNH) = 103.2
SiH, (1.0r,) 3B, Cy, (13s9p1d/4slp) [6s4pld/2slp] r(SiH) = 1.466 26

O(HSiH) = 118.0

“Bond distances are given in A and angles in degree

This is confirmed by the energy lowering obtained for
APCCSD-1 energies in these cases. The mean absolute
deviation of UHF-CCSD energies from FCI energies is
7.196 mhartree; for UHF-CCSD(T) it is improved to
4.023 mhartree, however for APCCSD(T)-1 a mean
absolute deviation of just 2.295 mhartree is obtained
(values for equilibrium geometries: 2.557; 0.328; 0.261).
Closer inspection reveals that improvements obtained
by projecting out the S + 2 contaminant strongly de-
pend on the electron configuration of the molecule in
question. For example, in the NH,(*B;) state the single
electron is in a pm orbital and accordingly electron in-
teractions with the ¢ electrons of the stretched NH
bonds at 27, are moderate (although spin polarization
between ¢ and 7 electrons is possible at the UHF-CC
level). For the situation of the simultaneous stretching
of two NH bonds of a closed-shell molecule, RNH,,
both the triplet and the pentuplet contaminants are
present, which in the case of NH,(*B,) leads to quartet
and sextuplet contaminants. In the case of the
NH,(?A)) state, the single electron is in the plane of
the NH bonds and, accordingly, some recoupling with
the electrons of the NH bonds upon bond stretching is
possible, thus leading to a lower influence of the S + 2,
S + 3, etc. contaminants as in NH,(*B;). Improve-
ments in relative energies achieved in the former state
are significant, while in the latter state after projection
the relative energy is even slightly deteriorated (the
error relative to the FCI value increases from 4.4
to 4.9 kcal/mol). This is clearly a reflection of the fact
that after spin projection the coefficient of a higher
contaminant becomes larger as we have discussed
recently [19].

The energy of FH plotted as a function of the dis-
tance r(FH) is given for UHF, UHF-CCSD, UHF-
CCSD(T), APCCSD-1, and APCCSD(T)-1 in Fig. 1,
while in Fig. 2 the lowering of the energy due to spin
projection with the APCCSD-1 method is shown. The
largest spin projection corrections are found in the
region 1.4 < r(FH) < 3.0 A, which is exactly the re-
gion where the deviation of the energy-related part of

-99.840
99860
99.880 | 7/
-99.900]
-99.920]
799,940—3

-99.960

[hartree]}

-99.9804

-100.000

Energy
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r (F-H) [A]

Fig. 1. The energy (in hartree) of FH shown in dependence of the
distance r(F-H) in the range 0.6 < r < 3.4 A. Upper curve: UHF;
lower curves: UHF-CCSD (solid curve), UHF-CCSD(T) (dotted
curve), APCCSD-1 (small dashes), and APCCSD(T)-1 (large
dashes). All calculations with the 6-31G basis set

(8% cespy (S2)ecsp, from a value close to zero is
strongest [19]. In this region, a recoupling of the elec-
trons forming the FH bond takes place (change from a
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E(APCCSD-1) - E(UHF-CCSD)
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Fig. 2. Lowering of the UHF-CCSD/6-31G energy (in kcal/mol) of
FH in the range 0.6 < r < 3.4 A due to spin-projection with the
APCCSD-1 method

closed-shell singlet pair to an open-shell singlet pair),
which leads to spin contamination by an S + 2 state.
APCCSD-1 corrects in this region and leads to a
potential-energy curve which is closer to the true FCI
curve given by Chen and Schlegel [13].

6 Conclusions

The APCCSD-1 and APCCSD(T)-1 methods developed
in this work to project out in an approximate way from
the UHF-CCSD wavefunction the S + 1 and § + 2
contaminants using annihilation operators A ,; and
A5+, offer the possibility of improving UHF-CCSD
results at moderate additional cost. The methods will
have their usefulness in all those cases in which the
S + 2 contaminant plays a role but does not dominate
spin contamination as in the case of high-spin, open-
shell systems (doublet radicals, triplet biradicals, etc.)
and many low-spin, open-shell systems, such as singlet
biradicals. APCCSD-1 and APCCSD(T)-1 should also
be useful when describing single-bond dissociation or
transition states characterized by the breaking/forming
of a single bond, while any process involving the
cleavage of a multiple bond or the simultaneous
breaking of more than one single bond should be
better described with more complete spin-projection
methods.

In view of other possibilities to circumvene or to
partially avoid the spin-contamination problem in CC
descriptions of open-shell systems, it is useful to coment
on these methods in connection with the present work on
spin-projected CC theory (for recent reviews, see Ref. [6])
The most elegant way of avoiding the spin-contamina-
tion problem is to use spin-adapted, open-shell CC
methods, upon which current research is focusing [27].
However, presently there are no general programs avail-
able which can be applied to any (high- or low-spin) open-
shell system in the most effective way. Clearly, one has to
wait for further developments in this field.
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Alternatively, one can use spin-restricted open-shell
HF (ROHF) theory to set up a properly spin adapted
reference for the CC calculations [28]; however, this
does not imply that the correponding CC wavefunc-
tion is an eigenfunction of (S?) because spin con-
tamination can be introduced into the CC wave
function by the nonlinear contributions of the cluster
operators in the amplitude equations. Actually, the
calculation of (S?) values at the CCSD level carried
out by Stanton [20] shows that the spin-contamination
problem at the ROHF-CCSD level is similar to that
at the UHF-CCSD level. Hence, it is still useful to
invest in PCC methods, in particular in view of the
fact that they, in contrast to ROHF-CC methods, do
not lead to any significant increase in computational
cost.

The spin-projection methods discussed in this work
can be extended in several ways. On the one hand, the
APCCSD-2 method is presently developed to have an
appropriate tool for the description of the cleavage of
double bonds as was discussed in this work. In addi-
tion, the spin-projection procedures presented in this
work can be extended to include the operator A, 3 to
annihilate beside the S+ 2 contaminant also the S + 3
contaminant, which may play a role in triple-bond
dissociation or the simultaneous breaking of three
single bonds as observed in this work. Although
inclusion of Ag,3 complicates the projection mecha-
nism considerably it does not raise computational cost
since just disconnected pentuplet and sextuplet terms
have to be considered, which can be derived from
the sixth-order Moller—Plesset method developed pre-
viously [29].
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Appendix

Al Expression for AE 4pccsp-1(0of) given in terms
of intermediate arrays

AEapccsp—1(o0f)

> (ool {3235 o Y o] (reh T2 | )
- i<jka<b,c

(D] [8% — (s + 1) (s +2)] [82 — (s +2)(s + 3)]| Do)
(4.1)

The nominator of Eq. (A1) can be developed according to

> (i) o) )

i<jka<bze

== ul(ij,bd)I1(ij, bd) + > v1(1j,ib)L3(j,il,b)

ij.bd ijlb
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Table Al. Definition of intermediate arrays Ln, In, un, and vn required in Eq. (A.2)

Ln In un vn
L1(ik,ab) = 42{; (=1)"P(a/b)Sy;SE I (ij,bd) = 3" L1(ik, ab) ad (ij,bd) = ZX(td be) Sy vl(j,il,b) = 2oLl (ik,ab)Y (I, a,kj)
ka ka
L2(1,b) = 3 Sieals 12(b,d) = ¥ L1(jk,ab)as!  u2(b,d) =3 X (id, bc)Sic v2(1,b) = ;Ll(j%7ab)y(7a7/}j)
ic ka i ik.a
L3(.11.8) = X Sedy 13(jk, bd) - S LI (i, ab)até u3(jk, bd) = 3 X (kd, cb) ;o W3(j1, kb) . > L1(ik, ab) Y (la, i)
14(R, 1) = Z;Ll (ik.ab)a) w(k.d) = X X(id.ab)L1(k.ab) (k1) = 2 Y (1o, 0)S;
ia< ia< e
15(jk,il) = Z:bLl(le, ab)al u5(id, jk) = z:bX(zd ,ab)L1(jk,ab) v5(i,jkl) = > Y (e, jk)Si
a<. a< c
=S w26, (b,d) - 3 w21, )12(7,5) A2 Expression for AE pccsp-i(9aBp) given in terms

b
+ > " ud(jk, bd)I3(jk, bd) + Y " v3(jl, kb)L3(j, Ik, b)

of intermediate arrays

Jk,bd Jjlkb A2 AEAPCCSD—] (O((X[)’[f)
+Zu4(7c,d)L2(7c,d) —Zv4(7c, N14(k, 1) “2) Oy {52V 152 | pabed aved | (frafi+h) |
- Tl i<j,1}<7%1:<b,5<d< OH }{ H ijkl >< ijkl ( € -)C‘ 0>
—Zkus(id,ﬂ})L3(i,j12,d) +Zk;v5(i,jl}l)15(jlé,ﬂ) : <q,0|[§z_(s+1)(s+2)} [32—(s+2)(s+3)ﬂcl)0> ’
id j ij
! ’ (4.3)
In Eq. (A2), the intermediate arrays L2, L3, and /1-I5 correspond where
to contractions between spatial overlap and double amplitudes,
3 (@l {8787 ) (g | (") )
i<jk<la<bge<d
= > wi(bf,ik)J2(kb,if ) + Y w2(nj,bd)J1(jd, ab) + Zw3 e, 1b)J7(le,m, b)
ikbf Jjn,bd m,be
- Z wh(me, jc)J8(je, mc) — Z w5 (rha,]b)Jl (jd, n‘1b) — Z w6(ma, lE)J2(7a, mE)
Jjmce Jjim,bd ml,ac
+ Y W (mk,il)J4(kl,im) + > w8 (mi,kj)J3(ij,km) — > w9 (mj, bd).J1(jd, mb)
kl,im ij e Jm,bd (A ~4)
+ Y wl0(mk,da)J2(ka,md) + > wll(bf,da)J6(ab, fd) + Z w12 (mn, ed)J8(nd, me)
km,ad ab,df mn ed
—= Z wl13(mh, ab)J7(na,mb) + > wl4(mk, il).J4(kl, im) ZWIS ef k)JT7(If , ke)
mn ab im,kl kl ef
——Zw16 ef, y)JS(zf ]e Z w17(ﬁie,7b)J9(7ﬁ1, be) — Z wlS(mé, ic?)JlO(im,Egl) .
ijef Iin,be im,ed

while arrays un and vu (n=1,.. ., 5) cover combinations of arrays X
and Y (Table 2) with the spatial overlap S,; as shown in Table Al.
Inspection of Table Al reveals that calculation of the intermediate
arrays in Eq. (A2) does not involve more than O(M®) computa-
tional steps.

In Eq. (A4), the intermediate arrays Im and wn (m=1,...,10;
n=1,...,18) appear, which represent two different kinds of con-
tractions of spatial overlap with double amplitudes as well as of
arrays Z1, 22, Z3 with integrals S,; and amplitudes aj; % as described
in Table A2 In total, 28 intermediate arrays are used to reduce the
original <O(M®) dependence of Eq. (35) to O(M®) steps.
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