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We explore different variants of the random phase approximation to the correlation energy derived
from closed-shell ring-diagram approximations to coupled cluster doubles theory. We implement
these variants in range-separated density-functional theory, i.e., by combining the long-range random
phase approximations with short-range density-functional approximations. We perform tests on the
rare-gas dimers He,, Ne,, and Ar,, and on the weakly interacting molecular complexes of the S22
set of JureCka et al. [P. Jurecka, J. époner, J. Cern)'/, and P. Hobza, Phys. Chem. Chem. Phys. 8, 1985
(2006)]. The two best variants correspond to the ones originally proposed by Szabo and Ostlund
[A. Szabo and N. S. Ostlund, J. Chem. Phys. 67, 4351 (1977)]. With range separation, they reach
mean absolute errors on the equilibrium interaction energies of the S22 set of about 0.4 kcal/mol,
corresponding to mean absolute percentage errors of about 4%, with the aug-cc-pVDZ basis
set. © 2011 American Institute of Physics. [doi:10.1063/1.3626551]

. INTRODUCTION

In the last decade, there has been a revived interest in
the random phase approximation (RPA) and other related ap-
proximations for calculating the electron correlation energy
of atomic, molecular, and solid-state systems.'™! One partic-
ularly appealing feature of RPA is its correct description of
dispersion forces at large separation.*>** However, RPA is
a poor approximation to short-range correlations,' and, in a
Gaussian localized basis, RPA calculations have a slow con-
vergence with respect to the basis size.> A promising strategy
is thus to combine a long-range RPA-type approximation with
a short-range density-functional approximation,'>-17-28.31,33
hence avoiding the inaccurate description and slow basis-set
convergence of short-range correlations in RPA.

Among the different formulations of RPA, the one based
on a ring-diagram approximation to coupled cluster doubles
(CCD) theory'“*7 is particularly attractive since it avoids
the numerical integration over the adiabatic connection and
in principle is amenable to a fast algorithm.'* However, due
to the fact that the ring approximation breaks the antisymme-
try property of the coupled-cluster amplitudes, several non-
equivalent variants of ring CCD can be constructed, espe-
cially when the exchange terms are included. In this paper,
we explore these various ring CCD variants for closed-shell
systems and show that some of them correspond to the RPA
correlation energy expressions originally proposed by Szabo
and Ostlund.*®*° We apply these closed-shell ring CCD vari-
ants in the context of range-separated density-functional the-
ory and test them on rare-gas dimers and on the weakly inter-
acting molecular complexes of the S22 set of Jurecka et al.*”
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Il. THEORY

We first show how to rigorously combine a long-range
CCD calculation with a short-range density functional (for
details on range-separated density-functional theory, see, e.g.,
Refs. 33, 51, and 52). We start from a self-consistent range-
separated hybrid (RSH) calculation?

Ersn = rrgn {(¢|T + Vet + We12|c1>> + Eifxc[mb]}, (1)

where T is the kinetic energy operator, Vey is the external
potential operator (e.g., nuclei-electron interaction), Welz isa
long-range electron-electron interaction operator, Ef,.[n] is
the associated short-range Hartree-exchange-correlation den-
sity functional, and & is a single-determinant wave function
with density ng. The long-range interaction is constructed
with the error function, wlfe(r) = erf(ur)/r, where u is a pa-
rameter whose inverse gives the range of the separation. The
minimizing RSH single-determinant wave function is denoted
by @ and its associated (approximate) density by n¢. In prin-
ciple, the exact ground-state energy can be obtained from the
RSH energy by adding the long-range correlation energy Ef

E = Egsu + E!. 2

Several formally exact expressions can be derived for E.
The one that is most convenient for applying coupled-cluster
theory is

E} = (WA [n]|W") — (®o| H"[n]| Do)
+AE,, — / Uit [1](r) An(r)dr, (3)

where W' is the ground-state wave function of the long-range
interacting Hamiltonian H =7+ ngf? + Vext + ViLie[7]
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with the short-range Hartree-exchange-correlation potential
operator Vﬁﬂw [n] = f Vi1, [n](r) A(r)dr written with the den-
sity operator 7A(r) and v, [n](r) = SE}, [n]/én(r). The
long-range wave function, Wl is associated with the exact
density, n. In Eq. (3), the last two terms are the variation of
the energy functional, AE} . = EJ,.[n] — E},.[n0], and the
variation of the associated potential expectation value due to
the variation of the density from the RSH one to the exact
one, An = n — ng. The contribution of these last two terms is
expected to be small since it is of second order in An

AE}.. — / Vi [11(r) An(r)dr

8Els-lrxc[ 0] , , 3

Using a spin-unrestricted CCD ansatz (see the
Appendix for a review of CCD theory) for the long-
range wave function, |\IJCCD) = exp(Th)|®y), where
T, = (1/4) Zijab(ti“j”)“&l& &Z&j is the cluster operator
for double excitations written in terms of the long-range
amplitudes (ti“jb)'r and occupied (i, j) and virtual (a, b)
RSH spin-orbital creation and annihilation operators, we
approximate the long-range correlation energy as

E¢cep = (ol H" [0l Weep) — (PolH [nol|Po).  (5)
In Eq. (5), the variation of the density has been neglected,
n = ng (and thus the contribution of Eq. (4) vanishes), which
seems appropriate if we define the coupled-cluster density as
the projected one, (d>0|n(r)|lIJCCD) (Dy|7i(r)|DPg) = no(r),
which does not vary since the CCD wave function does not
contain single excitations. The long-range correlation energy
can be calculated as, for real spin orbitals,

1 1
Elcep = Ztr[Berlr] = Etr[Kthr], (6)

where B}Z b= = (ab||ij)' and K}Z b= (ablij)* are the
matrices of antisymmetrized and non- antlsymmetrized two-
electron integrals with long-range interaction w' (r), respec-
tively, and 7% ;, = ()" is the amplitude matrix. The second
equality in Eq. (6) is due to the antisymmetry property of the
coupled-cluster amplitudes Tllr j» With respect to the exchange
of the indices i and j. These amphtudes can be determined
by the usual coupled-cluster equations, replacing the normal
Hamiltonian by the long-range one H "ny], which amounts
to using the RSH orbital eigenvalues and the long-range two-
electron integrals. The present range-separated CCD method
can be seen as a special case of the more general range-
separated coupled-cluster approach of Goll ez al.>* which also
includes single excitations and possibly perturbative triples.
We now consider the ring-diagram approximation for
closed-shell systems. A number of closed-shell ring CCD
variants can be defined. In the ring approximation, without
exchange terms, the direct RPA (dRPA, also sometimes re-
ferred to as RPA or time- dependent Hartree) amplitudes for

spin-singlet excitations, T, are obtained by the follow-
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ing Riccati equation:'*

Iyelr | 1 It Loplr Iplr Iy de , Iple Lgelr Dyl

K"+ 'L" Tirpa + Tarpa L'+ Tirpa K Tigpa =0,
@)

with the spin- adapted matrices 'K}, ;, = 2(ablij)" and
1L£ra b= = A€jq,jp + Km b where A€, jp = (€4 — €)ij0ap
is the matrix of the RSH orbltal eigenvalue differences (i, j
and a, b refer now to occupied and virtual spatial orbitals, re-
spectively). Contracting the dRPA amplitudes with the non-
antisymmetrized two-electron integrals 'K gives the dRPA
long-range correlation energy (also referred to as dRPA-I in

Ref. 54)

1
Eir,dRPA = Etr[lKlr ngRPA]' (8)

Contracting the dRPA amplitudes with the spin-singlet-
adapted antisymmetrized two-electron integrals B ;,
= 2(ablij)" — (ab|ji)" gives the dRPA + SOSEX (or just
SOSEX for short) long-range correlation energy>*2

1
E?:SOSEX = Etr[lBlr 1TldrRPA]' (9)

Similarly, in the ring approximation with exchange terms,
that we will refer to as RPAx (also sometimes referred to as
RPA or time-dependent Hartree-Fock), the singlet and triplet
amplitudes 'Tk,, and 3T, are obtained by the equations

'B" + ‘A" ngPAx + lTgPAxlAlr + ngPAx 'B" ngPAx =0
(10)
and

3plr 3 A lr 3rplr 3mplr 3Alr 3mplr 3ylr 3rplr _
B" +°A TRPAx + TRPAx AT+ TRPAx B TRPAx - 0’

(11)
where lAﬁfl b= = A€ja,jp + 2(iblaj)" — (ib]ja)", 3A§fl b
= A€ia,jp — (iblja)", and B b= = —(ab|ji)". Using

these amplitudes in the CCD correlation energy expression
of Eq. (A9) gives what we call the RPAx-II long-range
correlation energy (see, also, Refs. 48, 49, 54, and 56)

Eir,RPAx-ll = Ztr[lBlr ngPAx +3°B" 3TerPAx]’ (12)

which is equivalent to the plasmon formula expression of
McLachlan and Ball.’” Using the same amplitudes in the al-
ternative CCD correlation energy expression of Eq. (All)
gives another RPAX correlation energy which is the second
approximation proposed by Szabo and Ostlund [Eq. (3.22)
of Ref. 49] as a zeroth iteration of the self-consistent RPA
scheme’%-6°

Eir,RPAx-Soz = %tr[lKlr ngPAx]' (13)
Equations (12)and (13) are not equivalent because the ring
approximation does not preserve the antisymmetry of the am-
plitudes with respect to the exchange of two spin-orbital in-
dices. Using the same amplitudes in place of the singlet and
triplet restricted amplitudes in the CCD correlation energy ex-
pression of Eq. (A23) gives another alternative RPAx correla-
tion energy corresponding to the first approximation proposed
by Szabo and Ostlund [Eq. (3.20) of Ref. 49, or Eq. (17) of
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FIG. 1. Interaction energy curves of He;, Ne,, and Ar; calculated by the full-range (left) and range-separated (right) RPA methods with the aug-cc-pV6Z basis
set. Cubic splines are used to interpolate between the calculated points. The accurate curves are from Ref. 55.

Ref. 48] which is an alternative zeroth iteration of the self-
consistent RPA scheme

1
Ei‘r,RPAx-SOI = Etr[lBlr (lTerPAx - 3TgPAx)]' (14)

This last variant is the one preferred by Szabo and Ostlund
because in a supermolecule approach it consistently gives a
dispersion coefficient Cg identical to the one given by the
Casimir-Polder formula applied with the RPAx polarizabili-
ties of the fragments, which is not the case for the other vari-
ants RPAx-II and RPAx-SO2. On the other hand, among the
three RPAx methods proposed here, RPAx-SO2 has the ad-
vantage of involving only singlet excitations and thus is not
subject to triplet instabilities. The RPAx method of Refs. 15
and 33, that we will rename RPAX-I here, is yet another alter-
native correlation energy expression that involves only singlet
excitations, but for which, as far as we know, the numerical

integration over the adiabatic connection cannot be avoided
(although in practice a single-point quadrature works well*").
It can be shown that the SOSEX, RPAx-I, RPAx-II, RPAx-
SO1, and RPAx-SO2 correlation energies all correctly reduce
to the MP2 correlation energy at second order in the electron-
electron interaction, but dRPA does not. Finally, we note that
an another RPAX correlation energy variant, first proposed by
Fukuda et al.®' and defined as 2E. rpax-11 — Ecmp2, has also
been discussed in the literature.*!-47 It, obviously, correctly
reduces to the MP2 correlation energy at second order but
numerical experience*' shows that this variant gives very in-
accurate correlation energies.

lll. COMPUTATIONAL DETAILS

All calculations have been done with a development ver-
sion of MOLPRO 2008,% implementing Eqgs. (7)-(14). We
first perform a self-consistent RSH calculation with the short-
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TABLE I. Interaction energies (in kcal/mol) for the complexes of the S22 set from the range-separated RPA methods with the aug-cc-pVDZ basis set. For
comparison, range-separated CCD results (without the ring approximation) are also reported. The geometries of complexes are taken from Ref. 50 and the
reference interaction energies in the rightmost column are taken as the CCSD(T)/CBS estimates of Ref. 62. Mean errors (ME), mean absolute errors (MAE),

and mean absolute percentage errors (MA%E) are given.

No. Complex dRPA SOSEX RPAX-I RPAX-II RPAx-SO1 RPAx-SO2 CCD Reference
Hydrogen-bonded complexes (HB7)
1 (NH3)> —2.87 —-2.92 -3.07 —3.26 —3.20 —3.18 —3.20 -3.17
2 (H20), —5.16 —5.23 —5.33 —5.42 —5.40 —5.39 —5.41 —5.02
3 Formic acid dimer —20.30 —20.55 —20.81 —20.98 —20.94 —20.98 —20.94 —18.80
4 Formamide dimer —16.51 —16.68 —17.03 —17.48 —-17.32 —17.27 —17.25 —16.12
5 Uracil dimer Cy, —21.03 —21.36 —21.80 —22.58 —22.04 —22.15 —22.00 —20.69
6 2-pyridoxine/2-aminopyridine —17.07 —17.28 —17.81 —18.89 —18.25 —18.20 —18.08 —17.00
7 Adenine/thymine WC —16.53 —16.73 —17.29 —18.25 —17.81 —17.69 —17.62 —16.74
ME —0.28 —0.46 —0.80 —1.33 —1.06 —1.05 —0.99 0.00
MAE 0.42 0.53 0.83 1.33 1.06 1.05 0.99 0.00
MA%E 3.7% 4.3% 5.6% 8.6% 6.8% 6.6% 6.4% 0.0%
Complexes with predominant dispersion contribution (WIS8)
8 (CHy)» —0.30 —0.31 —0.42 —0.56 —0.53 —0.51 —0.51 —0.53
9 (CaHa), —-0.97 —1.02 —1.28 —1.66 —1.52 —1.47 —1.45 —1.50
10 Benzene/CHy —-0.92 —0.98 —1.23 —1.75 —1.47 —1.43 —1.40 —1.45
11 Benzene dimer C»y, —1.27 —1.38 —2.05 —4.28 —-2.72 —2.61 —2.40 —2.62
12 Pyrazine dimer —2.99 -3.10 —3.78 —6.12 —4.49 —4.34 —4.14 —4.20
13 Uracil dimer C; —8.22 —8.46 —9.38 —11.93 —10.25 —10.13 —9.94 —9.74
14 Indole/benzene —2.58 —2.75 -3.70 —7.12 —4.64 —4.48 —4.17 —4.59
15 Adenine/thymine stack —9.38 —9.68 —10.97 —15.14 —12.23 —12.02 —11.72 —11.66
ME 1.21 1.08 0.43 —1.53 —-0.20 —0.09 0.07 0.00
MAE 1.21 1.08 0.43 1.53 0.20 0.13 0.13 0.00
MA%E 34.3% 31.2% 13.9% 31.7% 3.1% 2.5% 3.8% 0.0%
Mixed complexes (MI7)
16 Ethene/ethyne —1.31 —1.36 —1.48 —1.67 —1.58 —1.57 —1.55 —1.51
17 Benzene/H,O —2.90 —2.96 —3.16 —3.52 —3.34 —3.30 —3.29 -3.29
18 Benzene/NH3 —1.83 —1.88 —2.11 —2.57 —2.33 —2.29 —2.27 —2.32
19 Benzene/HCN —4.20 —4.31 —4.54 —4.98 —4.72 —4.71 —4.65 —4.55
20 Benzene dimer C», —-1.92 —2.00 —2.39 —3.40 —2.77 —2.70 —2.61 —2.71
21 Indole/benzene T-shape —4.54 —4.65 —-5.17 —6.57 —5.66 —5.57 —5.44 —-5.62
22 Phenol dimer —6.48 —6.62 —7.07 —8.16 —7.49 —7.43 —7.35 -7.09
ME 0.56 0.47 0.17 —0.54 —0.11 —0.07 —0.01 0.00
MAE 0.56 0.47 0.17 0.54 0.11 0.09 0.11 0.00
MA%E 15.8% 13.5% 5.0% 13.6% 2.7% 2.2% 2.6% 0.0%
Total ME 0.53 0.40 —0.04 —1.15 —0.44 —0.39 —0.30 0.00
Total MAE 0.75 0.71 0.47 1.15 0.44 0.41 0.40 0.00
Total MA%E 18.7% 17.0% 8.4% 18.6% 4.1% 3.7% 4.3% 0.0%

range Perdew-Burke-Ernzerhof (PBE) exchange-correlation
functional of Ref. 64 and add the long-range RPA correla-
tion energies calculated with RSH orbitals. The range separa-
tion parameter is taken at u = 0.5 bohr™!, according to pre-
vious studies,® without trying to readjust it. For the rare-gas
dimers, we also carry out full-range RPA calculations using
PBE orbitals®® for comparison. The Riccati equation (7) is
solved by decomposing the matrix 'L into diagonal and oft-
diagonal parts and iteratively extracting ' T!, ,, from its prod-
uct with the diagonal part and updating it in the other terms,
and similarly for Eqs. (10) and (11). For RPAx-I calculations,
the adiabatic-connection integration is performed by a 8-point
Gauss-Legendre quadrature for the rare-gas dimers and by a
single-point quadrature [Eq. (14) of Ref. 31] for the S22 set.
We use the correlation-consistent basis sets of Dunning.5”-68
Core electrons are kept frozen (i.e., only excitations of

valence electrons are considered). Basis set superposition er-
ror is removed by the counterpoise method. The geometries
of the complexes of the S22 set are taken from Ref. 50. The
geometries of the isolated monomers are fixed to those in the
dimers; thus, the so-called monomer deformation energy is
not included in the interaction energy. For each method, mean
error (ME), mean absolute error (MAE), and mean absolute
percentage error (MA%E) are given using as a reference the
CCSD(T) values extrapolated to the complete basis set (CBS)
limit of Takatani et al.%?

In our present implementation, the computational cost of
all the RPA methods used here formally scales as N>N3 for
large basis sets, where N, and N, are the numbers of virtual
and occupied orbitals, respectively. The computational cost
of the CCD (or CCSD) method without the ring approxima-
tion is higher and it scales as N*N? for large basis sets.”
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Of course, far better scalings should be obtained by using
integral-direct methods and resolution-of-identity/Cholesky-
decomposition techniques.'*

IV. RESULTS

The interaction energy curves of He;, Ne,, and Ar, cal-
culated by the full-range and range-separated RPA methods
are compared in Fig. 1. We use the large aug-cc-pV6Z basis
set to ensure that the full-range calculations are converged.
Full-range dRPA and SOSEX strongly underestimate the in-
teraction energies, while full-range RPAx-II and RPAx-SO1
strongly overestimate them. The best full-range methods are
RPAx-I and RPAx-SO2, which is in agreement with the re-
cent study of HeBelmann.*"7% In passing, we note that the
full-range RPAx-I method better performs for Ne, and Ar,
when using PBE orbitals than when using HF orbitals, as
done in Ref. 33. Range separation greatly improves the accu-
racy of all the RPA variants. However, range-separated dRPA
and SOSEX still underestimate the interaction energies, and
range-separated RPAx-II significantly overestimates the inter-
action energy of Ar,. Range-separated RPAx-I, RPAx-SOI,
and RPAx-SO2 give the most reasonable interaction energy
curves.

The interaction energies for the complexes of the S22 set
calculated with the range-separated RPA methods with the
aug-cc-pVDZ basis set are given in Table I. For comparison,
range-separated CCD results (without the ring approxima-
tion) are also reported. Although the aug-cc-pVDZ basis
set may appear small, range-separated RPA methods are
weakly dependent on the basis size,'>*} and indeed it was
estimated in Ref. 31 that when going from the aug-cc-pVDZ
to the aug-cc-pVTZ basis set the range-separated RPAX-I
interaction energies of the S22 set are lower by at most 7%,
and the corresponding total MA%E decreases by less than
2%. Therefore, we believe that the aug-cc-pVDZ basis set
is sufficient to compare the different range-separated RPA
methods.

The S22 set includes seven hydrogen-bonded complexes
(HB7 subset), eight weakly interacting complexes with pre-
dominant dispersion contributions (WI8 subset), and seven
mixed complexes also featuring multipole interactions (MI7
subset). The trends are quite different for the HB7 subset on
the one hand, and the WI8 and MI7 subsets on the other hand.
It was previously argued that the general overestimation of
the interaction energies of hydrogen-bonded complexes is due
to the approximate short-range density functional.’:”! The
fact that dRPA and SOSEX give the smallest MAEs for the
HB7 subset is, thus, not believed to be significant but rather
due to a compensation of errors between an underestimated
long-range contribution and an overestimated short-range
contribution. This is corroborated by the relatively large
overestimation of the interaction energies of this subset by
range-separated CCD which should most accurately describe
the long-range correlation energies. We will, thus, focus our
analysis on the WI8 and MI7 subsets.

For the WI8 and MI7 subsets, dRPA gives largely un-
derestimated interaction energies, with MA%Es of 34.3%
and 15.8%, respectively. SOSEX barely improves dRPA with
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MA%Es of 31.2% and 13.5%, respectively. This may not be
surprising since, in the limit of large separation, SOSEX only
adds exponentially decaying exchange interactions between
the monomers, but does not change the coupled-cluster am-
plitudes and thus does not change the polarizabilities of the
monomers. The RPAx-I method of Refs. 15 and 33, which in-
corporates exchange effects in the monomers, greatly reduces
the underestimation of the interaction energies, with MA%Es
of 13.9% and 5.0%, respectively. The RPAX-II variant, which
may be seen as the most straightforward way of defining a
closed-shell ring CCD with exchange terms, is disappoint-
ingly inaccurate. It overestimates the interaction energies by
about the same amount that dRPA underestimates them. Fi-
nally, the two variants RPAx-SO1 and RPAx-SO2 give re-
markably accurate interaction energies, with MA%Es of 3.1%
and 2.7% for RPAx-SO1, and 2.5% and 2.2% for RPAx-SO2.
They are globally as accurate as range-separated CCD without
the ring approximation. However, it must be noted that RPAx-
SO1 and RPAx-SO2 tend to overestimate dispersion energies,
while RPAx-I underestimates them. Therefore, increasing the
basis size will likely increase the MA%Es of RPAx-SO1 and
RPAx-SO2, while it will decrease the MA%E of RPAx-I.

V. CONCLUSION

We have studied various RPA variants that can be cast
in the form of closed-shell ring CCD approximations. We
have tested these variants with range separation, i.e., by com-
bining a long-range RPA-type approximation with a short-
range density-functional approximation, on rare-gas dimers
and on the weakly interacting complexes of the S22 set.
Among all these variants, the ones first proposed by Sz-
abo and Ostlund,*®* called here RPAx-SO1 [Eq. (14)] and
RPAx-SO2 [Eq. (13)], give the most accurate dispersion ener-
gies. The other variants tend to either strongly underestimate
(dRPA and SOSEX) or strongly overestimate (RPAx-II) the
interaction energies. For comparison, we have also reported
results from the RPAx-I method of Refs. 15 and 33, which
is not based on a ring CCD approximation but on the adi-
abatic connection formula, and which gives reasonable in-
teraction energies as well. From a practical point of view,
RPAx-SO2 appears to be the most convenient variant since,
contrary to RPAx-I, it does not use any numerical adiabatic-
connection integration and, contrary to RPAx-SOI, it in-
volves only singlet excitations and is thus not subject to triplet
instabilities.
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APPENDIX: CCD CORRELATION ENERGY

In this appendix, we review several equivalent CCD cor-
relation energy expressions, in view of justifying the different
ring CCD variants.
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1. CCD correlation energy in spin-orbital basis

The spin-unrestricted CCD wave function ansatz is
[Ween) = exp(Th)| ), (AD)

where |®) is a single-determinant reference wave function,
and T is the cluster operator for double excitations which is
written in a spin-orbital basis as

T = % > wtalaala;. (A2)

ijab

where i, j and a, b refer to occupied and virtual spin-orbitals,
respectively, and the amplitudes ti“jb must be antisymmet-
ric with respect to any exchange of two indices: " = —14}
= —1}* = 1%¢. The CCD correlation energy is obtained by the
transition formula

Ec™ = (®|H|Wcep) — (®1H|®) = (P|H D3| D)
! ]
=3 ﬁ%mbnmr,, = JulBT], (A3)

where B;, j;, = (ab||ij) are the antisymmetrized two-electron
integrals over real spin orbitals and Tj, j, = tl.“jb is the ampli-
tude matrix. Using the antisymmetry of the amplitudes, the
CCD correlation energy can also be written as
1 1
ESP = =) (ablij)t?’ = t[KT], A4
2[%; i)t} = 5 u{KT] (A4)

where K, j» = {(ablij) are the two-electron integrals.

2. CCD correlation energy in spatial-orbital basis
for closed-shell systems

a. Expression in terms of the singlet and triplet amplitudes.
For spin-restricted closed-shell calculations, all the matrices
in the spin-orbital excitation basis encountered so far (e.g., A,
B, K, T) have the following spin block structure

Cirar Crry 0 0
C Cyy. 0 0
c— | Gt Cuw , 45)
0 0 Cun G
0 0 Cun G

and can be brought to a block-diagonal spin-adapted matrix
C = UT C U by the orthogonal transformation

1 1 0 0

1]1 -1.0 0
UZE 0o 0o 1 11 (A6)

0O 0 1 -1

Applying this transformation to the matrix B gives the follow-
ing decomposition into singlet and triplet excitations:
B 0 0 0

0 B 0 0

0 0 B 0 ’

0 0 0 -B

B= (AT)
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where !By, j» = 2(ablij) — (ab|ji) and *Bi, ;» = —(abl|ji),
with i, j referring now to occupied spatial orbitals and
a, b refers to virtual spatial orbitals. Notice the minus sign
for the last triplet block. Using Kramers symmetry for
spin-conserving real coupled-cluster amplitudes (see, e.g.,
Ref. 72), one can show that spin adaptation of the matrix T
leads to a similar form

T 0 0 o
0 °T 0 o

T= , A8
0 0 °T 0 (A%
0 0 0 -°T
where  'Tiq b = Tirar,jtor + Titarjupy and — 3Tig jp
= Tigat.jtor = Tirat.jios = Tiral.jipy- The CCD - corre-

lation energy can, thus, be expressed as

ECP = tr[lB T + 3°B°T]. (A9)

Spin adaptation of the matrix K gives only a contribution from
the singlet excitations

'K
0
0
0

K= (A10)

= — I — I
=T R
= —— R I

where 'K, jb = 2{ablij), which leads to an alternative form
for the CCD correlation energy
ECCD ——

tr['K 'T]. (A11)

b. Expression in terms of the restricted amplitudes. In
practice, the CCD correlation energy is normally calculated
starting from the spin-restricted closed-shell CCD wave func-
tion ansatz

[Weep) = exp(*T2)| @), (A12)

where the restricted cluster operator R 7 is written in a spatial-
orbital basis as

(A13)

A 1 PN
= E ZRZ‘iajbEaiEbj,

ijab

where E,; = &iT&iT + fll i&i J is the singlet excitation opera-
tor and Rti“jb are the restricted amplitudes which must be sym-
metric with respect to the exchange of both i, j and a, b, i.e.,

Rt“h Ry j’“ but not antisymmetric with respect to the ex-
change of only two indices. The CCD correlation energy is

obtained by the transition formula

ESP = (®|H|Wcep) — <d>|F1|d>>=<d>|1f1RT2|d>>
= Z(z ablij) — (ab|ji))Rt? = «['BRT],
ijab
(A14)
where RT;, ;, = Rt“b.
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c. Expression in terms of the singlet and triplet restricted
amplitudes. Another equivalent correlation energy expres-
sion can be obtained by decomposing the restricted ampli-
tudes into spin-singlet and spin-triplet components. Indeed,
the restricted cluster operator can be decomposed as (see, e.g.,
Refs. 73 and 74)

A 1 A A
R7 _ L IR,ab& | 3Rabf
L= 2 Z( t,'j Salbj + t,‘j Talbj)s (AIS)
ijab
where 'Rz are singlet restricted amplitudes
I.R,ab _ R,ab | R,ab
1 =" R (A16)

ba

which are totally symmetric (i.e., "Retf = IReoP = MRe)

= DReb), and R4 are the triplet restricted amplitudes

3,R.ab __ Rioab _ R ab

12 =Ry t

i Jji ij o (A17)
which are totally antisymmetric (i.e.,
= —3~Rt3” = 3*Rtj’i“). In Eq. (A15), S,y is the singlet double-

excitation operator

3,Reab _ __3,R.ab
tij = tji

A £0.0 A ) A
Sanj = Sai’ 83" = 5 Eai Ey, (A18)
constructed with the singlet single-excitation operator
A 1 1 4
00 _ N TIPS
Sei = E(aaTaiT +aalai¢) - EE“’" (A19)
and f‘aihj is the triplet double-excitation operator
& A1L1AL—1  ALOAL0 | AlL—141,1
Liivj = T, Tbj -1, Tbj + 71, T,
A oA 1. 4
= E Ep + EEaiEbja (A20)
constructed with the triplet single-excitation operators
Tyt =—ala;. (A21a)
pro_ ! a A21b
ai _z(aaTaiT - aaiali)’ ( )
Ty =al a;. (A21c)

Using the symmetry properties of "Rz and *Rz¢?, it is
easy to check that Egs. (A13) and (A15) are equivalent. Com-
bining Eqgs. (A16) and (A17) leads to the decomposition of the
restricted amplitudes into spin components

ij — 2
and the CCD correlation energy [Eq. (Al4)] can thus be
written as

1
Reab _ ~ (1LRiab _ 3R .ab
t ( ] tl-j),

(A22)

1
ESP = 5tr[IB(LRT — 3Ry, (A23)
This corresponds to the definition of singlet and triplet contri-
butions to the correlation energy, E> = (1/2)t['B "RT] and
ET = —(1/2)ur['B*RT]. By using the symmetry properties
of 'RT and >RT, one can show that they are equivalent to

J. Chem. Phys. 135, 084119 (2011)

the more usual expressions in terms of the restricted ampli-
tudes (see, e.g., Ref. 75): ES = (1/4)tur[('B — 3°B)RT] and
ET = 3/4)u[('B + *B)RT].

7. Yan, J. P. Perdew, and S. Kurth, Phys. Rev. B 61, 16430 (2000).
2F. Furche, Phys. Rev. B 64, 195120 (2001).
3F Aryasetiawan, T. Miyake, and K. Terakura, Phys. Rev. Lett. 88, 166401
(2002).
4T, Miyake, F. Aryasetiawan, T. Kotani, M. v. Schilfgaarde, M. Usuda, and
K. Terakura, Phys. Rev. B 66, 245103 (2002).
SM. Fuchs and X. Gonze, Phys. Rev. B 65, 235109 (2002).
oY. M. Niquet and X. Gonze, Phys. Rev. B 70, 245115 (2004).
M. Fuchs, Y. M. Niquet, X. Gonze, and K. Burke, J. Chem. Phys. 122,
094116 (2005).
8F. Furche and T. V. Voorhis, J. Chem. Phys. 122, 164106 (2005).
°N.E. Dahlen, R. van Leeuwen, and U. von Barth, Phys. Rev. A 73, 012511
(2006).
104, Marini, P. Garcia-Gonzalez, and A. Rubio, Phys. Rev. Lett. 96, 136404
(2006).
'Y, Jiang and E. Engel, J. Chem. Phys. 127, 184108 (2007).
12J. Harl and G. Kresse, Phys. Rev. B 77, 045136 (2008).
13F. Furche, J. Chem. Phys. 129, 114105 (2008).
4G E. Scuseria, T. M. Henderson, and D. C. Sorensen, J. Chem. Phys. 129,
231101 (2008).
155, Toulouse, I. C. Gerber, G. Jansen, A. Savin, and J. G. Angyén, Phys. Rev.
Lett. 102, 096404 (2009).
168, G. Janesko, T. M. Henderson, and G. E. Scuseria, J. Chem. Phys. 130,
081105 (2009).
7B G. Janesko, T. M. Henderson, and G. E. Scuseria, J. Chem. Phys. 131,
034110 (2009).
8B, G. Janesko and G. E. Scuseria, J. Chem. Phys. 131, 154106 (2009).
19X Ren, P. Rinke, and M. Scheffler, Phys. Rev. B 80, 045402 (2009).
20D, Lu, Y. Li, D. Rocca, and G. Galli, Phys. Rev. Lett. 102, 206411 (2009).
21y Harl and G. Kresse, Phys. Rev. Lett. 103, 056401 (2009).
22H.-V. Nguyen and S. de Gironcoli, Phys. Rev. B 79, 205114 (2009).
2 A. Griineis, M. Marsman, J. Harl, L. Schimka, and G. Kresse, J. Chem.
Phys. 131, 154115 (2009).
BN Ruzsinszky, J. P. Perdew, and G. I. Csonka, J. Chem. Theory Comput.
6, 127 (2010).
25H.-V. Nguyen and G. Galli, J. Chem. Phys. 132, 044109 (2010).
26M. Hellgren and U. von Barth, J. Chem. Phys. 132, 044101 (2010).
27 A. HeBelmann and A. Gorling, Mol. Phys. 108, 359 (2010).
28], Paier, B. G. Janesko, T. M. Henderson, G. E. Scuseria, A. Griineis, and
G. Kresse, J. Chem. Phys. 132, 094103 (2010).
297, Harl, L. Schimka, and G. Kresse, Phys. Rev. B 81, 115126 (2010).
308, Ismail-Beigi, Phys. Rev. B 81, 195126 (2010).
31W. Zhu, J. Toulouse, A. Savin, and J. G. Angyén, J. Chem. Phys. 132,
244108 (2010).
32H. Eshuis, J. Yarkony, and F. Furche, J. Chem. Phys. 132, 234114 (2010).
33]. Toulouse, W. Zhu, J. G. Angyan, and A. Savin, Phys. Rev. A 82, 032502
(2010).
3G. Jansen, R.-F. Liu, and J. G. Angyan, J. Chem. Phys. 133, 154106 (2010).
3D, Lu, H.-V. Nguyen, and G. Galli, J. Chem. Phys. 133, 154110 (2010).
36 A, HeBelmann and A. Gorling, Phys. Rev. Lett. 106, 093001 (2011).
YTA. Ruzsinsky, J. P. Perdew, and G. 1. Csonka, J. Chem. Phys. 134, 114110
(2011).
3X. Ren, A. Tkatchenko, P. Rinke, and M. Scheffler, Phys. Rev. Lett. 106,
153003 (2011).
3V. Lotrich and R. J. Bartlett, J. Chem. Phys. 134, 184108 (2011).
0w, Klopper, A. M. Teale, S. Coriani, T. B. Pedersen, and T. Helgaker,
Chem. Phys. Lett. 510, 147 (2011).
41 A, HeBelmann, J. Chem. Phys. 134, 204107 (2011).
42J. F. Dobson, K. McLennan, A. Rubio, J. Wang, T. Gould, H. M. Le, and
B. P. Dinte, Aust. J. Chem. 54, 513 (2001).
43J. E. Dobson, J. Wang, B. P. Dinte, K. McLennan, and H. M. Le, Int. J.
Quantum. Chem. 101, 579 (2005).
443 E Dobson, J. Comput. Theor. Nanosci. 6, 960 (2009).
4SE. A. Sanderson, Phys. Lett. 19, 141 (1965).
4D, L. Freeman, Phys. Rev. B 15, 5512 (1977).
47R. Moszynski, B. Jeziorski, and K. Szalewicz, Int. J. Quantum Chem. 45,
409 (1993).
48A. Szabo and N. S. Ostlund, Int. J. Quantum Chem. S11, 389 (1977).
49A. Szabo and N. S. Ostlund, J. Chem. Phys. 67, 4351 (1977).

Author complimentary copy. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp


http://dx.doi.org/10.1103/PhysRevB.61.16430
http://dx.doi.org/10.1103/PhysRevB.64.195120
http://dx.doi.org/10.1103/PhysRevLett.88.166401
http://dx.doi.org/10.1103/PhysRevB.66.245103
http://dx.doi.org/10.1103/PhysRevB.65.235109
http://dx.doi.org/10.1103/PhysRevB.70.245115
http://dx.doi.org/10.1063/1.1858371
http://dx.doi.org/10.1063/1.1884112
http://dx.doi.org/10.1103/PhysRevA.73.012511
http://dx.doi.org/10.1103/PhysRevLett.96.136404
http://dx.doi.org/10.1063/1.2795707
http://dx.doi.org/10.1103/PhysRevB.77.045136
http://dx.doi.org/10.1063/1.2977789
http://dx.doi.org/10.1063/1.3043729
http://dx.doi.org/10.1103/PhysRevLett.102.096404
http://dx.doi.org/10.1103/PhysRevLett.102.096404
http://dx.doi.org/10.1063/1.3090814
http://dx.doi.org/10.1063/1.3176514
http://dx.doi.org/10.1063/1.3250834
http://dx.doi.org/10.1103/PhysRevB.80.045402
http://dx.doi.org/10.1103/PhysRevLett.102.206411
http://dx.doi.org/10.1103/PhysRevLett.103.056401
http://dx.doi.org/10.1103/PhysRevB.79.205114
http://dx.doi.org/10.1063/1.3250347
http://dx.doi.org/10.1063/1.3250347
http://dx.doi.org/10.1021/ct900518k
http://dx.doi.org/10.1063/1.3299247
http://dx.doi.org/10.1063/1.3290947
http://dx.doi.org/10.1080/00268970903476662
http://dx.doi.org/10.1063/1.3317437
http://dx.doi.org/10.1103/PhysRevB.81.115126
http://dx.doi.org/10.1103/PhysRevB.81.195126
http://dx.doi.org/10.1063/1.3431616
http://dx.doi.org/10.1063/1.3442749
http://dx.doi.org/10.1103/PhysRevA.82.032502
http://dx.doi.org/10.1063/1.3481575
http://dx.doi.org/10.1063/1.3494541
http://dx.doi.org/10.1103/PhysRevLett.106.093001
http://dx.doi.org/10.1063/1.3569483
http://dx.doi.org/10.1103/PhysRevLett.106.153003
http://dx.doi.org/10.1063/1.3570573
http://dx.doi.org/10.1016/j.cplett.2011.04.101
http://dx.doi.org/10.1063/1.3590916
http://dx.doi.org/10.1071/CH01052
http://dx.doi.org/10.1002/qua.20314
http://dx.doi.org/10.1002/qua.20314
http://dx.doi.org/10.1166/jctn.2009.1131
http://dx.doi.org/10.1016/0031-9163(65)90751-1
http://dx.doi.org/10.1103/PhysRevB.15.5512
http://dx.doi.org/10.1002/qua.560450502
http://dx.doi.org/10.1002/qua.560120846
http://dx.doi.org/10.1063/1.434580

084119-8 Toulouse et al.

S0P, Jurecka, J. Sponer, J. Cern}’/, and P. Hobza, Phys. Chem. Chem. Phys. 8,
1985 (2006).

513 Toulouse, F. Colonna, and A. Savin, Phys. Rev. A 70, 062505 (2004).

52y, G. Angyén, I. C. Gerber, A. Savin, and J. Toulouse, Phys. Rev. A 72,
012510 (2005).

S3E. Goll, H.-J. Werner, and H. Stoll, Phys. Chem. Chem. Phys. 7, 3917
(2005).

543, G. Angyan, R.-F. Liu, J. Toulouse, and G. Jansen, “Correlation energy
expressions from the adiabatic-connection fluctuation-dissipation theorem
approach,” J. Chem. Theory Comput. (unpublished).

SSK. T. Tang and J. P. Toennies, J. Chem. Phys. 118, 4976 (2003).

367, Oddershede, Adv. Quantum Chem. 11, 275 (1978).

S7A. D. McLachlan and M. A. Ball, Rev. Mod. Phys. 36, 844 (1964).

38T.-I. Shibuya and V. McKoy, Phys. Rev. A 2, 2208 (1979).

3T.-1. Shibuya and V. McKoy, J. Chem. Phys. 54, 1738 (1971).

90N, Ostlund and M. Karplus, Chem. Phys. Lett. 11, 450 (1971).

OIN. Fukuda, F. Iwamoto, and K. Sawada, Phys. Rev. 135, A932 (1964).

62T Takatani, E. G. Hohenstein, M. Malagoli, M. S. Marshall, and C. D.
Sherrill, J. Chem. Phys. 132, 144104 (2010).

S3MOLPRO, a package of ab initio programs designed by H.-J. Werner and
P. J. Knowles, version 2008.2, F. R. Manby, M. Schiitz et al.

J. Chem. Phys. 135, 084119 (2011)

%E. Goll, H.-J. Werner, H. Stoll, T. Leininger, P. Gori-Giorgi, and A. Savin,
Chem. Phys. 329, 276 (2006).

951. C. Gerber and J. G. Angyan, Chem. Phys. Lett. 415, 100 (2005).

667 P. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev. Lett. 77, 3865
(1996).

7T, H. Dunning, J. Chem. Phys. 90, 1007 (1989).

68 A K. Wilson, T. v. Mourik, and T. H. Dunning, J. Mol. Struct. 388, 339
(1996).

9T. J. Lee and J. E. Rice, Chem. Phys. Lett. 150, 406 (1988).

T0In Ref. 41, AC-RPA, NRPA1, NRPA3, and NRPA4 refer to what we call
here RPAx-I, RPAx-II, RPA-SO2, and RPA-SOI, respectively. In addi-
tion, NRPA2 corresponds to the variant of Fukuda et al., i.e., 2E. rpax-t
— Ecmp2.

7IE. Goll, T. Leininger, F. R. Manby, A. Mitrushchenkov, H.-J. Werner, and
H. Stoll, Phys. Chem. Chem. Phys. 10, 3353 (2008).

T2F, Wang, J. Gauss, and C. van Wiillen, J. Chem. Phys. 129, 064113
(2008).

3T, Helgaker, P. Jgrgensen, and J. Olsen, Molecular Electronic-Structure
Theory (Wiley, Chichester, 2002).

74]. Paldus, J. Chem. Phys. 67, 303 (1977).

7SW. Klopper, Mol. Phys. 99, 481 (2001).

Author complimentary copy. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp


http://dx.doi.org/10.1039/b600027d
http://dx.doi.org/10.1103/PhysRevA.70.062505
http://dx.doi.org/10.1103/PhysRevA.72.012510
http://dx.doi.org/10.1039/b509242f
http://dx.doi.org/10.1063/1.1543944
http://dx.doi.org/10.1016/S0065-3276(08)60240-3
http://dx.doi.org/10.1103/RevModPhys.36.844
http://dx.doi.org/10.1103/PhysRevA.2.2208
http://dx.doi.org/10.1063/1.1675081
http://dx.doi.org/10.1016/0009-2614(71)80382-2
http://dx.doi.org/10.1103/PhysRev.135.A932
http://dx.doi.org/10.1063/1.3378024
http://dx.doi.org/10.1016/j.chemphys.2006.05.020
http://dx.doi.org/10.1016/j.cplett.2005.08.060
http://dx.doi.org/10.1103/PhysRevLett.77.3865
http://dx.doi.org/10.1063/1.456153
http://dx.doi.org/10.1016/0009-2614(88)80427-5
http://dx.doi.org/10.1039/b804672g
http://dx.doi.org/10.1063/1.2968136
http://dx.doi.org/10.1063/1.434526
http://dx.doi.org/10.1080/00268970010017315

