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A simplified singles-and-doubles linegy; corrected coupled-cluster model, denoted CUSL2),

is proposed and compared with the complete singles-and-doublesiipeaupled-cluster method
CCSD-R12. An orthonormal auxiliary basis set is used for the resolution-of-the-identity
approximation to calculate three-electron integrals needed in the lipe#mnsatz. Basis-set
convergence is investigated for a selected set of atoms and small molecules. In a large basis, the
CCSDR12 model provides an excellent approximation to the full linegrenergy contribution,
whereas the magnitude of this contribution is significantly overestimated at the level of second-order
perturbation theory. @005 American Institute of PhysidDOI: 10.1063/1.1850094

I. INTRODUCTION lineart,, terms. It is the purpose of the present article to
identify those(linear and quadratjcterms in the amplitude

The very slow convergence of ground-state energiegquations that can be safely neglected in CC-R12 calcula-

with increasing one-electron basis set and the correspondingbns, in particular, in high-quality basis séésg., quadruple-

increase in computational costs are great disadvantages géta quality or bett@r Indeed, such terms can be identified

coupled-cluster calculations. However, the slow basis-sednd omitted without significant loss in accuracy. Omitting

convergence typical for coupled-cluster calculations can bgnhese terms leads to an approach, denoted GRS$D),

improved significantly by combining the coupled-clusterwhich was proposed in earlier wotk.

model with the linear, Ansatz of Kutzelnigd,to obtain the This CCSOIR12) method has now been implemented in

explicitly correlated linear,, corrected coupled-cluster the pALTON program packadé in the framework of an

(CC-R12 models®™ Unfortunately, calculations with these integral-direct implementation. An orthonormal auxiliary ba-

CC-R12 models are computationally demanding due to thejs set can be used for the resolution-of-the-identity approxi-

large basis sets that are required, and therefore restricted ghation to calculate the three-electron integrals needed in the

rather small moleculegwith up to five atoms®® For calcu-  theory.

lations of larger molecules with, for example, up to 20 at-  The CCSIMR12) model is discussed in Sec. II. Then, in

oms, it is necessary to develop approximate CC-R12 modelsec. Ill, computational details such as employed basis sets,

with (ideally) the same accuracy but against much reducegeometries, and programs are given. Numerical results are

computational cost. presented in Sec. IV, and the article is concluded in Sec. V.
The use of auxiliary basis sets, completeness insertions,

and density-fitting techniques open up possibilities to

achieve this objective, as shown for the MP2-R12 modeI” THEORY

that is, second-order Mgller—Plesset perturbation theory with”

the linearr,, Ansatz:>*® All these approaches aim at im- A. The CCSD-R12 model

proving on the calculation of the necessary many-electron \ve start from the coupled-cluster wave function

integrals. In the present work, however, we aim at construct- R

ing a simplified coupled-cluster model in an attempt to ex-  |CC)=expS)|HF), (1)

tend the application range of CC-R12 calculations. We are in . .
this paper not concerned with the integrals. where the reference state is the Hartree—Fock wave function.

In coupled-cluster calculations with the lineag An- Since we are interested in single-and-double excitations, the

satz, the linear,, terms are treated similar to the regular OPeratorSis defined as
double excitations. Hence, in the amplitude equations, terms S=T +T.+T @)
occur that are linear or quadratic in the amplitudes of the 1rien i

For a closed-shell reference st#itF), the excitation opera-
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TABLE I. Calculated ground-state energiesEp and energy differenceSR12 in nE,,
SCF MP2 AR12MP2)? CCSD AR12(CCSDOR12)P AR12(CCSD-R1%°
Ne aug-cc-pVDZ —128.496 350 —128.703 223 —94.714 —128.706 504 —84.974 —110.250
aug-cc-pvVTZ —128.533 273 —128.805 792 —32.934 —128.807 368 —27.147 —33.741
aug-cc-pvQz —128.543 756 —128.840 999 —15.273 —128.841 514 —11.557 —12.675
aug-cc-pV5Z —128.546 786 —128.854 755 —8.657 —128.853 584 —6.191 —6.417
aug-cc-pV6Z —128.547 062 —128.859 935 —5.665 —128.857 669 -3.914 —3.886
F aug-cc-pvDZz —99.428 282 —99.665 948 —70.608 —99.662 690 —61.350 —77.673
aug-cc-pvTZ —99.450 807 —99.745 879 —23.500 —99.739 301 —18.437 —21.998
aug-cc-pvVQZz —99.457 462 —99.774 407 —10.427 —99.765 819 —7.296 —8.666
aug-cc-pV5Z —99.459 261 —99.785 557 —6.290 —99.774 889 —4.082 —4.455
aug-cc-pv6zZ —99.459 430 —99.789 971 —3.798 —99.778 066 —2.363 —2.543
AR12AMP2)=MP2-R12-MP2.
PAR12CCSDR12)=CCSDR12-CCSD.
°AR12CCSD-R12=CCSD-R12-CCSD.
7,= %g thE. E. @) (1-Py)(L-Poride( L) (2)), (7)
abij

P
Ty=-2 0> I kgl EaiEpj

with

ikl ap

F kgt = (Do(1) Dp(2)|r 11 Bi(1) $1(2)) .

We have used the usual convention that ... denote active
(i.e., correlategoccupied, and, b, ...

into the correlated pair functiorts,

which can be expressed with the help of a complementary
orbital subspacée,} as in Eqs(5) and(6). For Ansatz 1 of

(5) R12 theory, with which we are concerned in this paper, the
orbital subspacég,} consists of all orbitals that are orthogo-
nal to the finite one-electron orbital badigy}. Thus,{#,}
and{¢,} form together a complete basis for the one-electron

(6) Hilbert space. The projection operal%{ onto the finite one-

unoccupiedvirtual)
orbitals. The indiceg, 3, ... are used to denote orbitals of a
complementary subspaceide infra). The operatoiT,, con-
tains a particular form of double excitations, which we de-Note that for Ansatz 1 the R12 contributions vanish in the
note R12 double excitations. These are double excitationsasis-set limit. This is not the case for Ansat#f@ details,
see Ref. 1b For our purposes, it is therefore necessary to

electron orbital basis is defined as

P1= 2 [hp(L{((D)].
p

TABLE II. Calculated ground-state energieskn and energy differenceAR12 in nE,,.

(8)

SCF MP2 AR1ZAMP2)? CcCcsD AR12CCSDR12)° AR12(CCSD-R13°

BH aug-cc-pVDZ —25.126 427 —25.188 800 -11.882 —25.216 240 —7.809 -10.130
aug-cc-pvVTZ —25.130 201 —25.204 590 —4.165 —25.229 381 —2.143 —2.592
aug-cc-pvVQZ —25.131 371 —25.210 004 —2.004 —25.233 103 -0.788 -0.825
aug-cc-pV5Z —25.131 597 —25.211 809 —-1.224 —25.234 054 ~0.426 -0.423
aug-cc-pV6Z —25.131 630 —25.212 557 -0.815 —25.234 365 —0.265 -0.258

HF aug-cc-pVDZ ~ —100.033466  —100.255 737 ~76.612 —100.259 446 —66.485 —86.390
aug-cc-pVTZ  —100.061069  —100.340 865 —26.893 —100.342 043 —20.966 —25.315
aug-cc-pvQZ  —100.068559  —100.369 758 —12.308 —100.369 101 -8.676 —09.480
aug-cc-pV5Z ~ —100.070573  —100.380 557 —7.004 —100.378 040 —4.644 —4.754
aug-cc-pv6Z  —100.070770  —100.384 701 —4.550 —100.381 087 —2.907 —2.880

N, aug-cc-pvDZ ~ —108.960650  —109.214 291 —136.280 —109.280 460 —60.882 —82.316
aug-cc-pVTZ  —108.984 698  —109.364 163 —24.017 —109.361 574 ~17.306 —22.644
aug-cc-pvQZ  —108.991558  —109.393 288 —11.244 —109.386 793 —6.950 —7.682
aug-cc-pV5Z  —108.992959  —109.403 739 —6.524 —109.394 586 —3.741 -3.801
aug-cc-pV6Z  —108.993135  —109.407 910 —4.432 —109.397 297 —2.421 —2.390

co aug-cc-pVDZ ~ —112.754691  —113.053 968 —74.152 —113.060 979 -62.301 -81.893
aug-cc-pVTZ  —112.781433  —113.142172 -26.125 —113.144 520 —~19.169 —23.372
aug-cc-pvVQz  —112.789036  —113.172824 -12.177 —113.171 610 —7.772 -8.361
aug-cc-pVsZ ~ —112.790658  —113.183 877 —7.059 —113.180 060 -4.176 —4.207
aug-cc-pv6Z  —112.790848  —113.188 297 —4.630 -113.183 008 -2.614 —2.580

®AR12MP2)=MP2-R12-MP2.
PAR12CCSDOR12)=CCSOR12-CCSD.
°AR12(CCSD-R12=CCSD-R12-CCSD.
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TABLE IIl. Calculated ground-state energiesHy and energy differenceAR12 in nE;,.

SCF MP2 AR12MP2)? ccsb AR12CCSDR12)" AR12CCSD-R1%°
H,0 aug-cc-pvVDZ ~ —76.041428  —76.260 765 —60.493 ~76.268 534 —50.559 —65.058
aug-cc-pvTZ ~ —76.060613  —76.328 958 ~20.991 ~76.333 665 ~15.362 -17.877
aug-cc-pvVQzZ  —76.066001  —76.351913 -9.651 —76.354 214 -6.278 —6.670
aug-cc-pVsZ  —76.067321  —76.360 225 —5.412 —76.360 648 -3.295 -3.318
aug-cc-pV6Z  —76.067462  —76.363417 —3.514 ~76.362 813 —2.058 —2.032
NH; aug-cc-pVDZ ~ —56.205440  —56.404 695 —46.418 -56.419 711 -37.357 —48.294
aug-cc-pVTZ ~ —56.220384  —56.460 537 ~15.367 —56.472 206 —10.444 —11.864
aug-cc-pVQZ  —56.224035  —56.477 772 ~7.156 —56.486 781 —4.246 —4.405
aug-cc-pV5Z  —56.224917  —56.483 825 ~4.020 —56.490 314 ~3.042 -3.032
aug-cc-pV6Z  —56.225022  —56.486 175 —2.644 —56.492 044 -1.950 -1.922
CH, aug-cc-pvVDZ ~ —40.199598  —40.367 327 —35.547 —40.390 626 —27.477 —35.980
aug-cc-pVTZ ~ —40.213666  —40.414 459 —11.206 —40.434 357 ~7.051 -8.119
aug-cc-pVQZ  —40.216298  —40.427 402 —5.145 —40.444 722 -2.787 —2.908
aug-cc-pV5Z  —40.217005  —40.431 896 —2.956 —40.447 765 —1.489 —1.474

AAR12MP2)=MP2-R12-MP2.
PAR12CCSDOR12)=CCSOR12-CCSD.
°AR12ACCSD-R12=CCSD-R12-CCSD.

introduce a modified Ansatz 2 where the R12 amplitudes ar8. Similarity-transformed operators
orthogonal to the conventional coupled-cluster excitation

. ) . We assume canonical Hartree—Fock orbitals and parti-
manifold. Hence, we define for Ansatz 2 the correlated pair. he Hamiltonian i h | Fock 3
function as recently proposed by Valédy, tion the Hamiltonian into the many-electron Fock operdtor

the fluctuation potentiaﬁ), and the nuclear repulsion term

hnuo

[(1-0)(1 -0y ~ VaValrid (1) 1(2)). (9) Cirdan w

Using this modified Ansatz 2, the R12 contributions vanish” Similarity transformation of these operators then yields
in the basis-set limit, as is the case for AnsatzOl.is a

NS _ _QL Q) = S+ HS
projection operator onto the subspace of all occupied mo- H”= exp(= SH exp(S) = 7+ D=+ hn, (13
lecular orbitals(active and frozep while V, is a projection s non - R na -
operator onto the space spanned by the virtual orbitals, fS=exp-9fexp§ = e, t, 7, +[[,Tx]+f, (14
m
O, = 2 |4(1(ei(D, (10) DS=exp- 9D exp(S). (15)
i

Energy differences between the occupied and virtual orbitals

are denoted as, and the coupled-cluster amplitudes

A are written ast, . For future use(vide infra), we also
Vi =2 [a(D(ba(1)]. (1) mo—
a

introduce the operatoi,

TABLE IV. Calculated ground-state energy contributions frﬁm 'i'z, and'AI'ZV in mE;,

CCSDOR12 CCSD{R12

E(Ty, Ty E(T2) AR12 E(Ty, T E(T2) AR12 Eccsp~Escr

Ne aug-cc-pvDZ —204.693 —90.435 —84.974 —202.910 —117.494 —110.250 —210.154
aug-cc-pvTZ —271.103 —30.138 —27.147 —270.346 —37.489 —33.741 —274.095
aug-cc-pvQz —295.924 —13.391 —11.557 —295.752 —14.681 —-12.675 —297.758
aug-cc-pV5Z —305.614 —-7.376 —-6.191 —305.573 —7.644 —-6.417 —306.799
aug-cc-pV6Z —309.777 —4.744 —-3.914 —309.784 —4.709 —3.886 —310.607

F aug-cc-pvDZ —229.019 —66.739 —61.350 —227.444 —84.636 —77.673 —234.408
aug-cc-pVTZ —285.832 —21.099 —18.437 —285.284 —25.209 —21.998 —288.494
aug-cc-pvQz —306.817 —8.836 —7.296 —306.534 —10.490 —8.666 —308.357
aug-cc-pV5Z —314.575 —-5.134 —4.082 —314.481 —5.602 —4.455 —315.628
aug-cc-pv6zZ —317.966 —-3.032 —2.363 —-317.915 —3.264 —2.543 —318.636
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TABLE V. Calculated ground-state energy contributions fr%m‘i’z, and'Al'zy in mE;,

CCSOR12 CCSD-R12

E(T1, To) E(Ty) AR12 E(T,, Ty E(T2) AR12 EccsoEscr

BH aug-cc-pVDZ —87.678 -9.944 —7.809 —87.107 -12.836 —10.130 —89.813
aug-cc-pVTZ -98.262 —3.060 -2.143 —98.076 —3.696 —2.592 -99.180
aug-cc-pvVQZ -101.236 -1.284 -0.788 —-101.216 -1.341 -0.825 -101.733
aug-cc-pV5Z —102.146 -0.737 —0.426 —102.148 -0.732 -0.423 —102.457
aug-cc-pVez —102.258 —-0.474 —0.265 —-102.532 —0.461 —0.258 —-102.735

HF aug-cc-pVDZ —220.264 —72.201 —66.485 —218.383 —93.987 —86.390 —225.980
aug-cc-pvVTZ —277.929 —24.012 —20.966 —277.276 —29.013 —25.315 —280.974
aug-cc-pvVQZ —298.773 —10.446 -8.676 —298.614 —11.408 —9.480 —300.542
aug-cc-pV5Z —306.348 —5.763 —-4.644 —306.324 —5.897 —-4.754 —307.467
aug-cc-pVeZz —309.549 -8.674 —2.907 —309.557 -3.639 —2.880 —310.316

N, aug-cc-pvVDZ —312.546 —68.146 —60.882 —310.007 -92.119 —82.316 —319.810
aug-cc-pvVTZ —373.360 —20.822 —17.306 —372.286 —27.234 —22.644 —376.876
aug-cc-pvVQZ —393.165 —9.020 —6.950 —392.952 —-9.965 —7.682 —395.235
aug-cc-pVsZ —400.331 —5.037 —-3.741 —400.313 -5.115 —3.801 —401.627
aug-cc-pvVez —403.243 -3.339 2421 —403.257 -3.294 -2.390 —404.161

co aug-cc-pvVDZ —299.236 —69.353 —62.301 —-297.011 -91.170 —81.893 —306.288
aug-cc-pVTZ —359.487 —22.769 -19.169 —358.724 -27.735 -23.372 —363.087
aug-cc-pvQz —380.465 -9.881 —-7.772 —380.317 -10.618 —8.361 —382.573
aug-cc-pV5Z —388.068 —5.510 -4.176 —388.062 —5.547 —4.207 —389.402
aug-cc-pVez —391.244 -3.529 —-2.614 —391.259 —3.480 —2.580 —392.159

(A;: expl— :rl _ :rz)(i) exp(?l + %2)’ (16) of the similarity-transformed Hamiltoniad® defined in Sec.

II B, the full linear+,, singles-and-doubles coupled-cluster
which is obtained from a similarity transformation of the equations, denoted CCSD-R12, take the following form:
fluctuation potential, but restricted to the conventional

single-and-double excitation operatdrsand T,. E:(HF|I:|S|HF> 17)

C. CCSD-R12 equations for the energy, and

In Secs. Il A and 1l B we have presented the fundamen-
tal equations of CC-R12 theory. We shall now have a closer <,u1|I:IS|HF> e t + <,u1|<i>S|HF> =0, (18)
look at the CCSD-R12 model in order to arrive at the i
CCSOR12 equations.

As common in coupled-cluster theory, we employ a pro-

jection technique to solve the Schrédinger equation. In terms (uo HIHF) = Eulu, (12 PIHF) =0, (19

TABLE VI. Calculated ground-state energy contributions frﬁm 'Al'z, and‘T'Z, in mE,,.
CCSDR12 CCSD-R12

E(Ty, Ty E(T2r) AR12 E(T,, Ty E(T2r) AR12 EccspoEscr

H,0 aug-cc-pvDZ —221.481 —56.184 —50.559 —219.735 —72.430 —65.058 —227.106

aug-cc-pvVTZ —270.192 —18.222 —15.362 —269.714 —21.215 —17.877 —273.052

aug-cc-pvQz —286.597 —7.895 —6.278 —286.500 —8.383 —6.670 —288.213

aug-cc-pVv5Z —292.341 —4.281 —3.295 —292.336 —4.309 —3.318 —293.328

aug-cc-pVvVeZz —294.683 —2.726 —2.058 —294.692 —2.691 —2.032 —295.350

NH; aug-cc-pvDZ —209.154 —42.474 —37.357 —207.565 —54.999 —48.294 —214.271

aug-cc-pvTZ —249.370 —12.895 —10.444 —249.036 —14.650 —11.864 —251.822

aug-cc-pvQz —261.386 —5.607 —4.246 —261.339 —5.813 —4.405 —262.746

aug-cc-pV5Z —265.397 —3.042 —3.042 —265.402 —3.026 —3.032 —265.397

aug-cc-pvez —267.011 —1.961 —1.950 —267.022 —1.922 —1.922 —267.022

CH, aug-cc-pvDZ —186.548 —31.957 —27.477 —185.122 —41.886 —35.980 —191.028

aug-cc-pvVTzZ —218.684 —9.057 —7.051 —218.375 —10.435 —8.119 —220.691

aug-cc-pvQz —227.358 —3.853 —2.787 —227.315 —4.018 —2.908 —228.425

aug-cc-pV5Z —230.114 —2.134 —1.489 —230.122 —2.112 —1.474 —230.760
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TABLE VII. Calculated ground-state energiestp and energy differences in By using a 1814p8d6f4g3h2i basis(9s6p4d3f2g for H).

SCF MP2 AR12MP2)? ccsb AR12CCSDR12)" AR12CCSD-R17°
HF —100.070 779 —100.385 261 ~5.208 —100.381 539 -3.201 ~3.226
H,0 ~76.067 391 ~76.363 531 ~4.330 ~76.362 936 —2515 —2.457
CH, —100.070 779 —39.049 673 -2.177 —39.070 636 -0.968 -0.939
F, —198.773 806 —199.375 405 ~9.617 —199.368 727 -6.076 —5.968
N, —108.992 934 —109.408 683 ~5.279 —109.397 732 —-2.875 —2.804
CH, —198.773 806 —40.433 215 —2.802 —40.448 575 ~1.365 -1.323
HCN ~92.915 579 -93.297 521 —4.794 —93.292 702 —2.484 —2.412
HNC —92.900 156 —93.269 223 —4.770 —93.269 609 —2.475 —2.404
NH —92.915 579 —56.485 916 —3.480 —56.492 476 ~1.849 -1.802
co —112.790 636 -113.189 124 —5.515 —113.183 500 ~3.092 —3.017
co, —187.725 049 —188.401 612 -9.537 -188.378 721 —5.557 —5.429
CoH, —112.790 636 —77.196 391 —4.250 —77.200 098 —2.074 —2.008

a\R12AMP2)=MP2-R12-MP2.
PAR1ACCSDR12)=CCSOR12-CCSD.
°AR12(CCSD-R13=CCSD-R12-CCSD.

HSHF) = (uyr|[, T ] + PSHF) = 0 (20)  of higher order inT,, and contribute only very little to the

energy, and whose integrals can only—unless a very large
for the amplitude equationg.; and u, are the conventional pasis is used—be computed in an inaccurate, crude manner
single-and-double excitations in the Hartree—Fock sfire by inserting various completeness relations. Thus, for Ansatz
details, see Ref. 20while the double excitations in the R12- 1, we do not change the projections onto the standard exci-
space are defined as tation manifold of singles and doubles, but focus on the pro-
-3 fkam(?_ﬂ. (21) jection onto the R12 doubles. The projection onto the R12

ap

<,U~2'

(2 doubles of Ansatz 1, given by E(O), is

with the projection manifoltf

(] =3+ 2P, (22

(o |[F,To ]+ PIHF) =0, (24

In analogy to the C@& models[e.g., CC2(Ref. 21) and CC3
<Ufjﬁ| :<HF|ELiELJ- (23)  (Refs. 22 and 23, we simplify this equation by restricting

he similarity transformation of the fluctuation potential to

Note that no approximations or truncations are invoked up t‘%he standard single-and-double excitations. In ©4). the
this point, except that we restrict the opera®to contain  g,.4,ation potential is transformed with the standard singles

only single-and-double excitations. and doublesas well asthe R12 doubles. In the CC$R12)
model, we omit the R12 doubles in this transformation, be-
D. The CCSD(R12) model cause we regard the R12 doubles as being of higher order

We shall now derive the CCSB12) model. Our moti- than the standard singles and doubles. Hence, the
vation is to avoid terms in the amplitude equations which areaCCSD(R12) model is obtained by replacing the operadot

TABLE VIII. Calculated ground-state energies fij and energy differences iny using a 1814p8d6f4g3h2i basis(9s6p4d3f2g for H).

ccsoT] ARIACCSOT](R12)®  AR12CCSOT]-R12° ccsnT) ARI2CCSOT)(R12)°  AR12CCSDT)-R12)¢

HF  —100.390 605 ~3.253 —3.189 —100.390 267 —3.259 ~3.194
H,0 —76.372 998 —2.477 —2.421 —76.372 703 —2.480 —2.424
CH, —39.076 365 -0.947 -0.919 —39.076 255 -0.947 -0.919
F, —199.392197 —5.990 ~5.884 —199.391 333 ~5.996 —5.890
N, —109.419799 -2.810 —2.741 —-109.418 895 —2.809 —2.740
CH, —40.456 007 —1.344 -1.304 —40.455 763 —-1.342 -1.302
HCN —93.313 789 —2.420 —2.351 -93.312 928 —2.420 -2.351
HNC —93.290 147 —2.412 -2.343 —93.289 213 —2.414 —2.345
NH —56.501 961 -1.819 -1.773 —56.501 712 -1.818 -1.772
CO  —113.204 364 -3.022 —2.949 —113.202 965 -3.031 —2.958
CcCo, —188.413821 —5.440 ~5.316 -188.411 613 —5.453 -5.328
CH, —77.219 171 -2.018 -1.954 —77.218 507 —-2.017 -1.953

JAR12CCSOT](R12)=CCSOT](R12-CCSOT].
PAR12CCSOT]-R12=CCSOT]-R12-CCSIT].
°AR12CCSDT)R12=CCSOT)R12-CCSOT).

dAR12CCSDT)-R12=CCSOT)-R12-CCSOT).

Downloaded 07 Apr 2005 to 141.52.232.84. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



084107-6 Fliegl, Klopper, and Hattig J. Chem. Phys. 122, 084107 (2005)

TABLE IX. Calculated AR12 contributions in m, using a TABLE XI. Calculated AR12 contributions in &, using a

19s14p8d6f4g3h2i auxiliary basis. 19s14p8d6f4g3h2i auxiliary basis(9s6p4d3f2g for H).
AR12MP2)? AR12CCSOR12)" AR12MP2)? AR12(CCSDR12)°
Ne aug-cc-pvDzZ —45.753 —38.618 H,O aug-cc-pvDzZ —31.688 —23.968
aug-cc-pvVTZ —20.423 —15.784 aug-cc-pVTZ —-14.175 —9.551
aug-cc-pvQz —10.051 —7.326 aug-cc-pvQz —7.237 —4.521
aug-cc-pVv5Z —7.551 —5.305 aug-cc-pV5Z —5.000 —2.988
aug-cc-pvez —6.363 —4.376 NH3 aug-cc-pvDZ —26.459 —18.747
F aug-cc-pvDZ —35.008 —27.324 aug-cc-pVTZ —11.464 —7.085
aug-cc-pVTZ —14.665 —10.291 aug-cc-pvQz —5.854 -3.331
aug-cc-pvQz —8.223 —5.416 CH, aug-cc-pvDZ —23.057 —15.248
aug-cc-pVv5Z —5.591 —3.538 aug-cc-pvTZ —9.308 —5.241
aug-cc-pVvV6Z —-4.411 —2.724 aug-cc-pvQz —4.751 —2.460
®AR12MP2)=MP2-R12-MP2. AR12AMP2)=MP2-R12-MP2.
PAR12ACCSDR12)=CCSOR12)-CCSD. PAR12CCSOR12)=CCSOR12)-CCSD.

defined in Eq(9), the R12 corrections to the energy and the
R12 part of the wave function vanish in the limit of a com-
plete orbital basis set.

A comment is in order concerning tlimodified Ansatz
2. In this Ansatz, a term quadratic iy, contributes in the
full CCSD-R12 approach to the standard doubles equations,

(pol[[H,To], T2 IHF) # 0. (27)

(26) We suggest to neglect this term, which is quadratic in the
o R12 doublesT,/, in the CCSBR12 model, in addition to
thereby revealing the commutators[®,T,] and those terms skipped in the R12 doubles equations. Concern-
PPN _ ing noniterative corrections for connected triples, such as in
[P, T,],To] that are omitted. As these are commutators, . CCSDT) and CCSIHT] models, we note at this point

the size extensivity of the explicitly correlated coupled- it there are no R12 contributions to the triples in Ansatz 1.
cluster model is conserved. The neglected terms contnbutq_ience, the calculation of the triples correction can be per-

respectively, inO(T5,) and O(T3,) to the energy. In reason- formed using the standard singles and doubles amplitudes.

ably large orbital basis sets these corrections should be negnsatz 2 is more complicated, because in this caseTthe

ligible. Note that with Ansatz 1, and also with Ansatz 2 asamplitudes contribute to the equations defining the triples
amplitudes. In CCS[)-R12, for instance,

in Eq. (24) by the operatoﬁ) that was defined previously
[Eq. (16), vide suprd. This yields

(o |[F, T ]+ DIHF) = 0. (25)
If we rewrite Eq.(24) using the operatoﬁ), it takes the form

(,U«2'|[%,:r2'] + S"' [‘i_),:rz'] + %[[&:,1’2,],1'2,]|HF> =0,

TABLE X. Calculated AR12 contributions in &, using a

19s14p8d6fagah2i auxiliary basis(9s6p4daf2g for H). (ugl[f, T3] +[®,T,] +[®, T, ]HF) = 0. (28)
AR12MP2)? AR12CCSDR12)° We propose to neglect the contribution [, T,/] to the

B aUg-0CpVDZ o1a1 aom1 triple§ amplitude equati(_)ns in_ CC$D(R12), sinpe this
aug-cepvTZ _ 4:077 _ 1:563 term is expecte_d to cont.nbute little to the corre_lauon energy
aug-co-pvQz —2183 _0748 but would considerably increase the computational costs.
aug-cc-pv5Z —1.385 —0.453
aug-cc-pvez -1.279 —0.416

HE aug-cc-pvDZ _38.409 30815 IIl. COMPUTATIONAL DETAILS
aug-cc-pvTZ —17.229 —12.503 All CC-R12 calculations were carried out with Ansatz 1
aug-ce-pvQZz ~8.630 —5853 and in the standard approximatidh of R12 theory. The
aug-ce-pVSZ ~6.249 —4.066 CCSOR12) results presented in Tables |-l were obtained
aug-cc-pVv6zZ —5.446 —3.436 . 18 i n;r4 . .

N, aug-copVDZ  —101.520 97809 with the DALTON 5c_)2r7D||:e<:<:R12 osprogrant” using aug-cc
aug-co-pvTZ _17527 _11.244 pVXZ basis sets the that in these calculqtmns, _the
aug-cc-pvQzZ _8.875 5207 same aug-cc-pVXZ basis was used both as orbital basis and
aug-cc-pV5Z —6.400 3596 as auxiliary basis. This was done to be able to compare the

co aug-cc-pVDZ —40.264 —29.795 CCSDOR12) results with the results from the full CCSD-R12
aug-cc-pVTZ ~ —18.627 ~12.223 model as implemented in theRccR12-0sprogram?* It is
aug-cc-pvQZ —-9.657 -5.833 not possible to use an auxiliary basis in th&®RCCR12-0s
aug-cc-pVsZ —6.820 —3.947 program. The geometries of the molecules investigated in

FAR1AMP2)=MP2-R12-MP2. Tables I-lll correspond to experimental data. See Ref. 28 for
PAR12ACCSDR12)=CCSDR12)-CCSD. N,, BH, HF, and CO; see Ref. 29 for,B, Ref. 30 for NH;
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MP2-R12 —a&—
CCSD(R12) —@—
CCSD-R12 @

FIG. 1. Calculated\R12 contributions for Ne in i,
plotted using a double logarithmic scale.

10.000 -

Calculated energy in millihartree

D T Q 5 6
Cardinal number of aug-cc-pVX basis set

and Ref. 31 for CH. Only the valence electrons were corre- each CCSIR12) iteration, computational work related to
lated. The calculated contributions from the coupled-clustethe R12 part is done that depends either only on the number
amplitudes denoted aB(T;,T,) and E(T,) are listed in Of occupied orbitals or that scales not worse thai®.
Tables IV=VI. The full CCSD-R12 approach is computationally more
For the results presented in Tables VII and VIII, the demanding than CCSR12). For example, an intermediate
geometries of the investigated molecules were optinifzad ~ called Zii® is precomputed in thelRCCR12-0sprogram in
the CCSDT)-R12 level by computing a number of grid O(n®N*) operations. We note, however, the following: First,
points (at least five per degree of freedpm@round the ana- Noga and Va"rOﬁ have pointed out that this noniterative
lytically optimized CCSDT)/cc-pV6Z equilibrium geom- O(n°N%) step can be avoided by recomputing the corre-
etries taken from Ref. 33. Again, only the valence electrongponding contributions in each iteration @(n°N?) opera-
were correlated. All data in Tables VII and VIII were com- tions, or by neglecting those quadratic terms in the R12
puted with the DIRCCR12-0S progran?4 in the doubles equations that depend on bdttandT,,. In Ref. 5,
19s14p8d6f4g3h2i basis(9s6p4d3f2g for H) of Ref. 15. the neglect of these terms was denoted approximasion
The CCSDR12) results using the auxiliary basis set Second, in typical accurate CC-R12 calculations, the orbital
(19s14p8d6f4g3h2i/9s6p4d3f2g) of Ref. 15 are presented and auxiliary basis sets are much larger than the number of
in Tables IX—XI. These were carried out with timaLTON occupied orbitals, and under such circumstances, the work in
program:® each iteration related to the R12 terms is negligible com-
CCSD(R12) calculations are carried out as follows. Prior pared with the standard CCSD work, which scales1a¢*
to iteratively solving the CCS{R12) equations, we compute (andn®N®). This applies to our CCS[R12) model as well as
and transform integrals i©O(nN*) and O(n’N?) floating-  to the full CCSD-R12 approach. The most important advan-
point operations, where is the number of occupied orbitals tage of the CCS[R12 model is not so much the direct
and N the size of the orbitalor auxiliary) basis. Then, in  savings in computing time but rather the fact that fewer and

100.000 MP2-R12 —2—
CCSD(R12) —e-
CCSD-R12 —&-

FIG. 2. Calculated\R12 contributions for B in mE;,
plotted using a double logarithmic scale.
10.000 -

Calculated energy in millihartree

D T Q 5 6
Cardinal number of aug-cc-pVX basis set
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100.000 dl
N MP2-R12 —a—
3 CCSD(R12) —e—
% CCSD-R12 ~-g--
[
[
€
£
£
£
=3
2 FIG. 3. Calculated\R12 contributions for HF in 1;,
§ 10.000 1 plotted using a double logarithmic scale.
©
2
[
()
D T Q 5 6

Cardinal number of aug-cc-pVX basis set

less problematic insertions of the resolution of the identityhigher, the differences between the CGBD2) and CCSD-
are required than for the full CCSD-R12 approach.R12 models decrease rapidly. As anticipated, the commuta-

The CCSDR12 model therefore holds promise for signifi- P S~ on . .
cant savings in computing time, because f@ixiliary) tors [®,T,] and[[®,T], Tx] can be neglected in a basis

basis sets can be chosen smaller than for the CCSD-REE! of this quality for the investigated atoms and molecules.

a In Tables I-Il, theAR12 contributions are listed. These
pproach. . .

are the energy differences between the conventional models
IV. RESULTS AND DISCUSSION and the corresponding R12 models. Generally, the

| q ¢ q lecul first | AR12(CCSD-R12 contribution is larger than
tForta tshe ectef set o ato;ntsh ancor(nsgnlez)cu eZ' ggsl[r)St 'n'ARlzCCS[IRlz)), but the opposite is observed for the aug-
vestigate the periormance ot the an " cc-pV6Z basis. It seems that the simplified CGRD2)

R12 models in aug-cc-pVXZ basis sets with X=D, T, Q, 5, . .
and 6. The corresponding results are presented in Tablensm(:eflb ot\_/erest:matets tshomgawhat t?f_ rTlagmtude of the R12
I-11l. The general trends, observed for all systems, are gegoninbutions close fo the basis-set imit. )

Next, we compare the R12 correction as obtained at the

picted in Figs. 1-3. . . .
The improved convergence with R12 terms in Compari_CCSHRlz) level with the corresponding correction at the

son with the conventional CCSD model is clearly seen. FofMP2-R12 level. In previous work, we have proposed the
basis sets of triple-zeta quality or lower, the results of thesO-called MP2-limit correction, which consists of adding
CCSDR12 model are significantly different from those of R12 corrections as obtained at the MP2-R12 level to conven-
the CCSD-R12 model. The omitted terms are not negligiblgional coupled-cluster energisWe observe in the present

in a small basis. Nevertheless, the CGRID2) correlation work that this MP2-limit correction seems appropriate in
energies are in any case lower than those of the conventionamall basis sets but inappropriate in larger sets. At the MP2-
CCSD approach. In basis sets of quadruple-zeta quality drR12 level, the magnitude of the basis-set incompleteness cor-

MP2-R12/aux —a—
MP2-R12 —o—
CCSD(R12)/aux ~-&--
CCSD(R12) ~-o--
CCSD-R12 —e—

100.000 g

FIG. 4. Calculated\R12 contributions for Ne in &,
using a 1814p8d6f4g3h2i basis as auxiliary basis,

plotted using a double logarithmic scale.
10.000 1

Calculated energy in millihartree

.
o,
o —
-
~—.

D T Q 5 6
Cardinal number of aug-cc-pVX basis set
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100.000 MP2-R12/aux —&—
MP2-R12 &

g CCSD(R12)/aux &~
2 CCSD(R12) =~~~
2 CCSD-R12 —e—
.E
£
% FIG. 5. Calculated\R12 contributions for N in mE;,
3 using a 1814p8d6f4g3h2i basis as auxiliary basis,
3 plotted using a double logarithmic scale.
ki
3 10.000 -
[
o

.
g

Cardinal number of aug-cc-pVX basis set

rection is overestimated significantly in a large basis. In parboth models, but the differences are not systematic. The re-
ticular in the highly accurate aug-cc-pV5Z and aug-cc-pV6Zsults get closer tEq-csp— Escre With increasing basis sets.
basis setsAR12MP2-R12 is often more than a factor of 2 gi4rting with quadruple-zeta basis sets, E{&;,T,) contri-
larger than the R12 correction calculated by the CGRL2) butions of the CCSIR12 model are nearly identical with

or CCSD-R12 aproaches. Since the R12 correction is a mea- A .
sure for the basis-set error in a conventional coupled-clustdf©Se Of the CCSD-R12 mode(T/) decreases rapidly for
calculation, these results imply that the basis-set error ol@rger basis sets for all investigated cases. For quadruple-zeta

highly correlated method.g., CCSD or CCS{T)] can be  basis sets, the differences between CGSI2) and CCSD-
approximated by an MP2-correction only for small basis set§t12 are below one B, for the investigated molecules, and
(up to about triple-zeta qualitybut that such estimates will they decrease quickly with inceasing quality of the orbital
fail completely for more accurate basis sets. This observatiohasis.
supports the use of different extrapolation formulas for MP2  In Tables VII and VIII, a comparison of ground-state
and coupled-cluster calculatioffs. energies of different molecules and models close to the basis-
A comparison between the energy contributions fromset limit is presented. Here, the behavior of the approximate
the T, and T, (E(T¢,T,)) and theT,, amplitudes(E(T»)) is  (R12) treatment of the R12 doubles is investigated in con-
given in Tables IV-VI, together with th&R12 contributions  nection with perturbative corrections for connected triple ex-
of the CCSDR12 and CCSD-R12 models. The conven- citations. As expected, the total energies obtained with the
tional CCSD correlation energy is given &csp~Esce  approximate(R12 models are below those of the -R12
The results forE(T,, T,) are not identical with the conven- methods. The differences are in the order of orig,that is,
tional correlation energy. They are smaller due to the counegligible.
pling with 'Arz/. E(1A'2,) is consistently larger thaAR12 for In Tables IX—XI, the same set of molecules as in Tables

100.000 -

MP2-R12/aux —&—
MP2-R12 —o—
CCSD(R12)/aux -
CCSD(R12) ~-o--
CCSD-R12 ~~4—

OO
i

FIG. 6. Calculated\R12 contributions for HF in r;,
using a 1814p8d6f4g3h2i basis(9s6p4d3f2g for H)

as auxiliary basis, plotted using a double logarithmic
scale.

10.000 -

Calculated energy in millihartree

D T Q 5 6
Cardinal number of aug-cc-pVX basis set
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I-Ill is investigated using a X14p8d6f4g3h2i basis ;W- Kutzelnigg, Theor. Chim. Acte68, 445(1985.

(9s6p4d3f2g for H) as auxiliary basis. Since it is not pos- fig'\é%ga’ W. Klopper, and W. Kutzelnigg, Chem. Phys. L9, 497
sible to perform the same calculations with tblacc_Rlz-os 33 Noéa and W. Kutzelnigg, J. Chem. Phyi01, 7738(1994).

program, we cannot compare these results with the full“J. Noga, W. Klopper, and W. Kutzelnigg, Recent Advances in Compu-
CCSD-R12 model. However, if we compare with the tational Chemistry edited by R. J. BartlettWorld Scientific, Singapore,

_ : TR 1997 \ol. 3, pp. 1-48.
results from Tables |-, it appears that tAdR12 contribu 53, Noga and P. Valiron, Chem. Phys. LeB24 166 (2000

tions from the MP2-R12 and the CC8R12) calculations  s; Noga and P. Valiron, i€omputational Chemistry: Reviews of Current
are considerably smaller than those contributions that Trends edited by J. LeszcynskWorld Scientific, Singapore, 2002vol.

were obtained in calculations where the orbital basis was,’: PP- 131-185.

o - - . W. Klopper and J. Noga, irExplicitly Correlated Wave Functions in
used as auxiliary basis. Thus, by virtue of error cancellation, oo i and Physicsedited by J. RychlewskiKluwer, Dordrecht,

the CCSOR12 method without auxiliary basis yields 2003, pp. 149-183.
lower correlation energies than the corresponding methodJ. Noga, P. Valiron, and W. Klopper, J. Chem. Phga5 2022(2001; J.

that utilizes an auxiliary basis. This trend is illustrated in Chem. Phys.117 2989(2002.
W. Klopper and J. Noga, ChemPhysChetn32 (2003.

Figs. 4-6. 1% F. Valeev, Chem. Phys. LetB95, 190 (2004).
EF. R. Manby, J. Chem. Phyd19 4607 (2003.
A. J. May and F. R. Manby, J. Chem. Phyk21, 4479(2004).
V. CONCLUSIONS 135 Ten-no and F. R. Manby, J. Chem. Phy49 5358(2003.

14,
. S. Ten-no, J. Chem. Phy421, 117 (2004).
Alinear+,, coupled-cluster model, denoted COB02), 15y jopper and C. C. M. Samson, J. Chem. Phys6 6397 (2002

has been proposed. A comparison with the full CCSD-R128y, Kiopper, J. Chem. Phys120, 10890(2004.
approach shows that in a large ba&jsadruple-zeta quality *'W. Klopper, inHigh Accuracy Potentials for Quantum Dynami3ol-

or bettej the differences between the CC&t12) and laborative Computational Project on Molecular Quantum Dynamics
CCSD-R12 methods are insianificant. In a small basis (CCP#, edited by A. Miani, J. Tennyson, and T. van MoutRaresbury
9 : Laboratory, UK, 2008 pp. 8-13.

(triple-zeta quality or legsthe differences are larger, but also 1. Helgaker, H. J. Aa. Jensen, P. Jgrgenseml, pALTON, a molecular
in these basis sets we prefer the CGRI2) model over the electronic structure program.

P ) ; ; W. Klopper, W. Kutzelnigg, H. Miller, J. Noga, and S. Vogtner, Top. Curr.
original CCSD-R12 method, because the implementation of Chem. 203 21 (1999,

the CCSDR12) equations involves less comple_teness iNSer<or peigaker, P. Jargensen, and J. Olsolecular Electronic-Structure
tions than the CCSD-R12 model. In a small basis, these com-Theory(Wwiley, Chichester, 2000

pleteness insertions may be inaccurate, and should bzé?ég;ristiansen, H. Koch, and P. Jagrgensen, Chem. Phys. 24%.409
. . . . . 1 .
avoided if possible. In large basis sets, we have obtame@bo_ Christiansen, H. Koch, and P. Jargensen, J. Chem. P&, 7429

CCSDOR12) energies that are slightly lower than the energies (1995,

from the CCSD-R12 model. 4. Koch, O. Christiansen, P. Jargensen, A. Sanchez de Meras, and T.
For smaller basis sets, one might wish to estimate thg“JHell\?gkzr'v\:/' i?()em;h_ly_/agg fk%?(lfngdnb Valiramrccri2-0s a direct

CCSD-R12 energy by adding theR12MP2-R12 correc- C.CSIJQT;-R:.LZ prggra;n.' gaxer, :

tion to the conventional CCSD result. However, this ap-2r A Kendall, T. H. Dunning, Jr., and R. J. Harrison, J. Chem. Pgs.

proach, denoted MP2-limit correction in the literatdte,  6769(1992.

. . . . 26 H : H
overestimates the magnitude of the R12 correction in largerA: K. Wilson, T. van Mourik, and T. H. Dunning, Jr., THEOCHE8§,
basis sets, starting with the quadruple-zeta level. Addin 7339(1997)'
! 9 q P : 97Basis sets were obtained from the Extensible Computational Chemistry

MP2 basis-set corrections to conventional CCSD results cangnvironment Basis Set Database, Version 10/21/03, as developed and dis-
fail completely. It is much more reliable and accurate to per- tributed by the Molecular Science Computing Facility, Environmental and
form a CCSDR12) calculation instead. Molecular Sciences Laboratory which is part of the Pacific Northwest

Perturbati fi f ted triol itati Laboratory, P.O. Box 999, Richland, Washington 99352, and funded by the
erturpatve corrections Tor connected tiple excitations | g Department of Energy. The Pacific Northwest Laboratory is a multi-

can be computed as usual from the standard singles anchrogram laboratory operated by Battelle Memorial Institute for the U.S.
doubles amplitudes. Hence, CCAR12 and CCS- Department of Energy under contract DE-AC06-76RLO 1830. Contact
; ; David Feller or Karen Schuchardt for further information.
D[T](RlZ) computations can be performed n exaCtIy. thezsK. P. Huber and G. H. Herzber@onstants of Diatomic Moleculd¥an
same mannefat least for Ansatz Jlas the corresponding  Nostrand-Reinhold, New York, 19T Re = 123.24 pmRyy,=109.76 pm,
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