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Explicitly correlated second-order Mgller—Plesset methods
with auxiliary basis sets

Wim Klopper® and Claire C. M. Samson
Theoretical Chemistry Group, Debye Institute, Utrecht University, P.O. Box 80052, NL-3508 TB Utrecht,
The Netherlands

(Received 28 November 2001; accepted 25 January)2002

In explicitly correlated Mgller—PlesseiMP2-R12 methods, the first-order wave function is
expanded not only in terms of products of one-electron functions—that is, orbitals—but also in
terms of two-electron functions that depend linearly on the interelectronic coordinated/ith

these functions, three- and four-electron integrals occur, but these integrals can be avoided by
inserting a resolution of the identityRrI) in terms of the one-electron basis. In previous work, only
one single basis was used for both the electronic wave function and the RI approximation. In the
present work, a new computational approach is developed that uses an auxiliary basis set to
represent the RI. This auxiliary basis makes it possible to employ standard basis sets in explicitly
correlated MP2-R12 calculations. @002 American Institute of Physics.

[DOI: 10.1063/1.1461814

I. INTRODUCTION coupled-cluster theojyare avoided by introducing the reso-

B d the Hart Fock level basi it i lution of the identity(RI) represented in the AO basis. As
eyond Ine Hartree—ock 1evel, basis-set fruncation €fy, o qq many-electron integrals are avoided by virtue of the RI
rors greatly frustrate efforts to compute highly accurate mo

lecul lectroni : q LS uch ‘approximation, R12 calculations can be performed on fairly
ecular electronic energies and propertiessuch errors oc- large moleculese.g., ferrocen€) and molecular complexes
cur when insufficiently large basis sets of products of one—(e g., benzene—nedf water trimer, and tetramg?-32 but
electrodn t;‘]unctlons(altontnc orb|tals],c AOt}s areMemponeddto tvery large AO basis sets must be employed to ensure that the
expand the many-electron wave tunction. Moreover, due g, approximation is a good one that does not introduce other
the drastic increase of computation time with the size of th

- : ) . Qypes of unwanted basis-set errors.
AO bas[s, it often happens that'thls basis pannot be mcregse%p In this article, we present a new formulation of R12
to the size that would be required to achieve the prescrlbeﬂ]e

hiah E . h h ‘ le. that th ory that utilizes an auxiliary basis set for the Rl approxi-

Igh accuracy. EXperience has shown, for example, that g -4, This auxiliary basis can then be chosen such that the
computation time of a correlated electronic-structure Calcubasis-set errors due to the RI approximation become arbi-
lation in a correlation-consistent cc-pVXZ basis grows a

S‘trarily small (i.e., negligible in comparison with other er-
12 . . . . oL . ) .C., - )

o< X™* with |ts_card|nal num_bst)a%(, while basis-set truncation rors). Most importantly, there will no longer be constraints
errors only disappear asX™ ~.

. . . on the size of the AO basis that is used to expand the mo-
The importance of the basis-set truncation error and th

! e cire of the AO bacis has peelCCUIar electronic wave function.
rovognized for a long e e o e asis nas DEEN 1, gec |1, we present the matrix elements that contribute

recognized for a long time, and \{arious techniques have bee[r& the MP2-R12 energy and show how they can be evaluated
ieveloper:j o overcfon;e the ba|S|§—set ccc;nver?ence pr:oplen}i? introducing an auxiliary basis set. As the R12 functions
mong these, we fin ex_tr_apo ation an _Sgca ng technique, he chosen strongly orthogonal to either the full molecu-
as tvr\:e:;lj as eln:jplrlt(;]al add't'}/et cgrre_ctlo?lés".s Widely ug}?éj lar orbital space(Ansatz 1) or to the occupied molecular
med t(r)] SG'gCU c? I icomf};ﬂ?' asis-4@BS) approac orbital spacéAnsatz2), we derive the working equations for
an The b mo et f em|?_ ' d sl both cases. The computer implementations of both txesa
€ basis-set truncation €rrors and Slow convergencg,. given in Sec. lll. The newly developed methods are sum-

problems can be addressed more directly by adding tWOr"narized in Sec. IV and numerical results are shown in Secs.

electron basis functions to the expansion in orbital productsv and VI, respectively, for the Ne atom and for calculations
When such two-electron functions depend explicitly on the. j '

interelectronic distances; = |r,—r |, the convergence to the irl correlation-consistent basis sets on the systems CH
I )

limit of a complete basis is sigjjnificantly acceleratéd? (*Ax), HoO, NHs, HF, Ny, CO, Ne, and b.

Since 1985, various methods have been developed that em-

ploy two-electron functions that depend linearly gn. To-

day, these methods are known as R12 metRo6cd8 A key Il METHODOLOGY

issue in these methods is that multicenter three- and four-’

electron integrals (and even five-electron integrals in A. The R12 Ansatz

In closed-shell explicitly correlated MP2-R12 theory, the
dElectronic mail: w.m.klopper@chem.uu.nl. Fax31-30-2537504. first-order wave function is expanded not only in a basis of
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double excitations containing the orbital product whereeisj is the conventional MP2 pair energy adﬁ the

ea(L)ep(2) (as in standard MP2 theorybut also in a basis pair energy contribution from the explicitly correlated func-

of two-electron basis functions tions. In Eq.(7) it is undlerstciod that intraorbital triplet pair
A energies vanish, that is;; =d;; =0.

me(l’?) lemm(l?%(z»' _ @ Let us define spin-adapted vector§i and matrices

wherew1.2 is an appropriate 'correl.atlon fact(@ee, eg., Ref. B9 a5 follows:

23). In this article, we shall investigate two possible Atzsa B _

for the explicitly correlated functiory,,(1,2). In Ansatzi, VS =(1+ )"V 1+ 8)) "2

the correlation factor is chosen as
X R X (VP +(1-2s) VD)), )
W1o=(1—P)(1—P5)r,, 2
12=( ( 212 (2 B = (14 o) 1214 o722

whereas in Ansat2, it is chosen as Bidmn=

~ N RB(ij) B
= (1-0)(1-0)r1,. @) X Bidmat (1728)Biiciny ©

Note that the correlation factor contains projection operators whereé‘ Is Kronecker's delta andsj, k<I, andm=n for
proj P %=0 and|<], k<l, andm<n for s=1. The R12 pair con-

which can be chosen in different mannérs Ref. 33. P, is tributions are then given by the expression
the one-electron projector onto the space of orthonormal spa-
tial orbitals¢,(1) that is spanned by the finite basis seNof df = —{VUL9 TR}~ 19, (10)

atomic orbitalS(AO basig This equation has been derived in Ref. 36 and is equivalent

. to Eqg. (15 of that paper. See also Ref. 37.
P1=20 lop(L))ep( ). (@)

A number ofn orbitals are occupiedwith 2n electron$ in C. Matrix elements
the reference Hartree—Fock function aNd-n orbitals are
empty—or virtual. The projecto®, onto the occupied or-
bital space is given by

In the MP2-R12 method, the following vector compo-
nents and matrix elements must be computed:

- § clii)
. ViD= “kab
O1=2 |ei(D))gi(1)]. 5 KK W eatep—eimey
As usual, we denote occupied orbitals by the indices X(¢a(1)en(2)|81d ¢i(1)¢;(2), (11)
i,j,k, ..., virtual orbitals bya,b,c, ..., andarbitrary (i.e., i i) C(kilj)Elb i
either occupied or virtualorbitals byp,q,r,... . Wedenote BY o= Bkll,mn_az mcaé,mn' (12)
I

the one-electron basi$p,(1)}p=1,... n as orbital basis
and also introduce an orthonormahuxiliary basis where

{ep (1)}pr=1,... nv With corresponding projector (klj):<Xkl(1 2|91l ei(1)e;(2))

P1=2 lep (1)) ep (D). (6) =(er(1)e1(2)|W91d ¢i(1) j(2)), (13
p/

In previous MP2-R12 work, no distinction was made B o= (xu(1,2)[F 10— 81— 5| xmn(1,2)
between the Angae 1 and2, because—after insertion of the — (o L)y (2)| Wl A Frp—ei— &)
resolution of the identity in the framework of the standard KT 12012 =
approximation—they both led to the same working equations XW1g om(1) @n(2)), (14
and hence to the same numerical results. This is no longer
true when the three- and four-electron integrals are computed Cll b= (1.2 12— 81— 2| @a(1) @p(2))
exactly**3® or when an auxiliary basis set is used. Then, the

two Ansdze indeed vyield different results, as we shall see :<9"k(1)‘*"|(2)|W12(f12_8i_81)|‘1"a(1)‘Pb(2)>’
below. Furthermore, it is important to realize that the Ansa (15
1 and 2 are not approximations but refer to different wave and
function expansions.
O1o=r15, f1=F1+F,. (16)
F, is the one-electron Fock operator asdis the orbital
B. Second-order pair energies energy of the occupied molecular orbital(1). Theexplic-
We can write the MP2-R12 correlation energy in termsitly correlated functions in Ansatt are strongly orthogonal
of singlet (s=0) and triplet 6=1) pair energies to all pairs of the orbital basis. As a consequence, all matrix
elementsC{), vanish for this Ansatz. These matrix ele-
E@Q= (2s+ 1)2 (ds +e), @) ments _describe the coupling between the d_oubly subs_tit_uted
s=0,1 ! determinants of conventional MP2 theory with the explicitly
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correlated functions. These matrix elementsdovanishfor respectively. Obviously, the matrix elements of Etj7) can

Ansatz 2, where the explicitly correlated functions are be computed in the same manner

strongly orthogonal only to pairs of occupied orbitals. For

; ; ) &) Wi =W

this reason, we have defined vect®td) and matrice8'! 1277127 12" 12

that include the couplingzero or not with the doubly sub- ABS

stituted determinants. _ _ ~ 1,1 1P 1P 1= T 1P Por 1yt 1P Poryp. (29
Finally, it is useful to define the matrix

. Let us now turn to the matrix elements of E44). To

Xict,mn={@k(1) @1(2)|[ W1 W15 (1) @n(2)), (17)  evaluate these elements, we rewrite the corresponding two-

_  electron operator as
which is an intermediate quantity that is used whenBH&

matrices are computed. Wiy(F1o—&i—))Wip= SWI L F10,Wiol + F[W,, F1]Ws,
+ W W o(F 18— &j)
D. Working equations for Ansatz 1 +3(f1—gi— 8J)WIZW12, (26)

Let us first investigate the two-electron operator product_l_he last two terms of Eq(26) are easily computed when we

\7V12912:f12(1— ﬁ)l)(l_ ﬁ,z)rl—zl assume that th_e occupied orbitals are_elgen_fungtlons of the
Fock operator in the sense of theneralizedBrillouin con-
— 11— PP+ PP (18  dition (GBC).?® We then obtain

It contains four terms. The first term is trivial, the fourth term (@y(1) @ (2)|WiW1o(F1o— & — &) em(1)en(2))
factorizes into a product of two-electron integrals, but the .
second and third terms, where the operafysndP, occur ~ (eqte,—g—8)X 2
. . ~(EmTeEn—E; 81) kl,mn-+ (27)
alone, lead to three-electron integrals. Consider, for example
Concerning AnsatZ, we furthermore assume that tlex-

(o) @i(2)[r12P1917 ¢i(1) 9;(2)) tendedBrillouin condition (EBC)?® is satisfied, that is, we
assume that the orbital space is closed under the Fock opera-
=2 (e De2)¢p(3)Iri2dep(1);(2)0i(3)). tor. Then
19 R R _ EBC
19 [f,a-Ppa-Pyl~o0, (28)

It has been common practice in the R12 methods to avoid _
these three-electron integrals by inserting the resolution ond we obtain

the identity (,) into the integrals with a single projector £BC
P ~ ~ 2
. a A Wi f12,Weo| =~ Wy 1,1
_ . A =W Ti+ Tour ] = WK +Kp M), (29)
and similarly by insertind®,
. where T; and K, are the one-electron kinetic energy and
Po—P1P>. (21)  exchange operators, respectively.
This computational strategy has been termed “standard ap- 1he ABS approximation can now be applied to the ma-
proximation” (SA) in previous work(the SA actually also trix elements over the commutator of, with the kinetic
involves a few more approximationsin the new method €Nergy operator
that we propose here, we employ an auxiliary basis ABS
{ep/(1)}pr=1,. . nv @nd make the substitutions Wiz[:rﬁ?z,flﬂ - flz[?1+i'z,f1ﬂ—flzﬁ’1ﬁ’é[?1
P,—P.P) P,—PlP,. 22 - e -
v 2oz 22 + T2, 2] = 115P1Po[T1+T5,r 5]
We will denote our new approach as “auxiliary basis set” o
(ABS) approximation. Thus, for the produgt Wy, in the Tr1P 1 Po[ T+ T 0] (30)

standard and ABS approximations, we find No further approximations are required, and the computation

SA o of the corresponding two-electron Gaussian integrals over
W01~ 1-11,P1Pog1,, (23) ¢ [T, +T,,rp,] and[T,+T,,r1,] is straightforward® when
and it is noted that
4 ABS \ ., - A . ST To )+ 3, Tt Tolr,
Wi012~ 1—=115P1P3015—115P1P2g1o+ 1 15P1P201o, L
(24 =311, [T1+Tor =1 (3
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The matrix elements over the commutator rgf with the

exchange operator are more difficult, however. In the present

W. Klopper and C. C. M. Samson

- osc
Wi f12,Wep] =~ Wy f15,115]

work, we suggest to approximate these integrals by first in-

serting the ABS approximation int\ivIZ

ABS
Wi K1+ Ky, rp] = 1Ky + Ky, rip]—

+R21r12-|_

+1 1P P Ky + Ky, Ml

rlzﬁ)llsé [Rl
r1oP1Po[Ky+ Kyl

(32

=W T+ T, o]~ WL K+ Ky 1]
(39
In the framework of the ABS approximation, the matrix ele-

ments involving the kinetic energy and exchange operators
are computed according to

ABS

Wi T+ T, ro] ~ 1 T+ To,r15]— 1150, P5[ T,

and subsequently, by inserting the ABS approximation

into the two-electron integrals over the operatcnf@[Rl
+K,,r,] and[K;+K,,r1,], where needed. This yields

(ek(1) @(2)|WIK 1T 15 orn(1) 9 (2))

ABS
'q’ Lt mn
~ 2 rh Koo - E Ky,
pagr
- E rk|qK ,r +2 ki, rq, (33
p'ar’
and
ABS
~ ip” m
(@r(1) @1 (2)| Wiy 1K 1| @rm(1)@n(2)) = X Ky praKD
r!
(34
where
KI=(ep(1)|K1|eq(1)),
(395

:<‘Pp(1)(Pq(2)|r12|§0r(1)‘Ps(2)>-

E. Working equations for Ansatz 2

The working equations for Ansa& are very similar to

those for Ansat. In an obvious manner, the ABS approxi-

mation yields

ABS

~ T . pal ~ ~ pal pal pal

Wi012~ 1-11501P5015—115P10,915+ 11,010,015,
(36)

ABS

I A B & A A A

WiWip =~ r1,— 1501 Por 15— 1 15P105r 15+ 11501050 15,
(37)

for the operator producb@{zglz andWIzwlz, respectively.
We again employ Eq$26) and(27) for the computation

of the elements of the matric&')). In contrast to Ansati,

however, we need not satisfy the EBC to arrive at &§).

Rather, it is sufficient to satisfy the GBC. Since, by virtue of

the GBC

GBC

[f12,(1=01)(1-0,)] = 0, (39

we obtain

"':rz,rlz]—rlzlsiéz[:rl"'i—z'rlz]
+110,0,[T1+T2,r15], (40
(er(D)@1(2)[WiK 1T 1 om(1) @n(2))
ABS
~ > Y -2 nd
p'q’r’ iq'r’
- 2 rPIK! ,rr ]+2 ry ;"T (41
p'ijr’ ijr
and
ABS
~ iy m
(@)@ (2)| Wi 17K 1| @m(1) 0n(2)) = 2 XK -
r/
(42)

Equation(42) differs from Eq.(34) only by the matrixX,
which contains integrals over the operator of Eg5) in
Ansatz1 but over the operator of E¢37) in Ansatz2.

In Ansatz2, matrix element€{{/) also occufEq. (15)].
By virtue of the GBC, we obtain

_ GBC R
Clllp = (1) ¢1(2)|[ 12, F12ll @al 1) p(2))

b
+(exte —g—g)ry

ABS o
~ (er(1)@1(2)[[r12, T1+ T2l @a(1) @p(2))

b
+(exte—g—g)ry

+E Kk r ’|_rk|ng')

+ 2 (K rpg — el Ke)). (43)

q!
Although not necessary, one could at this point go one step
further and assume that the EBC holds, that is, that the vir-
tual orbitals are eigenfunctions of the Fock operator. Then,
the C{{/), coupling elements simplify to

EBC

Cllly~ (eatep—e—eprip. (44)

Following Ref. 35, we shall attach an asterisk to the meth-
od’s acronym when we utilize Eq44). Approach2* thus

differs from approack2 by using Eq(44) instead of Eq(43).
We obtain for approacB*

Downloaded 06 Mar 2013 to 150.203.35.130. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions
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i+ ~ vw—; 2 0a(1) ep(2)91d 0i(1) 9;(2)),

(49)

EBC

(IJ) (2*) ~ B(Ilmn 2 r gg))mn_ %

rab (i)
ab m

n~ab,kl *

MP2-R12 methods 6401

Opn={ep(Deq(2)]r e (1) es(2)), (48)

th=(ep(D gD Ti+ Torllen(Dey(2). (49

It is important to note that only integrals wittme auxiliary
function at the most occur in Eq47). The computational
effort of a calculation withn occupied orbitalsN orbital

(46) basis functions, anl’ auxiliary functions scales asN* for
Concernlng Eq(12), we emphasize that only the matrix el- the gﬁq integrals (as in conventional MP2 theoryand as
ements C{/), are approximated according to E@4),  nN’'NS for the gf” integrals, and the computation time re-
whereas the elemenG]), , are not, and care must be taken quired for the six integrals of Eq47) thus scales aa(N
to symmetrize the matricé(}) (this symmetrization is car- +N’)NS. With these six two-electron integrals available, as
ried out by adding the corresponding two terms with weightswell as with the integrals
of 1/2 each. This seems a somewhat inconsistent approach. 5

Srpsq:<(Pp(1)<Pq(2)|r12|§Dr(1)¢s(2)>,

The only reason for proceeding in this manner, however, is
that we wish to define such ABS-based A and B methods that
which factorize into products of one-electron integrals, we
can construct all the matrices that are needed for the approxi-

reduce to the previous approximations A and B of the origi-
nal MP2-R12 work when the orbital baigy(1)}p-,.. ., mations A and A of R12 theory. For these approximations,
the matricesB()) are defined &§43

(50

is employed as the auxiliary basis. Also, Ansateduces to
the original MP2-R12 work when the orbital and auxiliary

basis sets are identical. B(ii)
One could speak of @* approach when th€{}), . Bitmn(A) =2 (Thtmt T G0
matrix elements in Eq46) were also approximated accord- B('J) (A= B(II ) (A)
ing to Eq.(44), but this2** approach is not considered in
the present article. Since ti# simplification is already un- +3(ext e temten—28—28) X mn- (52

necessary from a computational point of viéilve approach
is only briefly mentioned in the present workve have cho-
sen not to pursue the hypotheticif form at all.

Note that the matriceB{1)(A) and B())(A") differ only by
Eq. (27) (in symmetrized formy which is neglected in ap-
proximation A. The vector¥(1) and intermediateX and T
are computed as

I1l. COMPUTER IMPLEMENTATION

The new MP2-R12 methods, 2, and 2* have been V(”)_5k5{_2 (rB gy + TR ghg) + 2 TR,
implemented into a local version of tlmLTON program>° Pa pa

partly by modifying and extending the code developed by 53
Koch and co-workers for the integral-direct transformation ,

of two-electron integrals from the AO basis into the basis of ~ Xt.mn=Sk"— 2 (1R roe +rR rom)+ > rffrpy
molecular orbital§%~*? pa’ P (54

When discussing the computer implementation, we shall
introduce the approximations A,’Aand B. In approxima- ,
tion B, all matrix elements are evaluated as indicated in Secs.  Tki,mn= 5km5In_2, (Rt i tnm)+ 2 riitoq -
1D and Il E. Hence, approximation B includes no other ap- pa
proximations than the resolution of identity in terms of the
auxiliary basis set. The approximations A ant ave been For approximation B, we also need two-electron integrals
described in some detail in Ref. 43 and include additionathat involve two orbitals of the auxiliary basis. Namely, in
approximations concerned with the neglect of certain intethis approximation, we must compute tB&) matrices ac-
grals. In approximation A all terms are neglected that in- cording to

volve the exchange operator. Thus, E(#3) and (34) are B0 (i) N
neglected for Ansatz, and similarly, Eqs(41) and (42) for Bii:mn(B)=Biimn(A") + 3 (Quimnt Qmnki)
_E(Pkl,mn+ I:)mn,kl)-

Ansatz2. In addition to the terms that are neglected in ap-
proximation A, also Eq.(27) is neglected in approximation
A. This term is usually much smaller than the first two termsThe matrix element§y, ., represent the integrals that also
on the right-hand side of Eq26). occur in the original MP2-R12/B work, while the matrix el-
ementsPy, m, only occur in the ABS-based approach. When
the orbital and auxiliary sets are identical, the matrix ele-
All variants of MP2-R12 theory start with the Computa- ments Pkl mn all vanish. The e|ement@kl mn follow from
tion of the following six types of integrals: Eq. (34), while the element®,; ., follow from Eq. (33).
The matrix element®),, ,, are most efficiently com-
puted by introducing intermediate orbitas,«(1) that are
defined as

(59

(56)

A. Implementation of Ansatz 1

pa’ Pq pq’
gu’ gij ’ rlj’ rIJ ’

is given by Eq.(35), and

pq pq’
tlj’ tij ’

(47)

whererpq
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TABLE I. Overview of MP2-R12 approaches.

W. Klopper and C. C. M. Samson

GBC EBC [Ki+Ky,rol Computing Without

Approach used?  used? neglected? Lo time® ABS
1 A Yes Yes Yes L maxt2Loce n(N+N’")N® A
A’ Yes Yes Yes L mast2Loce n(N+N’")N® A’
B Yes Yes No % n(N+N’)2N? B

2 A Yes No Yes maX( a3l ocd n(N+N’)N® Noné

A’ Yes No Yes Mar(mae 3L ocd n(N+N’")N® Noné

B Yes No No o n(N+N')2N? Noné
2 A Yes Yes Yes Boce n(N+N")N3 A
A’ Yes Yes Yes oce n(N+N")N3 A’
B Yes Yes No o n(N+N')2N? B

4s the generalized Brillouin condition assumed to be satisfied?

Bls the extended Brillouin condition assumed to be satisfied?

°Are the[K;+K,,r,] matrix elements neglected?

dLr’naX is the angular momentum quantum number after which the auxiliary basis can be truncated in an atomic
calculation, where .. is the highest occupied angular momentum &g, is the highest angular momentum

of the orbital basis.

®n is the number of occupied Hartree—Fock orbit&lsis the number of orbital basis functions, aNd is the
number of auxiliary basis functions.

Previous MP2-R12 method to which the new approach reduces when no auxiliary basis set is used.

9There is no previous MP2-R12 method that corresponds to this variant.

e (1)=2 ¢ (DK (57) Pha =2 (Kprig+Kyrgh), (63)

In terms of these orbitals, the matrix eleme@g ,, are  from which the matrix element8y, r, are obtained as
given by . ) )
Pumn= 2 TR pore =2 TR poy — 2 TR P

le‘mn:Srknl*n_ p'q’ pq’ p'q

nm* *
pq’ pag

+2 rhppg (64)
+si E (rg'r rhd rpq ") >
Two-electron integrals must be computed that invotwe
functions of the auxiliary basis, both for the matrix represen-
+% R o = Xkt,mxnt Xt mos - (58)  tation of the exchange operator in the auxiliary baﬂ% §

and for therp a mtegrals The corresponding computation
Relative to approximations A and'A the essential extra times scale asM )2N? andn(N’)2N?, respectively.

work required for approximation B con5|sts of the computa-
tlon of the two-electron mtegralsm*n, rmn*, rh,, and

mn* . The computation time for this step of the calculation Assuming that the integrals of E(17) are available, we
scales asi(N+N')N'NZ2, can compute

As already mentioned, the ABS approximation enables
the evaluation of the integrals of EG33). In our current
implementation, these integrals are computed by choosing

B. Implementation of Ansatz 2

VI =8l = 2 (T g TR Ong) + 2 TG,
mq’

the orthonormal auxiliary basis such that the exchange ma- (65)
trix becomes diagonal in that space
— Xid,mn=S10"— 2, (1id @)t 2 " (60
Kp/:(sp/)\p/ (59) iq’
Then, the following four intermediates are computed: Tt =S80 — E (rL‘?’tE?Jr +E fkﬂ.”f”a
Porar=(Npr Fhg )0 (60) . 67)
o 2 as well as
p _)\ ,I’ + K ’y (61)
Pra- PP T Cllhu(A) = —t5P, (68)
ci) (AN=C) (A)+(ext+e—ei—e)rdP. (69
p:1q _)\q,rr;qn_l_z Kr r q” (62) kI ab kl,ab k | i i/t kl

We also need integrals of the typ%tl to compute
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TABLE Il. All-electron Mgller—Plesset second-order enerdieS’ in mE,,) of the Ne atom.

Original method New Ansatt New Ansatz2
Basi$ MP2 R12/A R12/B R12/K R12/B R12/X R12/B
sp —191.99 —688.49 —506.95 —361.84 —330.37 —362.45 —331.33
spd —322.27 —408.78 —395.11 —361.97 —358.19 —390.71 —382.59
spdf —359.84 —389.71 —387.19 —376.20 —375.30 —389.76 —387.49
spdf g —374.12 —388.62 —387.89 —383.27 —382.95 —388.67 —387.99
spdf gh —379.46 —388.29 —388.01 —386.13 —385.97 —388.35 —388.07
spdf ghi —381.65 —388.19 —388.04 —387.69 —387.56 —388.24 —388.09

a8Subsets of the 214p11d9f7g5h3i basis. The 3&4p18d15f12g9h6i basis was applied as an auxiliary
basis in all calculations.
bConventional all-electron MP2 energy.

C(II o(B)= (ku)ab(A )+rk*l+rkl* tionally, almost nothing is gained by neglecting certain terms
in Ci). They are nonetheless neglected in @{&)(¢) ma-

trix of Eq. (77) in an effort to remain consistent with previ-
ous R12 work. This becomes clear when we considefthe
approach. In this approach, tlil'f[;', 1b(B) are replaced by the
Chtegralsr &P

= (r KA +ra kD). (70)

Hence, for the above quantities, we need two-electron inte-
grals with onlyoneauxiliary function, and no more integrals
are needed for the approximations A and. Aor the more VD (&%) V(IJ)_Z r 2ol (78)
elaborate B approximation, however, we must compute two- ! ki 9ab

electron integrals withwo auxiliary functions. Namely, we

need to evaluate the quantities B('| (&)= B('| ) (&)— 1 E ra C(' ) €)
Qxt,mn= Xkt men T Xkt mm » (7D
o — 32 ran i 79
Pkl,mn: 2 rE| a pr;'q 2 r p|q 2 r pp j Z ab, kl ) ( )
p!ql ' I
Due to the A and A approximations in the matrix elements
+2 ripi", (72)
which contribute to the matri8(1)(B) 100
B nr(A) =3 (Tt mn+ Trnnk) (73
(k”)mn(/'\ )= B(kllj,)mn(A)JF%(8k+8|+8m+8n_28i 10
_2€j)xkl,mni (74) Error
. (mEh)
B! hno(B) =Bl A") + (Qu,mn* Qi) 1
- %(Pkl,mn"— IDmn,kl)- (75)
Finally, for the approximatioF=A, A’, or B, the vectors
V(&) and matriceB(1)(¢) are computed as 04
c(i) B)
YDy oy CkaB)
Vi’ (§) = Vi % P—— Jab: (76)
0.01
Bl hi()
(J) () | |
i GBI CEnn() + CRan(B)CiD(é) 0.001 — 5 s 6 v
2% eqtepy—gi—¢gj ' (Lmax + 1)
(77 FIG. 1. Error in the all-electron second-order Mgller—Plesset correlation

. . . energy of Ne as computed in subsets of the12p11d9f7g5h3i basis.
Note that the full coupllng matrix of approach B, that is, Comparison between the conventional M{® and the new MP2-R12B

C)(B), occurs in Eqs(76) and(77), not only in approach  approach(O). The dashed and solid lines show (1)~ and L u,
B itself, but also in the approximations A and AComputa-  +1)~7 behavior, respectively.
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TABLE lIl. Mgller—Plesset second-order pair energie$? in mE,) of the Ne atom as computed by Ans&{z
in approximation B, in subsets of the Bpl11d9f7g5h3i basis (using the auxiliary basis
32s24p18d15f12g9h6i).

Pair sp spd spdf spdf g spdf gh spdf ghi Ref. 35
1¢? (lS) —40.140 —40.243 —40.252 —40.252 —40.252 —40.252 —40.252
1s2s (1) —3.831 —3.956 -3.971 -3.973 -3.974 -3.974 -3.974
1s2s (3S) —1.534 —1.578 —1.582 —1.582 —1.582 —1.582 —1.582
2s? (lS) —11.906 —12.023 —12.036 —12.038 —12.039 —12.039 —12.038
1s2p (1P) —3.631 —7.750 —8.132 —-8.171 —8.176 —-8.177 —8.176
1s2p (3P) —10.636 —13.777 —13.901 —13.909 —13.910 —13.910 —13.911
2s2p (*P) —46.566 —59.526 —60.341 —60.453 —60.476 —60.482 —60.472
2s2p (3P) —21.732 —26.557 —26.694 —26.706 —26.708 —26.708 —26.708
2p? (1) —-45.286 —45503 —45550 —45566 —45571 —45573 —45565
2p2 (3P) —82.192 —87.108 —87.317 —87.337 —87.340 —87.340 —87.341
2p2 (lD) —63.874 —84.570 —87.714 —87.999 —88.047 —88.057 —88.042
Total —-331.33 —-38259 38749 —387.99 —388.07 —388.09 —388.06

!

C{Dn(£), the approacl2* corresponds exactly to the origi- tum greater thah |, do not contribute. It is seen from Table
nal MP2-R12/A and MP2-R12/Amethods when the orbital | that the auxiliary basis sets do not truncate in approxima-

and auxiliary basis sets are identical. tion B. This is due to the matrice® in Egs.(64) and (72).
Numerically, these matrices contribute little to the final en-
IV. OVERVIEW OF MP2-R12 APPROACHES ergies and their contributions converge quickly with the ex-

tension of the(auxiliary) basis set. If theP matrices were
omitted, the maximum angular momentum valug,, at
which the RI can be truncated would be the same for ap-
proximations B and Aor A’).

For the2* approach, it is found thdt, ..=3L,.. In the

max
2 approach itself, auxiliary functions up tg,, (the highest

An overview of the new MP2-R12 approaches is pre-
sented in Table I.

It is assumed in all methods that tlgeneralizedBril-
louin condition(GBC) holds. This condition is basically sat-
isfied in an AO basis of near-Hartree—Fock-limit quality. The
extendedBrillouin condition (EBC), which is much more . ) . .
difficult to satisfy than the GBC, need only be satisfied forgngular momentu.m of the orbital ba)gaiso contribute. This
Ansatz1. The EBC is not needed at all for Ansgtand the 1S due to the matrix elemenGi{},(B) in Egs.(76) and(77),
approach transforms into ti& method when the EBC is which are computed according to E.0). Auxiliary func-
nonetheless assumed to hold. tions up toL 5« contribute to the last terrfi.e., the sum over

Approximation A(including A') is characterized by the ') in that equation. For Ansat2, the maximum angular
neglect of the commutator between the exchange operatoPgomentum value of the auxiliary basis i5pa=Lmax
and the linear ;, term* +2L rather than 8,.., as the R12 functions are chosen

Furthermore, it is worthwhile to consider the maximum strongly orthogonal to orbital pairs of the full orbital basis
angular momentum quantum numhbef,, of auxiliary basis  and not only to the occupied space.
functions that contribute to the matrix elements in an atomic  Concerning the computational effort of the new MP2-
calculation. Auxiliary basis functions with angular momen- R12 calculations, it is important to realize that calculations

TABLE IV. Mgller—Plesset second-order energi&? in mE,) of the Ne atom.

Ref. 48 )

Ref. 45 Ref. 46 Ref. 47 Ref. 35 This work
Pair extrap? extrap® extrap® Calc? Extrap® calc! calc?
1s? —40.24 —40.22 —40.25 —40.229 —40.255 —40.252 —40.252
1s2s —5.55 —5.56 —5.55 —5.555 —5.557 —5.556 —5.556
2s? —12.05 —12.02 —12.02 —12.003 —12.037 —12.038 —12.039
1s2p —22.16 —22.17 —22.06 —22.078 —22.094 —22.087 —22.087
2s2p —87.30 —87.15 —87.10 —86.982 —87.188 —87.180 —87.190
2p? —221.01 —220.80 —220.81 —220.686 —220.973 —220.948 —220.970
Total —388.3 —387.9 —387.8 —387.53 —388.11 —388.06 —388.09

AWith extrapolation forl >6.

bwith extrapolation fol >9.

‘Recommended values from R12 calculations and extrapolations.

dCalculated withl <12.

‘With extrapolation forl >12.

fCalculated in the 2614p11d9f7g5h basis.

Y9Calculated by the new MP2-R2Z2B method in the 2614p11d9f7g5h3i orbital basis in conjunction with the
32524p18d15f12g9h6i auxiliary basis.
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TABLE V. Exponents of Gaussian basis functions. Finally, Table | also indicates that Ansatztransforms
into the original MP2-R12 approach when the orbital basis
set is used for the RI approximation. Ansatdoes not trans-
d 126.0 194.0 230.0 292.0 369.0  form into any previous method, but i variant has been

Cc N (0] F Ne

55.0 83.8 100.0 127.0 161.0 : : o,
‘ a1 372 616 88.9 1230 chosen such that it, too, transforms into the original MP2
115 17.4 27.4 39.1 539 R12approach.
g 12.9 19.8 29.5 394 49.8
5.84 8.74 12.4 16.3 20.4
h 4.84 7.06 10.0 134 174 v, NUMERICAL RESULTS: THE NE ATOM

Calculations have been performed in subsets of a Gauss-

ian basis set of the type 8204p11d9f7g5h3i. Its
carried out in approximation Aincluding A’) scale only 20s14p11d9f7g5h subset is given in full detail in Ref. 35,
linearly with the numbemN’ of auxiliary functions. When and three sets aftype Gaussians with exponents 6.454 503,
approximation B is used, however, the computation time3.202905, and 1.567 200 have been added to form the
grows quadratically witiN’. The MP2-R12/B methods are 20s14p11d9f7g5h3i basis. In conjunction with this basis,
thus significantly more time-consuming than the MP2-R12/Aan auxiliary basis of the form 324p18d15f12g9h6i has
and MP2-R12/A methods wherN'>N. If, on the other been employed. Its 32(ny,=32) and 24 (n,=24) sets are
hand, the orbital and auxiliary basis sets are identiaalin  even-tempered sets of the form 0.608k 172 for k

the original MP2-R12 workor similar in size withN’~N, =1,...n;, while the exponents of thé (I=2) throughi
then the MP2-R12/B method is only ca. 30% more expensiveets (=6) are given by the expression (0.082.003)
than MP2-R12/A or MP2-R12/A x 3=V for k=1,... n,.

TABLE VI. Valence—shell Mgller—Plesset second-order correlation enefgfésin mE,,) of the Ne atom and

some small molecules as computed by the new MP2-R12 method in the correlation-consistent basis sets
cc-pVXZ with 2<X<6 (using the auxiliary basis $34p8d6f4g3h2i for C, N, O, F, and Ne, and
9s6p4d3f2g for H).

Method Systerh X=2 X=3 X=4 X=5 X=6 Limit®
1A’ CH, (*A;) —132.85 —147.82 —-15281 —15472 —156.03 —155.9
H,O —24432 —279.10 —291.65 —297.33 —300.10 —300.5
NH; —22150 —249.21 -25849 —262.39 n.g. —-264.5
HF —-254.09 —293.23 —308.33 —31551 —318.80 —319.7
N, —355.86 —395.27 —410.18 —416.71 —419.86 —421.0
co -339.30 —377.99 —393.03 —399.61 —402.80 —403.9
Ne —249.16 -289.83 —306.54 —314.92 —318.70 —320.1
F, —488.24 —561.95 —589.77 —603.23 —609.32 —611.7
2A’ CH, (*A;) —14524 -150.37 —153.83 —154.90 —15543 —1559
H,O —272.08 —287.80 —295.38 —298.27 —299.49  —300.5
NH; —242.80 —255.36 —261.11 —263.11 n.&. —264.5
HF -286.74 —30357 —312.69 —316.50 —318.17 —319.7
N, —390.28 —405.62 —41538 —41850 —419.96 —421.0
co —374.40 -389.19 —398.58 —401.69 —402.98 —403.9
Ne -283.08 —30051 —310.86 —315.66 —317.92 —320.1
F, —-553.51 —581.53 —598.70 —605.72 —608.92 —611.7
1B CH, (*A,) —128.79 —146.80 —152.37 —15452 —155.89 —15509
H,O —236.85 —277.39 —290.66 —296.88 —299.88 —300.5
NH; —215.72 —247.92 -257.82 —262.06 n.&. —-264.5
HF —24421  -290.98 —306.94 —314.96 —31857 —319.7
N, —347.43 —392.99 —408.76 —416.24 —41960 —421.0
co -330.65 —37579 —391.80 —399.17 —402.55 —403.9
Ne -236.16 —287.00 —304.80 —314.30 —318.44 —320.1
F, —469.28 —557.71 -587.15 -602.42 —608.88 —611.7
2B CH, (*A;) —135.69 —147.84 -152.81 —15442 —155.17 —15509
H,O —256.02 —283.13 —293.44 —297.39 —299.05 —300.5
NH; —229.11 —-251.53 —259.60 —262.43 n.&. —264.5
HF —268.44  —297.95 —310.26 —315.39 —317.59 —319.7
N, —372.17 —400.25 —41297 —417.46 —419.44 —421.0
co —-35550 —383.64 —396.24 —400.70 —402.49 —403.9
Ne —263.47 —29435 —308.13 —31441 -317.24 —320.1
F, -518.79 —-571.05 -594.05 -603.68 —607.88 —611.7

Fixed geometries and reference energies were taken from Refs. 51, 52.
PAverage of MP2-R12/A and MP2-R12/B energies from Refs. 51, 52.
°Not available.
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TABLE VII. Valence—shell Mgller—Plesset second-order correlation enetgiésin mE,,) of the Ne atom and
some small molecules as computed by the new MP2-R12 method autimentedorrelation-consistent basis
sets aug-cc-pVXZ with & X<6 (same auxiliary basis as in Table)VI

Method Systerh X=2 X=3 X=4 X=5 X=6 Limit®
1A’ CH, (*A) —-135.63 —149.23 —-153.42  —155.07 —156.32 —155.9
H,O —-256.61 —283.92 —293.88 —298.29 —300.62 —300.5
NH3 —-230.09 —252.70 —260.08 —263.11 n.&. —264.5
HF —267.54 —298.70 —310.79 —316.60 —319.52 —-319.7
N, —362.16  —398.94 —411.92 —-417.68 —420.57 —421.0
CO —346.39 —381.21 —39450 —400.47 —403.47 —403.9
Ne —260.48 —29490 —-30859 —316.00 —31946 —320.1
F, -509.94 —570.97 —-593.49 —-60519 -610.71 —611.7
2A7 CH, (*A) —147.25  —15242  —154.74  —15548 —155.75 —155.9
H,O —27856  —29291  —297.90 —299.56 —300.09 —300.5
NH3 —248.15 —258.91 —262.76 —263.90 n.&. —264.5
HF —292.94  -31047 —-316.36 —31849 —-319.20 —319.7
N, —392.43  —409.77 —417.16  —419.54  —420.40 —4210
CO —376.37 —39258 —399.97 —40240 —403.28 —403.9
Ne —288.49 —309.31 —31585 —31859 31948 -320.1
F, —-560.14 —593.34 —-604.64 —609.05 -—610.55 —611.7
1B CH, (*A) —132.61  —148.43 —153.08 —15493 —156.21 —155.9
H,O —251.04 —28254  —293.16 —297.92 —300.40 —300.5
NH3 —225.75 —251.66 —259.63 —262.89 n.&. —264.5
HF —-260.61 —296.96 —309.77 —316.17 —319.31 —319.7
N, —355.28 —397.11  —410.72  —417.29 —420.34 —4210
CcO —339.63 —379.46  —393.53 —400.12 —403.25 —403.9
Ne —252.63 —29294 —-307.29 —31552 —-319.24 -320.1
F, —497.19 —567.86 —591.47 —-600.23 —-610.29 —611.7
2B CH, (*A) —141.03 —151.01 15425 —155.30 —155.66 —155.9
H,O —269.05 —290.36 —296.89 —299.14 —299.89 —300.5
NH3 —239.87 —256.88 —262.06 —263.62 n.d. —264.5
HF —282.06 —307.39 —315.01 —317.98 —319.00 —319.7
N, —379.44  —406.22 —41560 —419.01 —420.18 —421.0
CcO —363.50 —389.09 —39852 —401.89 —403.05 —403.9
Ne —276.65 —305.76 —314.16 —318.00 —319.25 —320.1
F, —-539.93 —-587.74 -601.79 —608.09 —-610.15 —611.7

abGAs for Table VI.

Table 1l shows the all-electron second-order correlationin terms of an [,,,+1) " dependence, which is a much
energies of Ne that are obtained in the subsetsl#  faster convergence than the conventional{+1)3
20s14p11d, 20s14p11d9f, and so on, by means of conven- pehavio*
tional MP2 calculat|ons,"the original MP2-R12 method, and  Tgple 111 displays the individual singlet and triplet pair
by means of the new Antze 1 and2. In thesp subset, the  gnegies of the MP2-R12B calculations shown in Table I,
original MP2-R12 energies are clearly not variational. In apy, comparison with the results of Ref. 35. In the work of
proximations A and B, energies of —688.5 and \ying et 41,3 the same 2614p11d9f7g5h was used as in
t_ 50|6'95_|r_ﬁh r:t)rehok)_talqedt,hrespecﬂvellcy, V\_/hlcr:harez mUChthe present work, three-electron integrals were evaluated ex-
00 fow. This behavior IS the Tesult ot using thes 4p actly (i.e., without RI approximation but the wave function
orbital basis for the RI approximation in these original MP2- nsatz was slightly different from the present wdle., not
R12 calculations, and is not observed when the large auxilA o . %6 y P "
iary basis set is employed. orbital-invariant®). Nevertheless, the agreemgnt b_e'Fween the

Furthermore, Ansat2 appears to be clearly superior to results O_f Ref. 35 ‘?‘”F’ th? column “”dﬂ’dfgh's strlk!ng—

the maximum deviation is only &Ey. In view of this ex-

Ansatz1. .
In approximation2A’, there is a tendency to overshoot cellent agreement, we are confident that our MP2-B82/

the magnitude of the correlation energy due to the neglect gpair energies in the 204p11d9f7gsh3i basis are the most
exchange terms, and the results appear to converge from baccurate, directly computed Ne pair energies to date.

low towards the basis-set limit. The MP2-R2B/energies A comparison between our present calculations and
converge from above, and the convergence is rapid in botRelected literature ddfer*®is presented in Table IV. Our
cases. Figure 1, which depicts the error of the computedesults agree closelfto within 7 uEy) with the accurate
MP2 energy with respect to an estimated basis-set limit enbut extrapolated pair energies of Flofédt is remarkable
ergy of —388.107 nkt,, compares the convergence of the that a calculation in terms of a partial-wave expansion with
MP2-R122B approach with conventional MP2 calculations. partial waves up tb=12 is in error by ca. 0.6 &, and that

It seems that the MP2-R128 results can be well described an extrapolation fot>12 is needed to improve the accuracy

Downloaded 06 Mar 2013 to 150.203.35.130. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions



J. Chem. Phys., Vol. 116, No. 15, 15 April 2002 MP2-R12 methods 6407

TABLE VIII. All-electron Mgller—Plesset second-order correlation energigd in mg,) of the Ne atom and
some small molecules as computed by the new MP2-R12 method icotkevalencecorrelation-consistent
basis sets cc-pCVXZ with€ X<5 (using the auxiliary basis $34p10d8f6g4h2i for C, N, O, F, and Ne, and
9s6p4d3f2g for H).

Method Systerh X=2 X=3 X=4 X=5 Limit®
1A/ CH, (*A) —-182.72 —199.54 —206.34 —209.01 —209.9
H,O —295,51 —338.97 —352.99 —359.04 —-362.1
NH; —270.83 —305.45 —316.32 —-320.91 —322.9
HF —306.66 —356.96 —373.43 —380.54 —384.6
N, —455.48 —506.91 —525.24 —532.91 —536.9
co —438.48 —490.02 —508.55 —515.88 —519.7
Ne —302.89 —357.46 —-375.21 —380.30 -388.1
F, —593.47 —690.09 —718.74 —-732.61 —740.6
2A’ CH, (*A,) —198.69 —205.50 —208.96 —209.31 —209.9
H,O —337.74 —353.83 —358.49 —360.53 —-362.1
NH; —303.28 —316.43 —320.32 —321.93 —322.9
HF —358.77 —374.27 —379.35 —381.65 —384.6
N, —509.90 —527.57 —533.64 —536.06 —536.9
co —491.97 —510.78 —517.03 —-519.04 —519.7
Ne —233.73 —368.48 -381.17 —386.37 —-388.1
F, —692.40 —722.36 —731.48 —736.90 —740.6
1B CH, (*A)) —175.04 —198.54 —205.80 —208.75 —209.9
H,O —286.26 —337.17 —351.87 —358.50 —-362.1
NH, —264.39 —303.93 -315.87 —320.52 —322.9
HF —295.15 —355.15 —371.93 —379.90 —384.6
N, — 44556 —504.91 —522.52 —532.55 —536.9
co —427.77 —487.90 —506.78 —-515.36 —-519.7
Ne —288.45 —355.56 —373.26 —382.57 —-388.1
F, —571.54 —685.68 —716.62 —731.57 —740.6
2B CH, (*A)) —186.34 —202.00 —207.17 —208.66 —209.9
H,O —318.09 —348.09 —356.62 —360.12 —362.1
NH, —286.76 —-311.75 —319.08 —321.05 —322.9
HF —335.14 —367.53 —375.76 —381.79 —384.6
N, —484.91 —518.92 —530.15 —534.81 —~536.9
co —467.19 —503.39 —513.69 —517.79 —-519.7
Ne —343.67 —374.48 —377.23 —384.14 —-388.1
F, —649.88 —709.27 —725.05 —735.14 —740.6

abAs for Table VI.

to the microhartree levéP*® The new MP2-R12B ap- The (augmentel polarized core—valence correlation-
proach yields this level of accuracy without the need forconsistent basis set@ugjcc-pCVXZ are used as orbital
extrapolations. basis’*°when all orbitals are correlated, in conjunction with

the auxiliary basis 1€14p10d8f6g4h2i for C, N, O, F, and

Ne, and $6p4d3f2g for H. These auxiliary basis sets for
VI. NUMERICAL RESULTS: MOLECULES all-electron correlated calculations were obtained from the
above-mentioned auxiliary basis sets for valence shell corre-
lated calculations by addirdy, f-, g-, andh-type Gaussians.

All molecular structures were kept fixed throughout theThe exponents of these Gaussians are given in Table V.
present study. These fixed structures correspond to equilib-
rium geometries that were optimized at th
CCSOT)(FULL)/cc-pCVQZ level (FULL means that all
electrons were correlatedThey were taken from Ref. 50 The results of the calculations on small molecules are
and are identical to the structures used in Refs. 51 and 52.collected in Table VI(valence—shell correlation in cc-pVXZ
The (augmented polarized valence correlation- basis sets Table VII (valence—shell correlation in aug-cc-

consistent basis setG@ugjcc-pVXZ are used as orbital pVXZ basis sets Table VIII (all-electron correlation in cc-
basis®~*°when only the valence shell is correlated, in con-pCVXZ basis sets and Table IX(all-electron correlation in
junction with the auxiliary basis 544p8d6f4g3h2i for C,  aug-cc-pCVXZ basis setsFor the NH molecule, the calcu-
N, O, F, and Ne, and$€5p4d3f2g for H. The latter sets for lations in the cc-pV6Z, aug-cc-pV6Z, and aug-cc-pCV5Z ba-
C, N, O, F, and Ne were obtained by adding the fwgpe sis were not feasible with the computer hardware currently
sets of the aug-cc-pV6Z basis to the basis sets of Ref. 51. Fawvailable to us.
H, the twog-type sets of the aug-cc-pV5Z basis were added  Again, we observe that Ansa®zis superior to Ansati,
to the basis set of Ref. 51. except for the largest basis sétsigjcc-pV6Z and(augjcc-

A. Geometries and basis sets

e
B. Results
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TABLE IX. All-electron Mgller—Plesset second-order correlation enerdfi#d in mE;) of the Ne atom and
some small molecules as computed by the new MP2-R12 method Butiraented corevalencecorrelation-
consistent basis sets aug-cc-pCVXZ witlks X<5 (same auxiliary basis as in Table VlI

Method Systerh X=2 X=3 X=4 X=5 Limit®
1A/ CH, (*A)) —184.44 —200.84 —206.92 —209.35 —209.9
H,O —307.31 —343.58 —355.12 —359.98 —-362.1
NH; —279.14 —309.24 —317.87 n.&. —322.9
HF —319.07 —362.21 —375.75 —381.61 —384.6
N, —462.61 —510.77 —526.94 —534.05 —536.9
co —445.71 —492.00 —509.70 —516.73 —519.7
Ne —312.28 —362.35 —-377.35 —384.46 —-388.1
F, —612.01 —697.65 —722.36 —734.58 —740.6
2A' CH, (*A,) —201.21 —207.52 —209.48 —209.87 —209.9
H,O —363.30 —359.64 —361.72 —362.15 —-362.1
NH; —309.59 —320.11 —322.55 n.&. —322.9
HF —360.00 —380.58 —383.94 —384.67 —384.6
N, —514.07 —531.80 —536.01 —537.83 —536.9
co —496.35 —514.46 —518.93 —519.84 —519.7
Ne —367.65 —383.94 —386.87 —388.44 —-388.1
F, —705.67 —734.93 —739.08 —740.78 —740.6
1B CH, (*A)) —179.19 —199.41 —206.51 —209.17 —209.9
H,O —300.08 —341.67 —354.34 —359.53 —-362.1
NH, —274.46 —307.44 —317.93 n.& —322.9
HF —310.49 —360.10 —375.08 —381.09 —384.6
N, —453.30 —508.65 —525.56 —533.55 —536.9
co —436.84 —490.99 —508.46 —516.31 —-519.7
Ne —302.91 —360.07 —375.88 —383.92 —-388.1
F, —597.25 —693.62 —721.87 —733.60 —740.6
2B CH, (*A)) —-192.61 —205.38 —208.81 —209.61 —209.9
H,O —332.51 —355.84 —360.17 —361.37 —362.1
NH, —297.91 -317.31 —321.49 n.& —322.9
HF —358.09 —378.22 —381.77 —383.57 —384.6
N, —494.01 —526.73 —533.46 —536.19 —~536.9
co —477.58 —509.52 —516.22 —519.16 —-519.7
Ne —342.47 —378.00 —386.16 —387.25 —-388.1
F, —676.34 —726.93 —734.72 —739.44 —740.6

abAs for Table VIII.
‘Not available.

pCVSZ. For these set, hpwever, the d'_ffere.nces are small. tap . Average percentage of the valence—sltet-pVXZ and aug-cc-

As usual, the energies of approximatiorf Are more pvxz resulty and all-electron(cc-pCVXZ and aug-cc-pCVXZ results
negative than those of approximation B. Since thesecond-order Mgller—Plesset correlation energy that is recovered by the
MP2-R12/A calculations in the correlation-consistent basisa"ous approaches.
sets do not overshoot the magnitude of the second-ordey,gis

. X MP2 1A’ 27 1B 2B
energy—as happened before in Sec. V for the Ne atom—the e 5 P 2.0 VPR —
MP2-R12/A energies are found closer to the estimated”™® 5 sss o909 o957 o2  on1
basis-set limits than the MP2-R12/B results. Note, however, 4 93.9 97.0 982 967 976
that this better agreement is to some extent fortuitous. It is 5 96.8 98.9 99.2 987 989
based on a cancellation of errors, as certain matrix elements 6 98.0 99.7 996 997 995
are neglected in approximations A and.ANo matrix ele-  2U9CCPVXZ 32 8782'80 98;1'29 9972'36 9833‘70 9869;12
ments are neglected in approximation B. 4 948 976 990 973 987

Table X summarizes the results of Tables VI through 1X 5 97.3 99.2 996 99.0 995
by reporting the percentage of the second-order Mgller— 6 98.3  100.0 99.8 999 998
Plesset correlation energy that is recovered by the variou& PCeVXZ 3? g?g 98;85 33'58 973'; 368':?
methods. See also Figs. 2 arjd 3. . 4 945 975 990 972 983

Even in the largest basis sets, the conventional MP2 5 97.2 99.1 99.6  99.0 994
approach does not succeed in recovering more than 98% efig-cc-pCvXz 2 70.7 84.6 959 826 916
the basis-set limit second-order energy, and it is clear from i ggé gg'g gg-é 3‘7‘-2 gg'i
Figs. 2 and 3 that it seems rather difficult to recover the 5 975 994 1000 992 998

remaining 2%.
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FIG. 2. Average percentage of the valence—shell second-order Mgller+IG. 3. Average percentage of the all-electron second-order Mgller—Plesset
Plesset correlation energy that is recovered by the standard (MP2nd correlation energy that is recovered by the standard MB2 and new

new MP2-R12A’ (M) and MP2-R12B (O) methods in the cc-pVXZ  MP2-R122A’ (M) and MP2-R1ZB (O) methods in the cc-pCVXZ
(dashed lingsand aug-cc-pVXZsolid lineg basis sets. (dashed linesand aug-cc-pCVXZsolid lineg basis sets.

With the MP2-R12 methods, this level of accuracy gence of the formI(,,.+1)"" (Fig. 1). To obtain this con-
(98%) is already reached in basis sets with cardinal numbeyergence rate, however, the exponents of the Gaussian func-
X=4 (valence—shell correlatigror X=3 (all-electron cor-  tions must be reoptimized for use in R12 theory. Today, their
relation. Concerning this comparison, it is noted that theexponents are optimized for calculations without R12 terms.
computation time for these MP2-R12 calculations is signifi- ~ When an auxiliary basis set is used, two different An-
cantly shorter than for the conventional MP2 calculations insizze can be distinguished in R12 theolyversus2. In gen-

the (aug)cc-pV6Z and(augjcc-pCV5Z basis sets. eral, Ansatz2 outperformsl, and Ansat2 is recommended
for future work with the new ABS-based MP2-R12 method.
VIl. CONCLUSION When all matrix elements are computépproximation

B), the computation times of the new approaches grow qua-
By using an auxiliary basis set for the RI approximation dratically with the number of auxiliary basis functions. When
in R12 theory, we have developed new MP2-R12 methodgertain exchange terms are neglected, however, the scaling
that can be employed for calculations in standard basis setsecomes only lineafapproximations A and A. This is an
In the present work, we have chosen to keep this auxiliarymportant advantage of the approximations A and A
basis large and constant for all calculations in the  Work is in progress to implement computational meth-
correlation-consistent basis sets, and the auxiliary basis wagis that utilize auxiliary basis sets in explicitly correlated
thus chosen notably larger than the largest correlationcoupled-cluster theoryCC-R12.
consistent basis. For calculations in small standard basis sets,
aiming at describing ca. 95% of the correlation energy, for
example, such large auxiliary basis sets are probably ndot‘cK'\'OV\”‘EDGMENTS
needed, and it seems worthwhile to investigate the effect of The research of W.K. has been made possible by a fel-
the auxiliary basis on the computed energies in more detajbwship of the Royal Netherlands Academy of Arts and Sci-
and to optimize suitable auxiliary basis sets for use in conences. The calculations were performed on SGI Origin 2000
junction with selected correlation-consistent or other stanR12000 computers at Utrecht University and at Academic
dard Gaussian basis sets. Work along these lines is iComputing Services Amsterda(BARA). We gratefully ac-
progress. knowledge partial support from COST Chemistry Action D9
It also seems worthwhile to investigate the convergencgworking Group 13/98and a generous grant of computing
of the R12 calculations in correlation-consistent basis sets ifime from National Computing FacilitiedCF) Foundation.
more detail. In conventional calculations, this convergence
goes asX 2. For R12 calculations, a convergence close to ) _
X~7 should be achievable for the principal expansidthat $h'e"§r'g("§‘,‘\</ﬁ; Pbﬂirﬁsgtse?néggg J. Olsiajecular Electronic-Structure
is, for basis sets with correlation-consistent composition. Thezy | éak’ p.yamgensen’ 3. Olsen, T. Helgaker, and W. Klopper, J. Chem.
calculations on the Ne atom, for instance, showed a conver-pPhys.112, 9229(2000.
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