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Using a Lagrangian formulation an integral-density direct implementation of the analytic @CSD
molecular gradient is presented, which circumvents the bottleneck of storing &fief)
two-electron integrals o©(N*) density matrix elements on disk. Canonical orbitals are used to
simplify the implementation of the frozen-core approximation and the CCSD gradient is obtained as
a special case. Also a new, simplified approactgeEpmetricgl derivative integrals is presented. As

a first application we report a full geometry optimization for the most stable isomer gfuSi@g

the cc-pV5Z basis set with 368 contracted basis functions and the frozen-core approximation.
© 2003 American Institute of Physic§DOI: 10.1063/1.1531106

I. INTRODUCTION singles-and-double§CCSD and CCSD augmented with a
_ . perturbational correction for connected triple excitations

Many important molecular properties may be evaluatedcCcsOT)], which offers a systematic improvement in the
from derivatives of the electronic energy with respect to adescription of correlation effects at each level.
given perturbati'on.'Among the propgrties derivgd from the  Beyond the density functional theo§pFT) and MP2
first energy denvatlve's ar'e eXpeCtatlon Values, n part|CU|areve|S’ the COUpled-ClUStéCC) approach is present]y recog-
the molecular electric dipole and quadrupole momentspized as the most efficient way of describing dynamical cor-
which characterize the charge distribution in the moleculerg|ation for systems with wave functions dominated by a
Within the Born-Oppenheimer approximation, the electronicsingle determinant. With the progress in integral-direct
energy represents the potential for the motion qf the nuclejechnique¥~'" the application range of CC theory has in-
and the equilibrium geometry of a molecule is given by thegreased significantly, allowing us to treat systems that only a
minimum of the electronic energy with respect to the nucleatey, years ago were too large. The CCSD model, defined
coordinates. Efficient optimizations of molecular equilibrium ynon restriction of the cluster operator to single and double
geometries thus rely on the implementation of analytic gragycitations, is the simplest and most commonly used model
dients. Geometry optimizations are indeed one of the mosh the CC hierarchy and has a computational scaling of
common tasks in computational chemistry, and accurate 98)(02V*4), whereO andV are the number of occupied and
ometries are of fundamental importance to obtain accuratgiiiyal orbitals in the Hartree—FockHF) determinant
molecular properties. Also, harmonic vibrational frequenciegegpectively Truncation at the triple excitation level results
and dipole gradients, needed to simulate the infra-red spe¢s the cCSDT model®2 which scales a)(03V®) and
trum of a molecule within the double harmonic approxima—o(o4v4) and is too demanding for routine applications.
tion, may be obtained by numerical differentiation of, respecyq\ever, it has been recognized that triple excitations are
tively, the gradient and the dipole moment with respect to thenandatory in order to obtain quantitative accuracy in elec-
nuclear coordinates. _ , _tronic structure calculations.

The detailed theory behind the computation of analytical Among the various models which attempt to account for
energy derivatives is well-known for conventional electronictrime excitations at a lower computational cost, namely

wave functions(see Refs. 1, 2 for reviewsand different O(03V%), the most successful and economical one is the
implementations of first and second derivatives have bee&CSEIT)’ approact??>2 where the triples contribution is

presented.** Especially important are the implementations ;e perturbatively to the CCSD energy. The CCSD
concerning the hierarchy of wave functions second-ordef,oqel has been used to calculate a variety of molecular

Mgller—Plesset perturbation theofP2), coupled-cluster propertieé*? as equilibrium geometri€28 dipole and
quadrupole momentS;3? atomization energie$:** vibra-

3Electronic address: coriani@univ.trieste. it tional frequencie$®~>° with an accuracy comparable—and
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sometimes superior—to the experimental one. wherer,,i are the excitation operators for the excitation level

We present in this paper a novel, integral-density directj, andt, the associated cluster amplitudes.
implementation of the analytic CCSD and COSDgradi- The CCSD energy is obtained from projection of the CC

ents. Such approaches have been presented before in Sev%@hr"cdinger equation against the HF reference
variants for MP2%4! but not for higher-order correlated

methods as for instance CC models, where to our knowledge ~Eccsp=(HF|exp(—T)H exp(T)|HF)

only “conventional” nondirect implementations have been

rep)(/)rted‘f‘13 For these methods tlra1e two-electron density is =(HF{H exp(T)|HF), ®
more complicated and integral-density direct implementaand the cluster amplitudes are determined by projection
tions are more difficult to obtain. In the integral-density di- against the manifold of single and double excitations out of
rect approach, both integral and density distributions in thehe HF reference

atomic-orbital(AO) basis are calculated on the fly. )

The use of canonical orbitals allows us to introduce, ina (4@~ T)Hexp(T)[HF)=0, Vi=1.2, (6)
general and transparent way, the frozen-core approximatiomnysing a biorthonormal representatfof’the basis of the ex-
The latter represents a fundamental approximation to reducgtation manifold( ;| is chosen such that a unit metric ma-
the number of excitations to the most relevant ones, thugix is obtained:
contributing to extend—together with the use of an integral-
density direct approach —the applicability of the CGSD (il 7, [HF)=8,,6; - )
approach to systems with a large number of electrons. While \yq 455me that the HF-orbitals are determined from the
equilibrium geometries may be determined for mOIeCUIeScanonicaI condition
containing first-row atoms without the use of the frozen-core
approximation, the latter is more or less mandatory for mol-  Fpq= pq€p s (8)
ecules containing second- or_higher-row e[ements—fws_twhereep are the canonical orbital energies and the inactive
since basis sets for systematic !mprovement in .the descnq_:ock matrix elements are defined as
tion of the core are often not available; second, since, even if
they were, the cost of the calculation would be so high that it 1 +
would prohibit the calculation to be carried out. quQU;aﬁ (HF|[apo,[aqU,H]]+|HF). ©

As a preliminary application of the new implementation, '

a fully analytical geometry optimization is presented for theAlthough the canonical condition is stronger than the Bril-
most stable cyclic isomer of SiQwithin the frozen-core ap- louin condition

proximation. (HFI[Eqi— Eia H1IHF) =(HFI[E; HIHF)=0, (10

which is equivalent to an occupied—unoccupied block diago-
nalization of the inactive Fock matrix, the canonical condi-
tion will be employed throughout this study since the frozen-
A. The CCSD(T) energy orbital approximation is then easily accounted for.

The CCSOT) energy is obtained from the CCSD energy
by adding a perturbative correction for triple excitations

Il. THEORY

For a closed-shell molecule described by the Hamil-
tonianH, the single-reference CCSD wave function is given

by the exponentiadnsatz .
Eccsom=Eccspt > U (u|[®,T3][HF)

|CC)=exp(T,+T,)|HF)=expT)|HF), (1) W=
where the single and double excitation parts of the cluster

: =Eccspt > t(u|[H,T3]|HF), (11)
operator are given by OB ul ° )

w

where® is the fluctuation potential® =H—F). Thet:; are

- ag
Ti= ; tBai, (@ fixed linear combinations of the cluster amplitudes chosen in
g accordance with the biorthonormal representation
an
. tFa=2t7, (12
_ b
Tz—zaizbj t EaiEs; ©) 80 =413 2¢2°, (13)

respectively. Indices, b, ¢, d, e, andi, j, k, I, m, nrefer to and the triple excitation amplitudes in the operator

unoccupied and occupied molecular orbitdldOs) in the 1

HF reference, respectively. Indicpsq, 1, s, t, uwill be used Ta=g > t R EaiEpiEck, (14
for general MOs. In a shorthand notation the cluster operator aiblek

is written as are determined from the equation

(msl[F,T3]+[H,T,]|HF) =0, (15

where we recall that the Fock operator is diagonal

2
T=> > t,7,,
=1 Vi ! !
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Hamiltonian(and of all the wave function parametgm x
FZE ququ=§ €pEpp- (16) s expanded in a Taylor series:

H(x)=HO+H®x+ 3H@x?+- - (17)
The right superscript on an operat@r parameterdenotes
the order of the derivative. For an arbitrary value of the

If the molecule is subjected to an external perturbaxion external perturbation, the variational CCSD energy La-
the Hamiltonian becomesdependent(x), and the wave grangian allowing for orbital relaxation is constructed from
function responds to the perturbation. The dependence of thegs. (5), (6), (8), (11), and(15) as

B. The orbital-relaxed CCSD (T) energy Lagrangian

Lcesnm=(HF|exp(—T)exp(k)H(x)exp( — x)exp(T)|HF) + > t_,l(,u,|exq —T)exp k)H(X)

K=Y

xexp—k)expNHR+ X t(ullexp k) H(X)exp(— ), T3]|HF)

M=y o
+M23 t_M3<,u3|( % €pEpp, T3 |+ expl k) H(X)exp( — &), T,] |HF)+p§q %o Fpg— Spq€p) (18
|
wherex is the orbital-rotation operator LD =(HF|exp( — TO)H® exp(T@)|HF)
0
+ 2t ulexp —~TO)HD exy(T)|HF)
K= m2
K:pzq quE‘;q. (19
+ 2 O HY, T ]HF)
M=o
In Eq. (18), an overbar is used to denote the Lagrange mul- +> TEE;(M3|[H(1),T(20)]|HF>+ > ?%)Fﬁ)lq),
tipliers (which are multiplied by the constraint equations de- H3 p=a
termining the corresponding wave-function parametensd (20

theimplicit dependence of the wave-function parameters and
Implictt dep wave-Iunction p . where full advantage has been taken of thet2 and 2
multipliers onx has been suppressed for ease of notation.

. . 4+ 2 ruled for the wave function amplitudes and the
Note that the orbital energies are treated as wave funCtIOEa range multipliers, respectively. Since the orbital energies
parameters, and that thg are not independent parameters grang P » resh Y- g

. L are treated as wave function parameters, their derivatives are
and therefore no corresponding Lagrange multipliers are

: not required according to then2-1 rule. In Eq.(20), H® is
needed. Note also that the corresponding CO3ormerly e o .
known as CCSB T(CCSD)] energy Lagrangian is obtained the first-order Hamiltonian in the orthonormalized MO

. ST (OMO) basis! which consists of two contributions—the
by restnctmg the_ summation in E¢L1) [a_nd _hence the sec- first-order Hamiltonian in the differentiated unmodified MO
ond summation in Eq18)] to double excitations only. If all

i [1] o il-
terms in Eqg.(18) involving the triple excitation manifold (UMO) basis # ) and the one-index transformed Hami

. . . tonian representing the reorthonormalization term and con-
(third and fourth term are _omltted, the expression for the taining the differentiated UMO overlap matrgtl],
CCSD energy Lagrangian is recovered.

For a review of the Lagrangian approach to the calcula-  H®=H[1— g1l 4O (21)
tion of geometrical derivatives for nonvariational wave func-
tions, see Refs. 1, 43. HereH!! and 9! are defined as the derivatives ldfand S

in the covariant AO basis, transformed to the MO basis using
the undifferentiated MO coefficients. See Ref. 1 for details.
The gradient may be rewritten as

. 1
C. The CCSD(T) molecular gradient (1) _ (1)ycesom . = (1) 4CcsOT)
M g L _% hpgDPpg™ '+ 5 > Ipardoge
Following Helgaker and Jgrgens&ft the first deriva-
tive with respect to the external perturbation at zero strength
. . . ——0)=(1)
of the perturbation—which in case of a geometrical pertur- +p§q pqFpg - (22)
bation corresponds to the molecular gradient—can be written
as in terms of CCSIT) one- and two-electron densities
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D= [(H+ 3 Tl

=y o

Xexp(—TO)E,qexp(T)|HF)
+ ; t;;O)<M2| [ qu !TgO)]| HF>
2

=p>SD (T)
=Dgq+D

pa (23

cesoT)
dpqrsu =

(HF[+ X

H= 82

Xexp(—TO)eyqsexp(T)|HF)

+ X

w= g o

+(0)
th, (ul

t;(0)<ﬂ|[epquaT(30)]| HF>

+ 2 T5;,03)<:""3|[epqrsvT(ZO):”HF>
M3

=d>0 +dh

pars™ “pars: (24

Considering the re-orthonormalization terms in the de-

rivative Hamiltonian explicitly, see Eq21), and recalling
that the Fock matriXto any ordem) is

(n) — () (n) _ ~(n)
qu_hpq+2k (29pqkk— Ipkka)

1
=hiy+ 5 2 D5 (2055~ Oprsg), (25)

where D= (HF|E,{|HF)=26,46, is the HF density ma-
trix, the gradient expression can be further simplified to

1
LO—S' plilpefy =S (1] qef _
% pa pg zgggpqrs pars %

1] eff
SE)C]FPQ’

(26)
in terms of the variational oeffectivedensities

eff_ ~CCSD(T) , —(0)’
Dpq=Dpq T Kpg

(27)

deﬁ :dCCSI:(T)'i‘Z?;J%),D:F_;;?.)IDHF (28)

pars pqars ps:
witr: Fff;” = 3(1+ 8,¢) k) and the generalizeeffectiveFock
matrix

F§2=§ D,%tho+02rs e Ggors- (29

Hald et al.

In Egs.(23) and(24), the one- and two-electron densities
were separated into singles and doubles tethms first term
of each equationand into triples terms so as to highlight the
similarities and differences between the densities of the
CCSDT) and CCSD models. The densiti&"°° and dSP
thus collect all terms that do not explicitly contain the triple-
excitation manifold. They have exactly the same structure as
the densities of the CCSD method and can be calculated
using the same strategy. Note, however, that, in the QTED
method, the SD densities anet the CCSD densities, as the
CCSIOT) singles and doubles multipliers are not the CCSD
multipliers due to the inclusion of the triples multipliers in
their right-hand sidévide infra, Eq.(43)]. The densitie® (M
andd( represent the new contributions that must be imple-
mented when CCSD is extended to CGSD

The CCSD-like densitie®SP and dSP are most conve-
niently determined in aT-similarity-transformed basis
with the operators transformed as, for instandé(®
=exp(- TOYH® expM?). In this basis the density SP sim-
plifies to

SD__ ~SD h
Daﬁ_% DooAL AR, (32)
Dpg=|(HF[+ Xty
W= e
_ 10 (0)
Xexp(— Ty ) Epqexp(Ty ) |HF), (33

and similar equations hold for the two-electron part. Note

that DSP no longer contains the singles amplitudes. The in-
tegrals of theT;-transformed operators are conversely ob-
tained as for instance

ﬁpq:rzs hrs(l_tl)pr(l'i_tl)sqzazﬁ ha,BASsz?Sri (34)

where AP and A" are modified MO coefficient matrices for

the similarity transformed bagrs'®44
AP=C(1—-1]) (35
AN=C(1+1y), (36)
with
0O O
b ( () 0)' 7

If necessary, the one-electron density in the regular MO basis

For later convenience, we also consider the gradient in th§" be obtained from the density in thg-transformed basis

AO basis

1
L= DS 5 S o, S SR,
af afBys af
(30

via the transformation

Dﬁz‘qD:% 5rSsD(]-_tl)rp(]-"'ﬂl—)sq- (38)

A similar expression holds for the partially backtransformed
SD

with the integrals in the covariant AO basis and the densitie§Wo-electron densityl J;. 5.

and the effective Fock matrix transformed with the MO co-

efficient matrix C,, to contravariant AO basis according CCSD(T) first-order one-electron properties

to—for example,

ff_ ccsnT) . —t0)’
Dgﬁ_% (DS + %) C oo Cq - (31)

Expressions for first-order one-electron properties, like
the molecular electric dipole moment, are conveniently ob-
tained from the expression for the full gradient by omitting
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the two-electron part and all the reorthonormal|zat|onwheree(°) is the sum of HF orbital energy differences for the
terms in the Hamiltonian derivative, keeping orfiy’) as  riple substltutlonv3 For the single and double amplitude
perturbation: multipliers, we obtain the equations

(hIy=(HF exp( — T©@)h(1 exp T)|HF)

+ 2 5Ol [, T HF) oL
M2

+ >t ulexp —TO)ht exp(T)|HF)

=g eD
(O[] 0= > t(ulexg —TO)[HO, 7, Jexp(TO)|HF
+p§>:q KpaNpq - (39 - w (el |HF)

This expression, as the one in E&3), has been simplified
compared to Eq(20) from a consideration of excitation lev-
els and operator ranks. It is conveniently rewritten in terms

+(HFlexp = TO)[HO©, 7 Jexp T?)|HF)

of the effective one-electron density matrix as +(v*[[HO, TP ]|HF)
hithy=>' hitipef. (40
< > pq pa—pa + @;<M3|[H(O)!TV]|HF>! VV: Vi1,V2, (43)

The orbital-relaxed first-order one-electron properties are ’

thus determined from the contraction of the effective one

electron densityD" with the property integralgll . . . o :
Pra property IntegraiSpq where(v*| is the same linear combination of excited con-

E. The CCSD(T) response equations figurations as the linear combination of amplitudes in

The zero-order cluster amplitudes are determined frorﬁ* © [Eqs ;&2) and (13)]—that is, (x| =2(f| and (§|
Egs.(6) and(15), while the equations for the zero-order mul- = 4G5 |_2<JI |—and the last term in Eq43) only contn-
tipliers are obtained by requiring the Lagrangian to be stab“tes forv,. Finally,
tionary with respect to the cluster amplitudes. The triples
amplitude multipliers are determined by the condition

L O1at{)=0: AL
o -0
&6p
0= X trOul[HO,7, ]HF)
K= 1,42 3
70 (0)
+> 1 FO 7 JHF 41 B
2 2 (uallF 7, ]IHF) Y RO=S T el [Epp TIIHP), (44)
M3
=
100 ! *(0) © i i i - ioli
t, =~ -0 > (el [H ,T,,3]|HF>, (42)  determines the diagonal part of the orbital-rotation multiplier
€vg MR M2 matrix, and
JLO®

WZO, Vr>se
rs

0=3 ﬁp‘QZE<HF|[ap(,,[aq,,,[Ers,H<°>m [HF) +(HFlexp ~T©)[E.5, H© Jexp(T®)|HF)

+ 2 COUELHOLTOIHR+ Xt ulexpt —TO)Eg HOlexg(TO)[HF)

M=, M2 =2

+ 2 T gl [[Erg HOLTYIHR),  Vr>s, (45
M3

Downloaded 31 Jan 2003 to 141.52.232.84. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



2990 J. Chem. Phys., Vol. 118, No. 7, 15 February 2003 Hald et al.

gives the off-diagonal part. Note that the diagonal orbital-equations*z and the effective Fock matrik®" and (2) the
rotation multipliers are trivially zero in the CCSD case. yifterentiated integrals to the two-electron contribution to the
Equation(49) is the coupled-perturbed HEEPHP equation,  graqient. To avoidN* storage bottlenecks which would
also known as th&-vector equation hinder any large-scale applications, neither the density nor
;(0>A:?,7' (46)  the integrals should be stored as a complete set on disk. Both
the density and the integrals must be calculated on the fly
and contracted in a direct manner to obtain the final results.
Such algorithms have been used before in integral-direct and

with the right-hand side

“Dga V= (HA+ X t(ul [exp(—T) semi-direct implementations of MP2 gradiefit§! but to our
M= p (e : : : ; ;
knowledge no integral-density direct implementation of CC
X[H@ E Jexp T?)|HF) gradients has yet been reported. To implement an integral-
density direct algorithm, the two-electron density must be
+ > t;(°)<,u|[[H(°),E,;q],Tgo)]|HF} constructed with one or two fixed indicésr index shellsin
) the AO basis, making its construction even more complex.
For the present implementation, we have chosen a strategy
+ 2 0 usl[[H', Epgl T2 1[HF) with one fixed index in the AO basis, which is most conve-
ry O niently combined with the integral-direct CCSD approach
Ezngngngq)_ (47) ?Oﬁlso(;:/iged in Refs. 15, 16. Our strategy can be outlined as
Expressions for the matriA can be found, for instance, in
Ref. 45. In Eq(47), the vector nggSD(T) is written as a sum * precalculate some intermediates which can be stored in
of SD and(T) contributions, where the SD part—the first memory or on disk

term in Eq.(47)—is structurally identical to the CCSD right- ~ * loop overA (where A is a subset of basis functions
hand side. After some manipulation and using the commuta-  belonging to the same shell and related by symmetry

tion relationships —depending on what the requested result is
* calculate dpq,5 VP,Q,y O d,g,s Va,B,y and
[h,qu]=§r: (hrpErp—NgEpr), (48) VéeA

* calculateg 5,5 Va,B,y andV de A and contract

1 with d,z,s to the corresponding contribution to
E[g’qu]:g{ (Orstp€stp— Irsqi€ptrs)» (49 Fef or calculategyg,sVp.q, v anq contrac'F Wit'h
dpg,sYP,0,y to the corresponding contribution
whereh andg on the left-hand side are one- and two-electron to “n
parts of the(undifferentiatel Hamiltonian in second quanti- * calculategfaxﬁ]y,S and contract withd,z,s to the
zation, the right-hand side can be rewritten in terms of the two-electron contribution to the gradient
previously defined densities and the undifferentiated inte-
grals » end loopA
B We thus avoid storage aP(N*) intermediates on disk and
“nSN T =(1-Ppyg) Et (DB D+ DS M)hy, can keep the memory requirements as low as for the solution

of the cluster equations. Considerations about the implemen-
tation of the CCSD gradient along these lines are also given
+ 2 (et +dSES ) gprrs | - (500 in Ref. 47, and the calculation of CCSD first-order properties
rrs within such a scheme has been described in Ref. 14. In the
The density form of the CCSD-like and) contributions is  following, we describe the implementation of this strategy
immediately identified by inserting the decomposition of thefor the two-electron density, the intermediates and Fe,
densities, Eqs(23) and (24). The present density-based and the two-electron contribution to the gradient in some
implementation of the right-hand side of the orbital-rotationdetail, with special emphasis on the contributions from the

multiplier equations is described in Sec. Il D. triple substitutions needed for CCED first-order properties
and gradients.
IIl. IMPLEMENTATION A. The response equations

The CCSDT) gradient and first-order-properties have  The Lagrange muItipIiers?V3 for the triples amplitudes

been implementedvith the corresponding CCSD properties 5.6 determined by Eq42). The two contributions to the
as special casg¥ in the DALTON code?® Furthermore the right-hand side become

MP2 and CC2 gradient and first-order-properties have also
been implemented.
A crucial step in the calculation of first-order properties
and gradients of correlated methods is the construction of th xasa|ry(0) _def def *d *d
. . . . oG HY, HF) =P L —Lmeitn ),
two-electron density matrix and its contraction with un- 2 Al Timn][HF) = Pimn(Lmenf metitn )
differentiated integrals to the inhomogenity of tHevector (51
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2 £ 2230 [ H(©), 71211 | HF)

— Pdef

*de
Imn an

me 2 t* deI-minf

d da
+Z th eglimf+§ tim L

With L pqrs=20pqrs— 9psrg- INSerting the above expressions
in Eq. (42) gives the following expression for the triples
multipliers:

aenf 2 tmn Jieaf|s (52)

1
Tdef def d d d
tIr‘r‘?n a fpln‘:n( Lmenitr _Lmelft: +trm anf
€Imn
d d d
—th eme_Z ti eLminf+§i: tin “Glimf
*d d
+2 t| aLaenf_; t%nagleaf)v (53)
where it = €4— €+ €c— em+ €;— €, and the symmetriza-
tion operatorPIJk is defined as
abc abc acb bac cha cab bca
Ijk Ijk% Aljk ij +Ajik +Akji +Ak|] +A]k| '

(54)

Note that we often omit the superscri in the amplitudes,
multipliers and integrals for ease of notation.

Implementation of the analytic CCSD(T) gradients 2991

TABLE I. The one-electron SD an@) densities. Note that the SD density
is in the AP, AM-basis, whereas th@) density is in the regular MO basis.

Correlated space

DSP=t2
DEh= St ti=Y}a

DiP=25; - Scadifti'=24,; - X;;
DP=x (2tab =2y tIte =z,

D D= szlem(tﬂﬁla tllma)t*

Additional frozen-core term

DIJD: 26,

tor P;ﬁ)“j"E defined in Eq(59) and in that the integrals refer to
the usual MO basis instead of tfig-transformed basis. The
implementation is thus basically identical to the implemen-
tation presented for the CC3 ground-state energy in Ref. 48,
just with slightly different integrals and followed by the ap-
plication of theP"® operator on the doubles result vector.
The contributions from the triples multipliers explicitly given
in Eq. (57) are quite similar to the last two contributions in

Eq. (56), with the triples multipliers in place of the triples
amplitudes. Since the multipliels,3 have a structure similar
to that of the zero-order triples cluster amplitudes—that is,

For the singles and doubles multipliers, we need to solvéhey can be written in the form

Eq. (43). The first two terms are structurally identical to the

CCSD terms, and their integral-direct implementation is de-

scribed in detail elsewheré.0nly the triples specific terms
in the equation are considered here. These are found as

(P |HO TP HR = 22 (5= t85) Liake (55)
({P5% ] [H @, TP HF)
IR 2P S R 3] (e
—tid )gljkc+2 (21551350~ tﬁﬁd)gbdkc“a (56)
and
2 6 (malH O, 75]IHF)
3
:Piajb E t?kidgckdb o Igckjl)! (57)
with the symmetrization operators
PRPAZP= AR+ AR?, (58)
Pan TARP=2A— AZP. (59)

Note that the contributions in Eq&5) and (56) are similar

1
o= ~ PRRXERO). (60
WhereXf]k is one of the six permutational components in

Eqg. (53), we may implement the terms in EG7) via Sand

Q intermediates similar to those introduced in the calculation
of the contribution from the triples amplitudes to the CC3
ground state vector function described in Ref. 48. For the
triples Lagrange multipliers, th& and Q matrices can be
identified from Eqgs(53) and(60), recalling that the general
definitions are*®

o 1
SP(aikj)=— —b—c<><f}E°+ X529, (61)
Q°%(aijk) =~ —ps X - (62)

Ijk

B. The one-electron densities

Explicit expressions for the one-electron dendt§® in
the T;-transformed basis, which are easily found from the
equation

>

)

BSP=( (HF + (il | {Bpq+[Epg, T2} HF),
(63)

are collected in Table I. The implementation®?P does not

to two triples specific terms in the ground-state amplitudepresent any complication and will not be discussed further

equations for the CC3 model—see terith%) and (X) in
Table | of Ref. 48—differing only, in Eq(56), by the opera-

here. The triples contribution to the one-electron density is
found from
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TABLE II. The symmetry-unique blocks of the CCSD-like two-electron dSD
density in theAP, AM-basis. The intermediates at§!=2tc0—t5d: &g, pars™
=Sqteitd; Mijmn=2¢ tfr?tﬁ‘ﬁ Xij Ecdktkltﬁj Yab=Scitfiter .

<HF|epqrs+ [epqrsvT2]|HF>

+ E t_,u</‘5|[epqrs+[epqrs--r2]

Correlated space M=, Lo
A0 =48 8026401+ SZcant it~ 28 Zcant itk 1
ij _I] kj“i j<c m mitmi ij<c mn‘; m +_[[e ,Tz],Tz] |HF> (66)
25k|2(:dmtm]tm|-"_6\||Et:dmtm]t +20dt tIk 2 pars

=460~ 25k15||+5k1_xn 25|J§k| 25klxu+5i|xkj+'\7|ijk|
duka 2‘(;|J§:clt tkI 5szcltﬁﬁc_zctﬁﬁic

=26, 80k Sea— SolLES The explicit expre_ssi(_)ns for the various blocks of _the SD
D= 25,5 g TEitED— thj(zjatﬁibixcktijclftickb tv_vo-ek_actron density in theTl-transforme_d MO ba3|s_ are
=25 Yoa— S e — S o L5t given in Taple II. We shall return. to the |_mplgmentqt|on of
d.a,b—2tab+Eckemteatmktﬁ,b+Eckenlmkt?ftcmek S ceen AL the CCSD-like two-electron density later in this section.
S ok RO Ee — S opent aoECEE — ckemt“tebtkm The symmetry-unique blocks of the triples contribution
— Sokentitontre+ Soxenfatont oo +zcken¢kft$n?tmk to the two-electron densitg'™ are presented latésee Table
=21t +2€kemt§f’~$n?t$n°k+ Ekm Mk Z et Y ae— St Xim IV). These contributions cannot be evaluated efficiently from
—2 T = S8 ho— S okentf ol ot o the amplitudes and the Lagrange multipliers on the fly, with
+zcken¢:ft;t;t§;+ Eckemtzftﬁﬁ ce one index in the AO basis. Therefore, they are precalculated
ola,m—tab in the MO basis as described below and stored on disk. This
dallk 26, t3— 5;tE is possible since these densities require at i€ V?3) disk
50 = St AT — 8 et pter =St 80— 6 Ypa space(vide infra), which does not constitute a serious bottle-
asP =3, tatbe neck in CCSIPT) calculations.
AL =3 atacthd The densityd(;),, is similar to the Fock contribution to
the double excitation part of the vector function in a CC3
Additional frozen-core terms ground-state energy calculatipef. Fock contribution in Eqg.

(56)] and is therefore implemented the same way, w,ftﬁ
replacing the Fock matrix elemefft.

The first term md(TJ)k and the only term ind(j) are
similar and calculated in the same manner—for example,

AL =413k =28k

dﬁEL 48 8k — 28 S caml eotea= 48y S — 28 Xij
A= = 28380 + SicaScantltoa= — 28365 + SaXiy
da=28,3 cltmlak,c|*25|38ak

aleKa: - 5JK_EcItcﬁai,cIE — OjkEai
dg:?]k _5IJt_E 2
dSh=268t? aljk < Ik|
AP20= 282 ekt FrtEP=281,Yba
A5P6=— 81y S et itE’=— 813V ba gae . ae; 1
(dlki)+Q%(dlik)
dle {

+S2%(ekli) + Q(ekil) Jtfi®

(M _ byab
qu—;”;j 652 I Epq. T3l[HF). (64) = — > {[S*(dIki)+Q(dlik)]tfe
dle
Within the canonical formulation, the only nonvanishing ae . Q€ AL i1
contribution appears in the occupied-virtual block: +[S™(dkli) + Q™ (dkil) ]t;}7. (67)
DI=2 2 (tdea_qdeaypxde (65  The second and third term @]}, can be seen to be equal to

the densityD{) in Eq. (65 multiplied by a Kronecker delta
It is very similar in structure to Eq(55) and to the triples and are easily evaluated.
contribution to the single excitation part of the CC3 vector _ The most difficult blocks to calculate are the densities
function, witht}; ®° replacing arL,j, integral. Therefore, the  d{y; and diy).. They cannot be stored in memory due to
|mplementat|on of the density block in E¢p5) follows the  their sizeOV? as we allow at most objects of sif2?V? in
implementation of that particular contribution, see Ref. 48.memory. The two densities are very similar and so is their
The densityD(" is precalculated and stored on disk for laterimplementation—for example,
use in the calculation of the inhomogenity for tHevector
equation7°“SP(M Eq. (47) and for the gradient.

abC|
dlm
C. The two-electron densities and the integral-density
direct algorithm =—> {[s*(amil)+ QI (amli) ]t
~ dle
The CCSD-like two-electron densitydS® in the o . i
T,-transformed basis is obtained as +[S™(ciml)+Q3(cilm)]tiy} . (68)
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To Obtaind(a-ll;)ci’ we store two different intermediate densities TABLE Ill. The SD (and CCSD densities in the\h-bafk(tjransfz)rmedd basis,
. . . . H H H .Fed_nscd_scd.
on disk. One is stored with as the outer index and the other WherSC‘;V% ha‘;e '”‘md;‘fcef thfa'”termfgf'aﬁfef- 1;9- L= Eik'a tic:_ock
with ¢ as the outer index. Next, the two intermediates are” ottt tag=SetifAs T =A% 28, =Sadiftay ; Za;
=3 edts . 7. =3 cdicd . L= cdicd. =3  tca ch
added together. akbik takj s Mijman=Zcatjntims Xij= Zeadi tij 5 Yab=™ Zckitir i -
To prepare the densitd(™ for contraction with two- Correlated space
electron AO integrals, the last index of each block is back= pop—
. . L ASPO=46 AN — 28 AT+ 26, S gt kA — S ZagaiAl— Sell: LS
transformed to the contravariant AO basis and the density is' NSk Sfkithal Tt Sataktaa - CkiSatall e etk
M . . . + 02 X1 A — 26 2 Xig A g — 22X A gt XA
stored agd 4, on disk. More specifically, taking advantage RV
. ; ljk 1 Aol o o
of the fu!l permuta'Ech;nal ser(1Tr;1etry of the MO 'ntegrals’_theaﬁ§'§=25i,~2ktEA';k—t?A§i+26iijYbaASb—Eckt?ﬁ?k,i—icktfftii,k
(T) density blockdd,.; anddy,;. are added together to give U= 20NN — 8 S tEA s 8 Do Yoad p + 22

the symmetrized densitjdiy;;, which is then backtrans- Gs2s_s tionn

sg(m imi i i M 5 TeareAn 4 o7 3
forme? t0>dypis- A S|m|.Iar sTtrategy is -used wnh thel,  d3bo= ZaaiAt}j:gajAgi7Eek£ﬁaTEA2k+~2t§iljfEeYaetgilj B
andd{[) blocks to obtain°d{[);. This gives maximum 1/O =2 Xim )~ St m~ Zoely YoM By St miMimi
and storage requirements of the ord&NO. _ SentimnZemit SentinZemi+ SemtmiZam; + Sokenti tmder,m
As pointed out at the beginning of Sec. IlI, an integral- d32°= =t mth— YabA% + o TtTAG, B
density direct implementation of first derivatives requiresdsn’=2YoaA5+ Emtatomi — Sexth ti A — ScctitieAs,
that the two-electron density can be calculated efficiently in A0 =Zmitmntan
loop over basis functions with at least one IDdGX tranSformeG'To avoid an expensive backtransformation of thedex to AO, the given
to the AO basis. The CCSD-like contributiodsP cannot be contribution is calculated directly with two indices in the AO basis as
. . . 3SD.Sy _ - i H
precalculated in the MO basis and stored on disk as done fofiab*"=Zmntomntamn Within an inner loop overy.
the triples contributiod(™. Thus these density contributions

must be formulated with one back-transformed index to al- —if necessary, backtransform remaining indices to

low for an on-the-fly construction cmgq'r in a loop overs AO basis within a loop ovew,
from some smaller intermediatedNote that we allow, as in —if necessary, add relaxation contributions fram
the implementation of the CCSD vector functibr®at most —for ?,, read in the undifferentiated integral distri-
intermediates of the siz@2V? in memory) Such a reformu- butions, transform the,3 indices to MO and con-
lation is presented in Table Ill. Assuming that the triples tract with the density;
contributions®d{D,;, Sd(;, d)s, di),, d)s, d3), are —for Fe contractd, s ,s with the undifferentiated
already available on disk, the algorithm for the calculation of two-electron integrals; for contraction with de-
dgqr can be sketched as follows: rivative integrals storel,s , s on disk;

—end loopd;

* precalculate the intermediate§;, Yap, mijm,n, £ck

=Dg2, Tainj (see Table 1), * end loopaA.

- In the current implementation of the CC8D and CCSD

+ precalculate the one-electron densiyy, read D) gradients, the SD two-electron density is thus calculated
from disk and construct the one-electron densitytwice—once to generate the right-hand side of Zaeector

DEE Sp(m equation“», and once to calculate the effective Fock matrix

« loop over A (where A is a subset of basis functions and the contribution to the gradient from the derivative inte-
belonging to the same shell and all symmetry relatedgrals. An alternative approach, where tkeonseparable

counterparts two-electron density is calculated only once, can be devel-
—loop over symmetrized AOESAO) Se A oped using the methodology of Ref. 40.
—calculate the intermediatesty ;= Spti°Al,
t_aéi b= thﬁbAgj , Zgi i= Edktﬁ( gki , and TABLE IV. The symmetry-unique blocks of the two-electr6R) density in
55 _ < 1edis ' ' the regular MO basis. The permutation opera®{ts and P13 are defined
Zgii=Zatik tak, » ‘ avl

in Egs.(58) and(59), respectively.

—construct the first seven blocks of the one-index

backtransformed densitgtS0 from the expres- Correlated space
sions given in Table III; 0y =PIGEPEDS | (120910 x ¢
—construct from these blocks the two-index back- di(;?k:—22d,e(2tﬂ$a—t§?a—tﬁfa)t*f‘ke
L~ ~ _ cdeay dea_ 1d d
transformed densityds2?; construct thed3py o +22cu%g£tzdfjk(tnﬁ? tiim) ~ Si(tim; — thim It m
contribution todgpy’ directly in an inner loop N
over vy, d?Tb)c'_ 23 dlrzzlgycll)nltdcb_tdcb)t*da
(1),6 . abic™ dim lim Imi ilm Im
—readd,q;” from disk, backtransfornt to y and

construct from the resulting blocks an3g? the Additional frozen-core terms
P CCSD(T),6.
CCSOM densitydpg, - 3 dD=26,D1]
—add the frozen-core contributions listed in Tables 4@ __ 5 p™
Il and 1V; £ =
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D. The right-hand side of the orbital-rotation TABLE V. Explicit expressions for the symmetry unique blocks of the SD
multiplier equations within the integral-density (and CCSD right-hand sides of the orbital-rotation multiplier equations
direct algorithm within the correlated space in terms of densities and integrals imthe

AM-basis. Note that the occupied-occupied and virtual-virtual blocks are not

The general expression for the right-hand side vector forequired in the CCSD case. In the frozen core approximation a few contri-
the Z-vector equations in terms of the one- and two- electrorputions must be added to each block, which are obtainable from the equa-
density matrices was given in E(Ij50). For an integral- tions below letting the summation indices over occupied orbitals refer to

: . . o . frozen orbitals. The additional bloc and “#P are also required,
density direct formulation, we transform two indices in the ksrcp Kb a

which can be easily derived from the formulas given here and the recipe in

two-electron contribution to the AO basis: Sec. Il G.
— % SD_ n RSD_#{ "‘SD L RSD, K RS
KnggsuT):(l_ qu) E (DthCSHT)_I_ DthCSHT))hpt 73i 72t(htaDtiA ~hsi,tDD : ~h§D >+ ha Dy .
t _Etjtaj(htiDAtj - D)+Etbtb|(hthta haDED)
+Etbj£ajtbi(hlbDH - Jt bP)j_Etrs(gtars tirs ~
=+ 2 (dthcfg-r gtcfg-r))gpt Y[+ (69) 7gitrsd§557 gtirsdtsales+gatrsdﬁll?s)7Etrsjtaj(gtirsdtsjllz)57gjtrsdﬁll?s)

+Etbr5tbi(gtbrsatsa[r’s_ gatrsaﬁgs)+Eijrstajtbi(gtbrsatSj?s_gjtrsaggs)
Within the scheme described at the beginning of Sec. Ill, this, 0= (1= Pap){Z(NaD P+ haD50) + 22ty (MDD P— Dy D3D)
equatlon IS Implemented as fOIIOWS Wlthln a |00p O\&r Jrztrs(g'telrsttkzurergatrsdbtrs)Jrztrsizjtbj({']tars tJrsfgjtrsag?s)}

thedsoy’ is calculated on the fly, and the various blocks of

d%),‘spare read from disk. For both densities, thndex is 7 = (1= Pi){Z(hD>+hy ﬁﬁDHE P tcj(ﬁmt’)ﬁf’ hiDZ)

backtransformed to the AO basis to Obtdliﬁy&, dglt—q)y& and +2trs(gl|rsd11rs+gllrs ]lrs)+zlrsz tc;(gtcrs s~ Oitrsots)
finally d5¢>°("?. The integralgy? ;. (calculated in the loop

over A) are read into memory, partially transformed to the
MO basis in a loop overy, and contracted with the two-
electron densities.
Note that, in the CCSD case, the occupied—occupied anfihe diagonal orbital-rotation multipliers can then be calcu-
virtual—virtual blocks of<» are not required since the CCSD lated as
energy is invariant to orbital rotations among the occupied
orbitals or among the virtual orbitals. The explicit expres- 1 podreed —
sions for the symmetry-unique blocks of the right-hand sides<aa=> Ed: P 1S anlk)+U(anlk)}
of the orbital-rotation multipliers are collected in Tables V

and VI, for the SD andT) parts, respectively. x PEMs*danlk) + UCd(anlk)}
_ “acd jcd

E. The diagonal orbital-rotation multipliers =2 {S*%anlk)+Ucanlk)}

The diagonal orbital-rotation multipliers originate exclu- cdf ecd cd
sively from the triples space: X P{S™(anlk)+U™(anlk}, (75)

7ppzz t_,u,3</-”3|[Epva3]|HF>' (70

“3

Forp=a andp=i, in particular, we obtain TABLE VI. Explicit expressions for the symmetry-unique blocks of {fi¢

right-hand side of the orbital-rotation multiplier equations in the regular MO
—d cda basis, within the correlated space. In the frozen core approximation a few
Kaa E tk Klm 1 (72) contributions must be added to each block, obtainable from the expressions
below by letting the summation indices over occupied orbitals refer to fro-
zen orbitals. The additional blocks7{] and 7] are also required,

— d . . . ! o
Kji=— Ec% tkhetﬁlie- (72 \éVZlCchucl:gn be easily derived from the formulas given here and the recipe in
These multipliers cannot be calculated using Sxand Q  «;(D=3h, DY -3, h,.D(T)+E|cm[sd|Tnlc+Sd‘lmc]gmmc
intermediates of Ref. 48. Instead, we need to introduce an- —Efcm[sd$£)mc+5dafmagf.mc 2ol dfahn
Othel’ intermediate +d§iT2an]gI|mn 2I(:ml:dl(.';ll?\'\c](\]licm_EI(:dl:dI(ij\?:d
Jrd(a-ll—g:d]glichrEfmn[dgn)”m+di(;rrzm]gfamn
T T T
uab(ckji)=— 1 CXSEC (73) + 2 red A+ df2a1gracat = reml difnclgrame

“pD=(1- P.,){z h.cD”+zcde(nTmc Sd‘nmc]gn.mc

such that a triples amplltude or multiplier can be rewritten as +Elmc[dcjlm+djclm]gcnm+Eldc[djcld]guld
+Zgad g+ il geira}

1
XﬁEC 50 PﬁEC Ijk% B (T)i(l Pab){zjhjang)+Enml[dlbnerdblnm]glanm
+ S mel diphdGlamet Zacldiphe+ dbiacliage
= P_kC{SbC(aikj)+ ch(alk])} (74) +2dc|[sdcb|d+sd cld]gcald}
i .
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TABLE VII. Equilibrium CCSD(T) bond lengths(in A) of the cyclic 2s  loop over A (where A is a subset of basis functions

isomer of SiG. C* indicates the transannular carbon atoms; “fc” stands for belonging to the same shell and all symmetry related
“frozen-core approximation” and “all” for “all electrons correlated.” The counterpart}:

number in square parentheses corresponds to the number of contracted basis
functions in the given basis set. —loop over SAOsS e A

calculatedd®™, . for all
cc-pwCVQZSI)/ aByd a,By

eff .
cc-pVQzific cc-pV52zifc cc-pCVQZC)/all? stored 5,5 on disk
[224) [368] [361] —end loopé
—Iloop overI" (whereT is similar subset of basis

oo 1.8393 1.8359 1.8290 ;
oo 1.4381 1.4370 1.4342 functions ash)
Fox.con 1.4902 1.4887 1.4830 readd, s, ;Va, pandVyel', deA
calculategl], Ve, andVyeTl, e A and all
#From Ref. 50.

necessary directions (12 at most
contract density and integrals td.[Xl(2e)

- %Eaﬁvﬁg%y&dfgyﬁ
1 — _ —end loopI’
Ki=—= > PYUSH(eilk)+ U eilk)}
2 clcle « end loopA
XPﬁF{SCd(eilk)JrUCd(eilk)} In this way, we keep the memory and disk space require-

ments essentially down to what is needed for the calculation

_ _ i eff i i
_ E {SCd(eiIk)+UCd(eiIk)}Pﬁﬁ{SCd(eilk) of the densityd®". The additional disk space needed for the

e out-of-core treatment of the density @(N°%) and the addi-
cdr tional 1/0 introduced isO(N%). The strategy used for the
+U%(eilk)}. (76) efficient evaluation of the two-electron derivative integrals is

We thus need to calculate ti$sandU intermediates for both outlined in Sec. IV.
combinations of the two fixed summation indices, which
means that we will hav®V* 1/O in comparison withOV?3

for the ground-state energy calculation. For a more thorougi. Implementation of the frozen-core approximation

discussion of the implementation, see Ref. 48. . . . .
P When introducing frozen-core orbitals, we divide the or-

bitals into three sets: frozen occupied J,K,L,...), active
occupied {,j,k,l,...), andactive virtual @,b,c,d,...). As

F. The CCSD(T) geometrical gradient shown in Ref. 3, the criterion for frozen-core orbitals is that
in the integral-density direct algorithm the Fock matrix does not have an interaction between the
A demanding step in the gradient calculation is the confrozen and the active subspaces:
traction of the two-electron densities with the derivative two- F.=F; =0, (79)
electron integrals to the contribution
Fla=Fa=0. (79
LIY(2e)= Ea%5 g[a]gyﬁdzf[fi"yﬁ' (77)  These constraints have to be incorporated in our Lagrange

function in Eq.(18). In the canonical representation, how-
Already the storage of the full undifferentiated AO integralsever, these criteria are already fulfilled since the Fock matrix
Japys POSES serious limitations to the applicability for largeis diagonal, implying that the multipliers fulfill an even
systems, unless direct techniques are used. Even more siicter criterion. The frozen-core approximation—where the
any approach where the derivative AO integrals are precalfrozen orbitals correspond to the innermost Hfanonical
culated and stored on disk is highly impractical even fororbitals—may therefore be implemented by the use of the
systems of moderate size, since it would require an order ofnonfrozen orbital” Lagrange function with the canonical
magnitude more disk space with no reduction in the operacondition as a constraint, and letting the amplitudes and mul-
tion count. tipliers only refer to active orbitals. By contrast, thg vec-

The algorithm adopted in the present implementationor, the densities, and the integrals may possess indices that

still assumes thaﬂ‘ff;wg is calculated in a loop over the AO refer to inactive orbitals.

index & for all «, B, v. Since an efficient integral evaluation Having obtained a result without the frozen-core ap-
requ.ires that all derivative integrals with AO indicésbe-  proximation(but in the canonical representatjpithe (addi-
longing to the same shell and all symmetry-related countertional) frozen-core terms can easily be obtained as discussed
parts are calculated simultaneously, and since we canngfgve. As an example, we considerﬁﬁgb density in Table

. . . ’5 * ’ ) ) )
store a complete batch of the differentiated integgifg,’ . Except for the term with the Kronecker delta, all indices

for all a, B,y in memory, we have developed the following refer to either amplitudes or multipliers. The only frozen-
scheme, where the two-electron density is accumulated iggre contribution is thus

three-index batches on disk, read back in two-index batches,
?l‘;-d contracted with differentiated integrals calculated on the G, =2 5”% taceh (80)
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Remember that particle symmetry is fulfiled for two- G|m(r,a,A)=Sm(XA,yA,ZA)eXp(—arf\) (82
electron quantities, meaning thdp, is identical tod;>, .
The frozen-core additional MO contributions to the one- an
two-electron densities are given in Tables |, I, and IV. The U=Iml2) ¢ (Iml2—vy+on

various blocks of thé 7,4 vector within the frozen-core ap- Gym(r,a,A)=Nyp E > > cm
proximation can be derived from the expressions in Table V u=0 vTtm

and V1, allowing the indices for the occupied orbitals to refer X Gm|+2(t—u—0v),2u+v). |~ |m—2e(T @, A), (83)
to both frozen and correlated orbitals. This leads to five

Jvith I=|m|=0 by means of the transformation

unique blocks*7,i, “7ij, “7an, “7i3 and“7,,. There are where
no frozen-core contributions to the diagonal orbital-rotation 1 21+ [m) ! (1= [m])!

Itipli Nim= (84)
multipliers. Im= ST} >%m ,
IV. INTEGRAL EVALUATION R 1 t(|)< [—t )( t)(|m|) -

= m

Let us briefly consider the evaluation of integrals over Cu=(~1) 4 |m|+1t 2v (85
differentiated solid-harmonic Gaussian-type orbit&30s. .
For the calculation of CCSD and CC8D gradients, we B 0 if m=0 86
have made a new implementation of derivative integrals in ~ Ym— I if m<0’ (86)

DALTON,*® as required for our integral-density direct formu-

lation of gradients. In this implementation, we avoid theSince the number of solid-harmonic Gaussians is smaller

separate transformation first from undifferentiated Cartesiathan the number of Cartesian Gaussians, this transformation

GTOs to differentiated Cartesian GTOs and next to differenis carried out as early as possible in the course of the inte-

tiated solid-harmonic GTOs. Instead, we carry out the transgration.

formation in a single step, expanding the differentiated solid- ~ To evaluate derivatives of solid-harmonic Gaussians, we

harmonic GTOs directly in undifferentiated Cartesian GTOs/irst note that differentiated Gaussians are simple linear com-

This approach is particularly useful for high-angular momen-binations of undifferentiated Gaussians:

tum functions, reducing the cost of the integration. G (1, a,A)
We apply the McMurchie—Davidson scheRié? in LS

which the primary integrals are generated over undifferenti- dA 8

ated Cartesian Gaussians of the form (87)

ik 2 It should therefore be possible to generalize the transforma-

Gijk (T, @A) =XaYaZp €XP(— ary), @D ion Eq. (83) to the expansion of differentiated solid-

with =0, j=0, andk=0. During the calculation, Cartesian harmonic Gaussians in terms of undifferentiated Cartesian

Gaussians are transformed into solid-harmonic form Gaussians. Such an expansion, valid to all orders, is given by

=2aGj 1) k(M a,A)=iGi_1j(r,a,A).

i [I=|ml/2] t 2—v )+
dl+]+kG|m(r CYA Im| LIm| Umltom

i j k
dAT dA] d’Ak’ Nim 2 2 2 CiTvZObZ Z -
x Yy YRz —0 b=0 ¢=

t=0 u=0 V=Up

li—a/2| li—b/2| lk—c/2|

i i k i+j+k—a—b—c—p—q-r
X > Eh, > Eb, > Efa'’l P-d
p=0 q=0 r=0

X Gj_2(atp)+|ml+2(t—u—v),j—2(b+q)+2(utv),k—2(ct+r)+1—|m—2t(Ts & A), (89)

where we have introduced be scaled by some power afprior to the transformation. In
our implementation, we begin by precalculating the
a-independent coefficients from E@8), setting up the nec-
X(2u+2v—b+1),(I—|m—2t—c+1)., (89 essary(sparse¢ matrices(one matrix for eactm andijk) that
are later used for the transformation from undifferentiated

= : , (90) Cartesian GTOs to differentiated solid-harmonic GTOs.

®alpl(i-a-2p)! Since the transformation matrices are independent, dhe
and ),=X(x+1)---(x+n—1). The linear transformation transformation to derivative solid-harmonic GTOs may be
Eq. (88) may be implemented and carried out in the samecarried out after the transformation from primitive to con-
manner as the transformation to undifferentiated solidiracted GTOgif the primitive GTOs are scaled by before
harmonic Gaussians E@3), except that the integrals must contraction.

Dtu:;abc |m|+2t—2U—ZU—a+1)a

(_1)a+p2i7a72p”
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V. RESULTS communication. With the present CCED frozen-core
As an illustrative application of the new integral-density |mplementat|on of the_ molecular gradllent,. geometry opt|m|—
zations for systems with 5—10 atoms in triple-zeta basis sets

direct analytic CCSDI) gradient, we have carried out a ge- . o
T . X have become routine, and systems containing as many as 20
ometry optimization of the2s cyclic isomer of SiG. The T .
atoms may be studied in special cases.

SiC; isomers have been the subject of several recent studies,
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