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The calculation of frequency-dependent polarizabilities is discussed for the iterative approximate
coupled-cluster singles, doubles and triples model CC3. A new implementation of the linear
response functions is reported, which has the same computa@hdl) scaling as CC3 ground

state calculations and uses an explicitly spin-coupled excitation space. Sample calculations are
presented for the static and frequency-dependent polarizabilities of Ne and ethylene, as well as for
the static polarizabilities of HF. The largest calculation employs the t-aug-cc-pVTZ basis set for
ethylene giving a total of 328 basis functions. The results obtained agree well with the experimental
data. © 2003 American Institute of Physic§DOI: 10.1063/1.1523905

I. INTRODUCTION CC3 is a member of the coupled-cluster model hierarchy
CCS, CC2, CCSD, CC3, and CCSDT which is especially

During the last decade the coupled-cluster model haslesigned to describe frequency-dependent properties. CCS is
evolved to the method of choice for the calculation of mo-the coupled-cluster singles model, in CCSD doubles are
lecular properties for smaller single configuration dominatecadded and in CC2 the doubles of the CCSD model are ap-
systems. When triple excitations are accounted for the ele@roximated using the same strategy as for triples when
tronic structure problem is solved for many molecular prop-CCSDT is approximated to give CC3. Excitation energies
erties to an accuracy that is comparable to or even surpassBave been calculated successfully using this hierarchy. The
the one that is obtained in experimental studies. The fulkrror in the excitation energies is reduced by about a factor 3
relaxation of the triples in the coupled-cluster singles,at each level for the models CCS, CC2, CCSD, and CC3, and
doubles and triple$CCSDT) modef? has a computational the CC3 excitation energies closely approximate the ones of
scaling of O(N8), whereN is the number of basis functions, the CCSDT modet? Calculation of frequency-dependent po-
and is too costly for routine applications. Many models havdarizabilities and hyperpolarizabilities have shown similar
been suggested where the triples are treated in an approxdystematic improvements to the excitation energie¥.
mate fashion, and where the computational scaling thereby In this paper we describe a new implementation of the
has been reduced 1©(N7). The most favored approach is CC3 frequency-dependent polarizability, which uses an exci-
the noniterative triples model CC$D (see Ref. Bwhere tation space that is explicitly spin coupled and has a compu-
the triples contribution is added perturbatively to thetational scaling of/*O®, whereO andV denote the number
Coup|ed-c|uster Sing|es and doub|$CSD energy. The of occupied and virtual orbitals in the Hartree—Fd(HkF)
CCSD(T) model has successfully been used to calculat&alculation, respectively. CC3 frequency-dependent molecu-
many molecular propertié§ such as equilibrium lar properties have previously been implemented using a
geometrie€, atomization energies? and vibrational ~SPin-orbital based formalism and with a non-iterativ&0*
frequencieg? scaling:® . .

In the noniterative triples models the response functions 1N Sec. Il we briefly describe the CC3 model and the
have poles that are not affected by the triples excitation spacd€términation of frequency-dependent polarizabilities. In
and frequency-dependent molecular properties are therefor€C: Il we discuss the strategy used in our implementation
not determined with the same accuracy as static moleculgt"d in Sec. IV some results are reported for the static and
properties. On the contrary, in iterative triples models thdr€duency-dependent polarizabilities of neon and ethylene
poles are relaxed to the triples excitation space and static arf'd the static polarizability of hydrogenfluoride. In the last
frequency-dependent molecular properties are obtained witheCtion we give some concluding remarks.

a similar quality! In this paper we consider the calculation

of the frequency-dependent polarizability using the iterativq|_ THE CC3 LINEAR RESPONSE FUNCTION

triples model CC3213 which as the CCS[T) model has a
computational scaling ofN’). A. Coupled-cluster theory

In response theory we consider the response of a system

dAuthor to whom all correspondence should be addressed; electronic maiF.‘ieS_Cribed by the Ham"tonidﬁo toa time-depgndgnt Pertur'
filip@chem.au.dk bationV(t). The full time-dependent Hamiltonian is given as
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A= o VL, B L= (HFIA+ [Ho TA0 TP + S T, (0ol A
M1

whereV/(t) is Hermitian and can be expanded as a sum over

Fourier components +[H, Ta() ]+ [Ho, To(D][HF) —it, (1))
N —_ ~ ~
. +2, t,.(1) Ho+[H,Ty(t)
V(t)=kZN exq—lwkt); ex( @)X, ) % D] {2l o+ [H. To(0)]
1

where X may be any time-independent Hermitian one- +§[[H°’T2(t)]’T2(t)]
electron operator. To ensure hermiticity \6ft), we require
that W_ = — Wy anq Sx(wik):&‘x(wk)* . 'FOI’ the COUp|ed— ] +[H,T3(t)]|HF>_|t#2(t))
cluster wave function we use a phase-isolated parametriza-

tion, where the oscillating phase factor caused by the so-

called level-shift or time-dependent quasienengy(t) is +> t_u (t)((M3|[F+V(t),T3(t)]+[F|,T2(t)]
explicitly isolated!18-20 wy O

1 :
S[IV(@), To(t) ], To(t) JIHF) —it , (1) |, 6
|CC(t)>:eXp<—iftW(t’)dt’)exp(T(t)ﬂHF}. . + 5[V, To(O], To(O][HF) —it, )) (6)
to
whereF is the Fock operator. In E¢6) we have introduced

In the latter equatior(t) is the field- and time-dependent the similarity transformed operators

cluster operator T(t)=%;Z,t, (t)7,—the index i

=1,2,3,... denotes the excitation level—afdF) is the

Hartree—Fock reference for the unperturbed molecule. OrThe time average of the quasienergy Lagrangian, defined as

bital relaxation is not treated explicitly, but only approxi-

mately through the single excitation manifold of the cluster (L)} :l fm L(t)dt ®)

operator. This avoids a two step approach which would in- T ) '

troduce artifacts into the response functions as, e.g., a pole ) ) )

structure incompatible with the exact response function.  WhereT is the least common multiple of periods of the fre-
The quasienergyM(t) and the time-dependent cluster quenciesw of the perturbations in Eq(2), is variational

equations—which determine the cluster amplitutigs-are ~ With respect to the cluster amplitudgsand the Lagrangian

obtained by projecting the time-dependent Sdimger equa-  multipliers t,, and thus 2+ 1- and i+ 2-rules™** can be

tion onto the Hartree—Fock referengéF| and the excitation ~exploited to calculate derivatives QL (t)}+. The linear re-

manifold (HF| TL exp(—=T(t)), respectively: sponse function is obtained as the second derivative of the

real partof the time-averaged quasienergy Lagrandiaf;?*

_ 1 d* (L} +H{LO}T)
Y00 =2 ~dor(— w)dey(w) ©)

O=exp—T,)OexpT,). 7

W(t) = (HF[H () exp(T(1))[HF), (4)

(HF| 7}, exp(—T(t))H(t)exp(T(t))|HF) —it (1) =0,

©) 1., .
=5 CTP(X(-w),Y(w))
wheret «(1) are the derivatives of the cluster amplitudes with
respect to time. The coupled-cluster methods CCS, CCSD,
and CCSDT are obtained from the above-given equations by
truncating the cluster operatdr(t) after, respectively, the .
single, double or triple excitation level. where the operatoP(X(—w),Y(w)) symmetries with re-
spect to a simultaneous permutation of the operaXaadY
and the accompanied frequencies and the actioBof is
defined by:

X

7+ %th(—w)]tY(a)), (10

B. The CC3 linear response function

The CC3 method is obtained as an approximation to CHP My, wy) = Yoy, 09) + V(- ox, —wy)*.
CCSDT by truncating the triples equations at second order in (12)
the fluctuation potentidf: The CC3 model gives linear The elements of the vectof and the matrix are defined
response properties as, e.g., frequency-dependegk:
polarizabilities—similar as for CCSDT—correct through
third order in the fluctuation potential. The response func- X LYt
tions for CC3 are most conveniently derived if the quasien- 77| 5t g, (wy) . (12)
ergy is combined with the cluster equations to a quasienergy

Lagrangian“? and
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L} tipliers, and the second contributions contain the terms origi-
w\:( (?tv(?t)\) ; (13)  nating from triples amplitudes and multipliers. Introducing
0 _ the short-hand notatiofT(”|== , t{)(s|, the latter con-
yvhere the derivatives are taken at zero perturbation strengttl,p 01 can be written as
i.e., for the unperturbed system. The vecigh and the ma-
trix F contain terms which refer only to the singles and (ﬂ°)|[[X,T,, 1, T HF)
doubles space and are similar in structure to the ones that are !

T(0) (0)
obtained in the CCSD model differing only in the way the ~ 7°°°%*= (T5I[X, 7,1, T2 1[HF)
parameters have been determined. Some contribution to (TIX, 7, JIHF) +(TY|[X, 7, ]|HF)
andF, however, refer explicitly to the triples space. We focus : ® (15)

in the following on these terms and refer the reader to pre- v
vious publications on the CCSD linear response funétion Similarly, the transformed vectdft” has the form:
for a detailed description of the terms depending only on the

CCSDY CC3Y
singles and doubles space. (FE°>} Iy (FccatY) "1
For CC3,7* may be expressed as Ft'=| (F°Y), | +| (F ), |, (16)
X,CCSD 77X, CC3 0 ( FCC3[Y) vy
21 V1
7= 77>V<éCCSD n nff“ , (14)  where the first contribution again has the same structure as in
X,CC3 the CCSD model, but is now calculated from the CC3 single

0 O : .
s and double excitation amplitudes and multipliers. The second

where 7”¢CSP has the same structure ag in the CCSD  contribution contains all terms dealing with triple excita-
model, but is calculated from different amplitudes and mul-tions:

(TPIHY, T +[Fo, T3, 7, JIHR) + (TP [[Ho, T3], 7, ]I HF)
FCCyY = (TY|RY, 7,,1[HF) , 17
(TYIHY, 7, ]IHF)

where we introduced the one-index transformed Hamiltoniarwhere we introduced the one-index transformed one-electron
HY=[H,,T{]. Using Eq.(10) and the above-given expres- operatorXY=[X,TY(w)] and the double one-index trans-
sions for”* andFt" we may write the CC3 linear response formed Hamiltonian H:X’Y=[[|:|0,T)1((—w)],TI(w)]. The
function as contribution((X; Y)S®SP has the same structure as the CCSD
linear response function, but is now calculated from the CC3
onCC3 \CCSD Y singles and doubles amplitudes and multipliers. All contribu-
Yo =LY ) EC_ P(X(~w),Y(®)) tions arising from triples amplitudes or multipliers are con-
tained in the second contribution. Explicit formulas for the
triples contributions to the CC3 linear response function are
given in Table I. Note that the first and second triples term in
Eqg. (19 are both evaluated from the expression in the first
1 row of Table I; for the first term one-index transformed inte-
= (X, Y)ooo+ ECt‘”P(X(—w),Y(w)) gralsXY and zeroth-order amplitudes are used, whereas the
second term is evaluated with the similarity transformed in-
tegralsX and first-order amplitudes. Likewise the two con-
tributions to the fifth triples term in Eq19) are both evalu-
0% Y ated from the expression given in the fourth row in Table |
(T3 |[X, T3() ]IHF) using the double one-index transformed Hamiltontai”
+(ﬂ°)|[[X,Tg(w)],T(2°)]|HF) and zeroth-order anIitudes or the single one-index trans-
formed HamiltoniarH* and first-order amplitudes. The one-
index transformed integrals can easily be obtained. The
single one-index transformed integrals can be found in Ref.
26. The double one-index transformed integrals are obtained

X[ 75CCRY () + %FCC%X(—w)tY(w) (18
. [ (TR, TS HF)

1 =
+(TENX T3 (@) ]HF) + 5 (T8 | A, 78]

+[HX,T3(w)]/HF) in a similar manner. The formulas needed in order to calcu-
B late the single and double one-index transformed integrals
H(TOIRXTY(w)]|HF) |, (190 can be found in Table II.
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TABLE I. Formulas for the CC3 linear response function.

2#3@;(#3“)(;3”"”:) 22abd|emr¥|mﬁt|r§ﬁxab ZEIJdIemftlmJtIEfX
2, Ul [[X, T3 (0y) 1, T HF) == Zaipjerar( LR T X+ T X)
2 N ol [X, T (wy) 1HF) 23 ipjerd § TR tYﬁ‘}’axkc]
2#3W2<M3|[|:|'T2]|HF> _ZEaleckt (=g tﬁf, Gekab— Zitiki gdljm)
2, U0 ol [AX TY(wy) 1 HF) =S apijet [(tYf}E°—tYﬁ‘}’.°)ch

+2 (Zt“?lﬁd t:t?ﬁd t:tfkcld)gackd
ac ac al
=22ttt ]Ik()gkllc]

C. The CC3 first-order amplitude equation chcso 0
v1
In order to determine the linear response function in Eq. £r=| glocso| 4 §Y°°3 . 22)
(19) we need to solve equations for the zeroth-order ampli- V2 §Y°°3
tudes and multipliers as well as for the first-order amplitudes. 0 V3

The zeroth-order equations have been solved as described in
Refs. 12, 13, and 27 for the amplitudes and in Ref. 28 for thel_

multipliers. The first-order amplitudes may be determined he last term which contains the contributions originating
from the triples amplitudes is given by

from
(A—ot'=—¢", (20)
. 0
where the components of the vectr are defined as
, £Y.cea (Y, TSI HF) . (23
gY:(_a{—L}T) (21) (el [V, T+ ALY, T, T H)
8tM88Y(wY) 0
giving The CC3 Jacobian is
|
<Ml|[HO+[HO!T(20)]!Tvl]lHF> <M1|[HO!TV2]|HF> </‘Ll|[H017-1/3]|HF>
A= (mal[Ho+[Fo, T+ T 7, JIHF)  (ual[Ho+[Ho, 7917, JIHF) - (al[Ho, 7, ]IHF)
(mall[Ho,T2),7,, ]IHF) (mal[Ho,7,,][HF) € 1u3Ougs

The solution to the first-order amplitude equations can bédentifying all single and double excitations with the first
obtained using iterative algorithms where explicit referencecomponent of Eq(24) and the triples excitations with the
is made only to the subspace of all singles and doubles exsecond component of E(R4), the singles and doubles com-

citations. ponent of the first-order amplitude equation can be expressed
The inverse of a general matrix may be expressed as as
N P\? T1 -T pst o v Voot
= — [ 1€
Q S _S—lQT—l S—1+S—1QT—1P8—1 ’ (A ((.L)) wl)tSD gSD ’ (26)
(24)
where
where
T=N-PS Q. (25) v 0
reff — chcso.q_
sb (u2l[Y, T3][HF)
Ho, HF
TABLE II. Formulas for single and double one-index transformed integrals. <M1l[ 0 M3]| > w)_l
(mal[Ho,7 MS]IHF>
hyg=ho Ay
A T AN
gpqrs gpqrs+gpqrs gpqrs gpqrs 3 1
e <\ ual[V.Tal+ S[[Y.To], o] HF), (27)
ga':/ 2bjgjbrst tb
Qéry.* 2bjgjrsbt tb

and
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TABLE Ill. Various formulas used in the first-order amplitudes equation.

Aeff(w) — ACCSD+

0 0
</~L2|[[HO!T3]17V1]|HF> 0)

(mal[Ho, 7, 1IHF)
- ) (8;1, _w)il
i\ (m2llHo, 7, ]IHF) 3

X ((pal[[Ho, T2, 7, 1IHF),
(mal[Ho, 7, ][HF)). (28)  term we use one-index transformed integrals and zeroth-
order amplitudes whereas we use the normal similarity trans-

Again, A°“*P has the same structure as the Jacobian in thegrmed integrals and first-order amplitudes in the fourth
CCSD model, but differs in the amplitudes. The linear transterm. The exact form fot' is

formation of a trial vector containing singles and doubles K

(GPIIX, T3] HP)
(BRAX. T3] HF)
SERIIIX, T, To][HF)
(BRAIH, TR HP)

fzpﬁbzkc(tﬁﬁtﬁﬁ%xkc
EPﬁEC(Edtﬂﬁcxag; thﬁgcxli)
=— Pt X

=3 4t8Gekba— =it °Ten;

components witi*"(w) has been described in detail in Refs. yabe 1 abd L dbee 1 aboc
12, 13, and 27. Tije == T, Piik 5% tiji Yad— 52 tijic Y

The right-hand side consists of the term that has the
same structure as the vectéf in the CCSD modelbut
different amplitudesand two correction terms. The first cor-
rection term is the triples contribution which enters directly
into the doubles component of ti§€ and the second correc-
tion term arises from the partitioning of the triples into the
singles and doubles space. Let us consider evaluating the |

bd =Y be Y
_% tﬁ°t;kY|d+§ th gckbd_EI: 170 ckij

ad ab abc
+Ed ) gckbd_zl ty gcku}:PﬁECti\J(k , (39

%here@Y refers to one-index transformed two-electron inte-

term in more detail. The singles component of this term Carbrals

be rewritten as
a . .
i |[HOYT,U,3]|HF (8,(1,3_('0) </'L3|[Y1T3]

a .
YT TIHR =~ fIiHo FIHE) @9
and the doubles component as
ab . . -
ij |[H0’T}L3]|HF (8M3_w) ,u3|[Y,T3]

1 ab_. .,
+§[[Y,Tz],Tz]|HF =\ I[Ho, T3lHF), (30
where
[P B o 31
3T G & ijk Tai,bj,ck (31)
ijk
and
. 1 abc .
Yabc__ a'bc
ijk — Sai,bj,ck_w ijk < Ijk ‘[Y,Ts]
1 abcyyabe
+§[[Y,T2],T2] HF :Pijkctijk . (32)

In the evaluation of Eq(19) we need the triples component
of the solution vector in Eq20). This vector is obtained as

ty, =~ (8,,— @) X (gl [V, Tal+ ALY, To], T, HF)

+(pall[Ho, Ty (@y)], T2l +[Ho, T3 (wy)1[HF)).
(33)

Each term in Eq.{33) has been evaluated in Table Ill. |
should be noted that the third and fourth terms in @8) are
both evaluated from the fourth term in Table Ill. For the third

lll. IMPLEMENTATION

The CC3 linear response function has been implemented
in a local version of theALToN?® program package. In the
following, we briefly describe the algorithms used to obtain a
O(0*V?) scaling.

A. Implementation of the first-order amplitude
equations

To solve the first-order amplitude equations, we need to
implement the different terms on the right-hand side of Eq.
(26) as an efficient right-hand sid€’;. The contribution in
the doubles space is identical to the Fock matrix contribution
in a ground state energy calculation and details about the
implementation can be found in Ref. 27. The partitioning of
the triples component of the vectgr into the singles and
doubles spacéhe last term in Eq(27)) is given in detailed
form in Egs.(29) and(30).

We use the strategy proposed in Ref. 27 where the triples
amplitudes are calculated for two fixed virtual indices. Since
we need the zeroth-order amplitudesto calculate thety
amplitudes in Eq(32) and the first-order triples amplitudes
t}( in Eq. (34) we cannot use the usu@landQ intermediates
from Ref. 27. Instead we introduce the intermediat&sand
WY as
ch vYabc vYacb

WY (aikj) =t +tY; . (35
WY aikj) =ty (36)
It should be noted that
T = P = WY (aikj) + WY (ckji)
+W(bjki), (37)
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abc abc bc oy . ab .. 1 | ni 1 1 Vi-
Ti\](k :PiajECti\J(k =W""(aikj)+ WY (ckji) triples amplltude, but t.he.revaa|.n|ng contr|bu.t|on.s are trivi
i, ally obtained by substitutingV" in each contribution by a

+W"(bjki). (38)  sum ofW"’s where the occupied indices have been permuted

Using the formulas from Table 1l we obtain that in accordance with the formulas in Ref. 13.

WY (aikj)= — L poe 12 tipey B. Impl ion of the li functi
1= s_f}ECTw ik| 2 2 tiik Yad . Implementation of the linear response function
1 The fifth and sixth terms in the linear response function
_ 2 qaboy Y tacibdy 39 in Eq. (19) are equal to terms in the calculation of CC3
2 E| lik T % il ik T 39 first-order properti€$ but with a different mix of integrals
and amplitudes, and these terms will therefore not be dis-

and cussed in the following. In the linear response function we
Wbe sl 1 be adeY also see that the first term is equal to the densities used in the
W™ (aikj) =W %(aikj) — sabe_ Pl % ti Ockba calculation of first-order propertieDf) but multiplied by
K T transformed integrals. The implementation of these
S g S (Y2 “zeroth-order” densities are described in Ref. 28 and are
il ek < i Yekbd available on disk. The only conceptually new terms that we

need to implement are the second, third, fourth, and the last
term in Eqg.(19).

The last term in Eq(19) can be seen to be identical to
Eqg. (30 multiplied with the doubles multipliers and the

triples amplitudesTi\J(ibC replaced by‘vl'i\l(ibc. The last term of
Eq. (19) is therefore implemented in a similar fashion as Eq.
(30).

The second, third, and fourth terms in E§9) are cal-
culated as follows:

ab
_El ty Gckij (40)
and Egs.(29) and (30) may be evaluated using the conven-
tional CC3 energy expression in Eq$00) and(101) of Ref.
13 where the zeroth-order amplitudes are replaced byvl'the
intermediates in Eq(37). The calculation can therefore be
summarized as follows.

Sum overC

Sum overD
Sum overB Sum over L
~ YBC . Deb
Construct WY (aikj) Calculate W\L(men

~ C .
Qai‘_Qai+WYB (aikj)Ljgkc

~ \/Deb Deb Dbe
Calculate W, .= W/ .+ 3W) 1,

T Def

< yBC ..
Qgj— Qg+ 2W" (aikj)Licia Calculate t g,

~ uBC -

Qaigj—Qaipj+2W" (aikj)Fyc

f f -D ~ Deb

LBC Dip—Drpt 2 tomn M mn

QBj,Ck(_QBj,Ck+W (a|kJ)Fia emn

Be Sum overN

de,ai<—9dj,ai+42d W' (aik)Jaskc ot
DineDin— X tLaW oy

T emf

de,BkHde,Bk+4§ WY (aikj)8acia -
f

Mim,fr\|<—'\/|im,fr\|+Ee ot

~ UBC .. .
Qdi,Bj<_Qdi,Bj+4§ WY (a|k])gdakc et YDe
Mim,fN‘_Mim,fN+§ tomntL

~ YBC RN
QBI,aiHQBI,ai+4E| W (aikj)Qjikc End sum overN

5 “Ders yPeb
Qcrac—Qcract 4 WYBC(aikj)gjlia D"b(_DLb_e%ntn;WLmn
T
~ vBC N - tPeR YDeb
Qa|,Bj<_Qal,Bj+42I W (@ik)Giie DD ; fenWimn
~ Dea
End sum overB Dia<—Dia+§,1 W

End sum ovelC
We have for each term only shown the calculation of the first End sum overL
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TABLE V. Polarizability of Ne. TABLE V. Static polarizability of HF.
a Basis set Qyx yy Aca
Basis set 0w=0.0 w=0.1 0w=0.2 0w=0.3 aug-cc-pvDZ 4.29 6.22 1.93
d-aug-cc-pVDZ 5.23 6.40 1.17
aug-cc-pvDZ 1.981 1.998 2.053 2.158 t-aug-cc-pVDZ 5.25 6.38 1.13
d-aug-cc-pVDZ 2.676 2.705 2.798 2.978 aug-cc-pVTZ 4.89 6.33 1.44
t-aug-cc-pvDZ 2.684 2.714 2.810 2.999 d-aug-cc-pvVTZ 526 6.38 112
aug-cc-pvTZ 2.421 2.443 2.512 2.647 t-aug-cc-pVTZ 5.25 6.39 1.14
d-aug-cc-pVTZ 2.691 2.721 2.816 3.003 aug-cc-pvVQz 5.09 6.33 1.24
t-aug-cc-pVTZ 2.693 2.723 2.819 3.008 d-aug-cc-pvVQz 521 6.34 1.13
aug-cc-pvQz 2.594 2.619 2.700 2.856 t-aug-cc-pvVQZz 521 6.35 1.14
d-aug-cc-pvVQZ 2.680 2.709 2.804 2.989 aug-cc-pV5Z 5.14 6.32 1.18
t-aug-cc-pvVQZ 2.680 2.709 2.804 2.990 d-aug-cc-pV5Z 519 6.33 1.14
aug-cc-pv5Z 2.643 2.671 2.758 2.928 Estimaté 523 6.73 1.50
d-aug-cc-pV5Z 2.670 2.699 2.793 2.978 Experimertt . . 1.49
t-aug-cc-pV5Z 2.670 2.699 2.793 2.978
aug-cc-pV6Z 2.652 2.680 2771 2.945  ad-aug-cc-pV5Z polarizability vibrational contributiongsee the tejt
d-aug-cc-pV6Z 2.665 2.694 2.788 2.972  bFrom Ref. 33. From Stark effect measurements.
Experiment 2.663 . ‘e e
Empirical 2.669 2.699 2.794 2.98¢
*Reference 36. have changes of about 0.005-0.006 a.u. when we go from
bReference 37. The result are derived from dipole oscillator strength distrid-aug-cc-pV5Z to d-aug-cc-pV6Z. Note that double augmen-
butions. tation is sufficient to saturate the calculation in the diffuse
‘Calculated from the empirical dipole oscillator strength distributions from region already from the TZ level. In a previous study it was
Ref. 37. . . .
found that the CC3 polarizability for Ne in the d-aug-cc-
pVDZ basis set differed from the full configuration interac-
End sum overD tion (FCI) polar|zab7|llty by less than 0.004 a.u. for frequen-
cies up to 0.3 a.tY Comparing the experimental and the
yaf empirical values of the static polarizability with the CC3/d-
Dia‘_Dia+2 Ivlim,fntmn aua-cc-
fom ug-cc-pV6eZ result we see a good agreement as should be

expected since correlation effects beyond CC3 are small. The
D.cD.+S M. . taf frgguency—dependent polarizabilities are also close to the em-
e anm im.fntmn pirical numbers.

Dia‘_Dia_g tinDga B. HF

The calculations on the polarizability of HF were carried
out at the internuclear distanB=1.7328795 a.u. which is
the distance used in a previous polarizability calculatioim.
G . . Table V the individual components of the polarizability of
and t.h.e total contribution is th.en obtained by contracting thq_”:_axx and a,—are presented along with the anisotropy.
den3|t|es_Dab, Dij, andD;, with the T,-transformed one- , 5 previous study the difference between the FCI results
electron integrals. and the CC3 results using the aug-cc-pVDZ basis set were
found to be 0.006 and 0.011 a.u. for thg, and «,, cOmpo-
nents, respectively. The N-electron error in the CC3 calcu-

We have calculated the frequency-dependent polarizabilations of the polarizability of HF with the basis sets that we
ities of Ne for the frequencies 0.1, 0.2, and 0.3 and for ethuse may therefore be expected not to significantly exceed
ylene for the wavelength =632.8 nm. In addition, we cal- these values. Looking at the basis set convergence of the CC
culated the static polarizabilities for Ne, HF, and ethylene calculations in Table V it is clear that adding diffuse func-
Besides reporting the individual polarizability componentstions beyond double augmentation has only a very little ef-
(axx,ayy,a,;) we give for HF the anisotropyAa=a,, fect, which decreases with increasing cardinal number. Look-
—ayy. All the calculations were carried out using the ing at the convergence of the results obtained in the d-aug-
correlation-consistent basis sets of Dunning and co-workersc-pVXZ basis sets with increasing cardinal number, the
augmented with diffuse function$?' n-aug-cc-p\XZz,  d-aug-cc-pV5Z results may be expected to be within 0.01
whereX is the cardinal number of the basis set anid the  a.u. of the basis set limit. In Ref. 32 the vibrational average
augmentation level. and the pure vibrational contribution was calculated at the
A Ne CCSOT)/aug-cc-pVQZ level. Adding these corrections to

: the CC3/d-aug-cc-pV5Z results we obtain our best estimates

In Table IV we listed the calculated polarizabilities for for the static polarizability of HF, denoted “Estimate” in
the neon atom. Single, double, and triple augmented basiEable V. Our best estimate for the anisotropy is nearly iden-
sets have been used up to d-aug-cc-pV6Z. The results itical with the experimental result obtained in Ref. 33 from
Table 1V converge nicely toward the basis set limit and weStark effect measurements.

Dia<—Dia+; t/ D}

IV. RESULTS
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TABLE VI. Static polarizability of GH,. tudes are calculated “on-the-fly” whenever they are needed,

ensuring that an appropriate balance between operation

Basis set

o yy taz count, I/O and storage requirements is obtained. Sample cal-
aug-cc-pvVDZ 24.38 21.80 34.14  culations have been performed for the frequency-dependent
d-aug-cc-pvDZ 24.89 22.26 3412 holarizabilities of neon and ethylene and the static polariz-
t-aug-cc-pVDZ 24.92 22.25 34.13 o .
aug-cc-pVTZ 24.73 21.89 34.03 ap|l|t|es for' hydrogenfluoride. The results compare favorable
d-aug-cc-pVTZ 24.88 21.93 34.04  With experimental data.
t-aug-cc-pvVTZ 24.88 21.93 34.04
Estimaté 26.05 22.37 35.21 ACKNOWLEDGMENTS
Experiment 26.0224) 22.3818) 35.0612)
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From Ref. 38. Static polarizability tensor component from the Kerr effect.
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