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Frequency-dependent molecular polarizabilities of several molecules N2, CO, CO2, Cl2, C2H2,
COS, and CS2 are calculated by the equation-of-motion coupled cluster singles and doubles
~EOM-CCSD! method. The EOM-CCSD CI-like, linear and quadratic methods for dynamic
second-order properties are presented. The importance of electron correlation, the quadratic
contribution, and orbital relaxation effects are assessed. London dispersion coefficients are
calculated by numerical integration of the EOM-CCSD polarizabilities. ©1997 American Institute
of Physics.@S0021-9606~97!01541-9#
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I. INTRODUCTION

The frequency-dependent polarizability~FDP!, a~v!,
also known as the dynamic dipole polarizability, is a line
response of a system to an external electric field. In addit
for low frequencies,a~v! determines Raman intensities,1–4

refractive indices, molar refractivity, the Verdet consta
~see Ref. 5 for a summary!, and scattering cross sections.6,7

FDPs find applications in a wealth of nonlinear optical m
terials research. The excitation energies, the correspon
transition moments, and the van der Waals coefficients,C6 ,
of long-range interactions can be calculated by knowing
variation of the dipole polarizability with the frequency o
incident radiation.8–10

Much effort has been made in recent years to deve
analytical methods to calculate molecular properties, in p
ticular second- and higher-order properties.11–16 Analytical
methods alleviate limitations caused by the large numbe
tensor elements or numerical precision problems. Sign
cantly, only analytical methods can be used to evaluate m
dynamic properties, including dynamic polarizabilities a
hyperpolarizabilities. These include analytical ener
derivatives,11,17 polarization propagator,18 and equation-of-
motion methods.16,19 The uncorrelated methods include th
coupled perturbed Hartree–Fock method~CPHF!,20,21 which
in the static limit is identical to the random phase appro
mation~RPA! or to the~linearized! time dependent Hartree
Fock ~TDHF! theory.22 A list of correlated methods include
higher random phase approximation~HRPA!, second-order
polarization propagator~SOPPA!,18,23–25 multiconfiguration
time-dependent Hartree–Fock~MC-TDHF!,26–28 coupled
cluster singles and double polarization propaga
~CCSDPPA!,29 coupled cluster~CC! and many-body pertur
bation theory~MBPT! methods,30–34etc. The general picture
that arises from these correlated studies of static molec
polarizabilities is that the electron correlation effects a
about 10% of the correlated results, and the calculated re
are sensitive to the diffuse character of the atomic basis

Although there is much work done on static polarizab
ities at both TDHF and correlated levels,32 frequency-
dependent calculations for molecules are scarce. Furt
more, little attempt has been made to describe the wh
6736 J. Chem. Phys. 107 (17), 1 November 1997 0021-9606/9
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range of the polarizability curve, including both the real a
imaginary frequencies, and the polarizability poles cor
sponding to excitation energies, for a particular method.

In our group, we have developed the equation-of-mot
coupled cluster singles and doubles~EOM-CCSD! method to
calculate second-order properties.16,35,36The second deriva-
tive of the CCSD energy with respect to perturbations
interest will lead to what is called the quadratic EOM-CCS
approach to second-order properties.36 In taking the deriva-
tive, orbital relaxation effects are neglected, as they h
been shown to be relatively unimportant for CC referen
states,37,38 although not necessarily unimportant for excit
states. The alternative propagator expansion can be
ployed by taking the EOM-CCSD similarity transforme
Hamiltonian as the zeroth-order Hamiltonian. This defin
the EOM-CCSD CI-like approximation.16 The difference be-
tween quadratic and CI-like approximations is henceforth
ferred to as the quadratic contribution. In the third appro
mation, we take advantage of the fact that all the unlink
contributions in the CI-like expression cancel with the u
linked contributions in the quadratic term and neglect
remaining small linked quadratic contribution. This defin
the purely extensive ~‘‘linked’’ ! EOM-CCSD linear
approximation.35,39The formal sum-over-states~SOS! propa-
gator structure of the CI-like approximation is retained in t
linear approximation as well.

In this study we employ the above mentioned thr
EOM-CCSD models to calculate the dynamic polarizabilit
at real and imaginary frequencies. The list of molecules
cludes N2, CO, C2H2, Cl2, CO2, OCS, CS2, and finally,
trans-butadiene C4H6. A comparison of numerical results ob
tained by the three different EOM-CCSD models in a co
sistent basis,40,41 and a comparison with other well
established correlated theoretical results and experimen
presented.

II. THEORY

Properties can usually be evaluated from the deriva
of the energy associated with a wave function, subject to
external perturbation. For time-independent perturbati
7/107(17)/6736/12/$10.00 © 1997 American Institute of Physics

IP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



t
th
ro
o
r
e
d

t o
ic

t
d

hi
he

he

-
nt

r
rs
fe

he

r
e-
-

-
o-
all

r

the
ub-
ua-
he
, of
the

d
e-

al-
on

et

ro

6737Rozyczko et al.: Molecular dynamic polarizabilities
this is straightforward. For example, dipole moments, sta
polarizabilities, and hyperpolarizabilities are defined as
first-, second-, and third-derivatives of energy which are p
portional to the zeroth, first-, and second-order response
molecule to a static electric field. However, a straightforwa
extension of energy derivative methods to time-depend
perturbations is not as apparent, because the correspon
energy is not uniquely defined. Hence, the starting poin
our derivation is the time-dependent dipole moment, wh
is well defined and unique.

The time-dependent dipole moment is given by

m~ t !5^C~ t !um̂uC~ t !&, ~1!

whereuC(t)& satisfies the time-dependent Schro¨dinger equa-
tion

i
]uC~ t !&

]t
5Ĥ~ t !uC~ t !&, ~2!

and is assumed to be normalized at timet50, and hence a
all times. To define polarizabilities, hyperpolarizibilities, an
so forth, let us consider the field-dependent Hamiltonian

H~ t !5H01(
a
E dva«a~va!m̂ae2 ivat5H01V~ t !,

~3!

whereH0 is the usual molecular Hamiltonian,m̂a denotes the
three Cartesian components of the dipole operator, w
«a(va) indicates the respective components of t
frequency-dependent field strength.~Every integration, either
in time or in frequency, is accompanied by a factor 1/A2p.
We absorb this factor in our integral sign to facilitate t
notation.! At time t50, we assume that the stateuC~0!& is the
ground state~or possibly another stationary state! of the
field-independent molecular HamiltonianH0 . Under these
conditions, the polarizability and higher polarizabilities~with
respect to the state at timet50! can be defined as the ex
pansion coefficients of the time-dependent dipole mome

mA~ t !5mA
~0!1(

a
E dvaaAa~va!«~va!e2 ivat

1
1

2! (
a,b

E dvadvbbAab~va ,vb!

3«~va!«~vb!e2 i ~va1vb!t1•••. ~4!

Here, we adopt the convention,42 using upper case letters fo
the component under consideration and lower case lette
indicate components that are summed over. For future re
ence, the Fourier transform ofmA(t) reads
J. Chem. Phys., Vol. 107, N
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mA~v!5E
2`

`

mA~ t !eivtdt

5mA
~0!d~v!1(

a
E dvaaAa~va!«a~va!

3d~v2va!1
1

2! (
a,b

E
2`

`

dvadvbbAab~va ,vb!

3«a~va!«b~vb!d~v2va2vb!1•••. ~5!

It follows that the polarizability can be obtained as

aAB~vB!5E
2`

`

dv
]mA~v!

]«~vB!
U

E50

, ~6!

whereE indicates all components of the field strength. T
first hyperpolarizability is given by

bABC~vB ,vC!5bACB~vC ,vB!

5E
2`

`

dv
]mA~v!

]«B~vB!]«C~vC!
U

E50

. ~7!

The wave function uC(t)& that defines the time- o
frequency-dependent dipole moment satisifies the tim
dependent Schro¨dinger equation corresponding to the com
plete, field-dependent Hamiltonian. This wave function~and
the time-dependent dipole moment! can be expanded in or
ders of the field, and this will yield expressions for the p
larizability and hyperpolarizabilities. If we assume that
eigenstates of the molecular Hamiltonian are known~at least
formally!, we can obtain in this way the familiar sum ove
states expressions for the polarizability, and so forth.

Alternatively, we can assume a parameterization for
complete field-dependent wave function, which is then s
ject to a perturbation expansion. This leads directly to eq
tions for the perturbed amplitudes, which in turn define t
quantities of interest. One possible parameterization is
course, the exponential coupled cluster ansatz, which is
focus of this paper.

The above approach to polarizabilities~or hyperpolariz-
abilities and so forth! does not apply directly to the couple
cluster formalism, however. The reason is that the tim
dependent wave function in the CC formalism is not norm
ized to unity, but rather satisfies intermediate normalizati

uCCC~ t !&5eT~ t !uF0&→^F0uCCC~ t !&51. ~8!

The exact CC wave function is proportional touC(t)&,
where the proportionality factor is, in general, complex. L
us write

uC~ t !&5uCCC~ t !&e2 iw~ t !, ~9!

where the normalization factor is defined as

e2 iw~ t !5^F0uC~ t !&. ~10!

Substituting this expression in the time-dependent Sch¨-
dinger equation, and multiplying byeiw(t), we obtain
o. 17, 1 November 1997
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6738 Rozyczko et al.: Molecular dynamic polarizabilities
i
]

]t
uCCC~ t !&1

]w~ t !

]t
uCCC~ t !&5HuCCC~ t !&. ~11!

If we multiply in addition bye2T(t), we find

i
]T

]t
u0&1

]w

]t
u0&5H̄~ t !u0&, ~12!

where H̄(t)5e2T(t)HeT(t). It may be appreciated that th
equations forT are completely decoupled from the equati
for the phase

^quH̄~ t !2 i
]T

]t
u0&50 ,

~13!
]w

]t
5^0uH̄~ t !u0&.

The analogy with time-independent CC theory is evide
The quantity]w/]t is called the quasi-energy, and it ha
been observed that polarizabilities and so forth can be
tained from differentiating this quantity.12,13,42–44The rela-
tion between the quasi-energy and the quantities of intere
not very transparent in our opinion, however, so we pre
not to use the quasi-energy.

The time-dependent dipole moment in terms of the
wave function is defined as the expectation value,

eiw~ t !^CCC~ t !um̂AuCCC~ t !&e2 iw~ t !

eiw~ t !^CCC~ t !uCCC~ t !&e2 iw~ t !

[^C̃CC~ t !um̂AuCCC~ t !&. ~14!

The state

^C̃CC~ t !u5
^CCC~ t !u

^CCC~ t !uCCC~ t !&
, ~15!

by definition satisfies the normalization condition

^C̃CC~ t !uCCC~ t !&51 ;t, ~16!

and it can be conveniently parameterized as

^C̃CC~ t !u5^F0u~11L~ t !!e2T~ t !, ~17!

whereL(t) is a deexcitation operator introduced in analo
with CC derivative theory.11,17 The normalization condition
is satisfied trivially for all values of the parameters determ
ing the operatorsL(t) and T(t). The statê C̃CC(t)u is re-
lated to the true Schro¨dinger bra as ^C(t)u5eiw(t)

3^C̃CC(t)u, and the time evolution of this state is, of cours
determined by the Schro¨dinger equation

2 i
]

]t
^C~ t !u5^C~ t !uH. ~18!

If we substitute the parameterization for^C̃(t)u in the Schro¨-
dinger equation, and multiply bye2 iw(t) and eT from the
right, we find

^0u~11L~ t !!F H̄~ t !2 i
]T

]t
2

]w

]t G1 i ^0u
]L~ t !

]t
50. ~19!

Projecting onu0& and uq&5q̂u0&, we obtain
J. Chem. Phys., Vol. 107, N
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]t
5^0uH̄~ t !u0&1^0uL~ t !F H̄~ t !2 i

]T

]t G u0&

5^0uH̄~ t !u0& ~20!

and

^0u~11L~ t !!@H̄~ t !,q#u0&1 i ^0u
]L

]t
uq&

1^0u~11L~ t !!q̂H H̄~ t !2 i
]T

]t
2

]w

]t J u0&50. ~21!

The last term in this equation vanishes because the CC e
tions are satisfied~this is true also ifT is truncated!. Let us
summarize our basic equations obtained so far:

m~ t !5^0u~11L~ t !!e2T~ t !m̂eT~ t !u0&

5^0u~11L~ t !!m̄~ t !u0& , ~22!

^quS H̄~ t !2 i
]T

]t D u0&50 , ~23!

^0u~11L~ t !!@H̄~ t !,q̂#u0&1 i ^0u
]L

]t
uq&50. ~24!

In addition, we have an equation for the phase factor t
establishes the connection between our CC states and
true ~normalized! wave functions

]w

]t
5^0uH̄~ t !u0&. ~25!

However, this quantity will not play any further role in ou
derivation.

To obtain a perturbation expansion for the tim
dependent dipole moment, we assume a perturbation ex
sion for the cluster operatorT and the operatorL,

T~k,t !5 (
n50

`

knT~n!~ t ! , ~26!

L~k,t !5 (
n50

`

knL~n!~ t !. ~27!

To keep the notation compact we also introduce an exp
sion for

H̄~ t !5 (
n50

`

knH̄ ~n!~ t !. ~28!

The componentsH̄ (n) are defined in terms ofH0 , V, and the
variousT(m), for example

H̄ ~0!5e2T~0!
H0eT~0!

,

H̄ ~1!5@H̄ ~0!,T~1!#1e2T~0!
VeT~0!

,
~29!

A

H̄ ~n!5@H̄ ~0!,T~n!#1H̄ ~n/n21!.

For future convenience we have introducedH̄ (n/m) to denote
all terms inH̄ (n) that can be obtained by connecting clus
o. 17, 1 November 1997
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6739Rozyczko et al.: Molecular dynamic polarizabilities
operators of order<m to H5H01V. This notation allows
us to write explicit equations forT(n), for n.0,

^qu@H̄ ~0!,T~n!~ t !#2 i
]T~n!

]t
u0&52^quH̄ ~n/n21!~ t !u0&.

~30!

These equations can be solved hierarchically. Similarly,
equations forL (n) can be written

^0uL~n!~ t !@H̄ ~0!,q̂#u0&1 i ^0u
]L~n!

]t
uq&

52^0u~11L~0!!@H̄ ~n!~ t !,q̂#u0&2 (
k51

n21

^0uL~k!~ t !

3@H̄ ~n2k!~ t !,q̂#u0&. ~31!

Again, these equations can be solved hierarchically.
equations forL (n) require the solution of perturbed ampl
tudesT up to and includingT(n).

The zeroth-order equations are the usual tim
independentT andL equations

^quH̄ ~0!u0&50 ~32!

and

^0uL@H̄ ~0!,q̂#u0&52^0uH̄ ~0!uq&. ~33!

The higher-order equations are best solved in the freque
domain. If we introduce Fourier transforms

T~v!5E eivtT~ t !dt, ~34!

the equation forT(n)(v) can be written

^qu@H̄ ~0!,T~n!~v!#1vT~n!~v!u0&52^quH̄ ~n/n21!~v!u0&.
~35!

With the operator̂ qu@H̄ (0),p#u0&1vdpq we associate its in-
verse, the resolventR̄0(v), which only acts in the space o
excited determinants. Hence we can write

^quT~n!~v!u0&52^quR̄0~v!H̄ ~n/n21!~v!u0&. ~36!

The resolvent has the very useful property that when ac
on a connected operator to its right, the result is again c
nected. We will see that the structure of the whole appro
will be intrinsically connected.

The quantity

^quH̄ ~n/n21!~v!u0&5E eivt^quH̄ ~n/n21!~ t !u0&dt ~37!

is in general a complicated expression that involves the F
rier transform of a product of functions of tim
~T-amplitudes, a time-dependent perturbation, etc.!. Each of
J. Chem. Phys., Vol. 107, N
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these elementary functions has a Fourier transform, and
total transform can be written as a generalized convoluti
e.g.,

E f ~ t !g~ t !h~ t !eivtdt

5E E E dv1dv2dv3

3E f ~v1!g~v2!h~v3!ei ~v2v12v22v3!tdt

5E E E dv1dv2dv3f ~v1!g~v2!h~v3!

3d~v2v12v22v3!. ~38!

We note that these types of expressions have precisely
same form as the polarizibilities and so forth, and this w
therefore provide an easy connection.

The equation forL (n) takes the form

^0uL~n!~v!@H̄ ~0!,q#u0&2v^0uL~n!~v!uq&

52^0u~11L~0!!@H̄ ~n!~v!,q#u0&

2 (
k51

n21

^0uL~k!~v!@H̄ ~n2k!~v!,q#u0&. ~39!

Using the resolvent, the solution can be written

^0uL~n!~v!up&52(
q

(
k50

n21

^0u~dk01L~k!~v!!

3@H̄ ~n2k!~v!,q#u0&R̄qp
0 ~2v!. ~40!

The above equations are not the most convenient for ap
cation. One may manipulate further, starting from the e
pression for the frequency-dependent dipole moment
eliminating the frequency-dependentL terms. In the follow-
ing section, we will consider the dynamic polarizability.

A. The dynamic polarizability in the CC framework

As mentioned before, the dynamic polarizibility is re
lated to the first-order term in the dipole moment,

aAa~v!5E dv1

mA
~1!~v1!

]«a~v!

5^0u~11L~0!!@m̄A
~0! ,Ta

~1!~v!#u0&

1^0uLa
~1!~v!m̄A

~0!u0&, ~41!

where

^quT~1!~v!u0&52^quR̄0~v!m̄a
~0!u0& ~42!

and
o. 17, 1 November 1997
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6740 Rozyczko et al.: Molecular dynamic polarizabilities
^0uLa
~1!~v!up&5^0u~11L~0!!@H̄a

~1!~v!,q#u0&

3R̄qp
0 ~2v!. ~43!

Using

R̄0~2v!m̄A
0 u0&5TA

~1!~2v! ~44!

and

H̄a
~1!~v!5m̄a

~0!1@H̄ ~0!,Ta
~1!~v!#, ~45!

we find

aAa~v!5^0u~11L~0!!@m̄A
~0! ,Ta

~1!~v!#u0&1^0u~11L~0!!

3@m̄a
~0! ,TA

~1!~2v!#u0&1^0u~11L~0!!

3@@H̄ ~0!,Ta
~1!~v!#,TA

~1!~2v!#u0&, ~46!

which is a familiar expression for the polarizability in a C
framework.15

We can rewrite Eq.~45! in the configuration basis35 as
i-
Th

e

ve
C

ar
d
t
er
nd
ar

lt
b

i-
th
ti

io
va
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aAa~v!5(
m,n

^0u~11L~0!!@m̄A
~0!2^m̄A

~0!&#uh&A21~1v!

3^hum̄a
~0!2^m̄a

~0!&u0&1(
m,n

^0u~11L~0!!

3@m̄A
~0!2^m̄A

~0!&#uh&A21~2v!^hum̄a
~0!2^m̄a

~0!&u0&

1^0u~11L~0!!~H̄ ~0!2E0!uf&

3^fuTa
~1!~v!TA

~1!~2v!u0&, ~47!

whereA(6v)5^hu(H̄ (0)2E(0)6v)uh&, whereuh& indicates
the manifold of singly and doubly excited determinan
^m̄ (0)&5^0u(11L)m̄ (0)u0& and uf& indicate all determinants
that are higher than twofold excited. In the limit that theuh&
manifold is complete, the quadratic term in Eq.~47! van-
ishes, or at the CCSD level the result is equivalent to full
for two electrons.

Alternatively, we can adopt the ‘‘propagator
viewpoint,16 which defines the polarizability as
aAa~v!5(
l 50

1

(
kÞ0

^C̃0
~0!um̂A

~0!2^m̂A
~0!&uCk

~0!&^C̄k
~0!um̂A

~0!2^m̂A
~0!&uC̄0

~0!&

~E0
~0!2Ek

~0!1~21! lv!
, ~48!
n–
lly.
C

o-
ed

for
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e
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m
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cy,
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e

where Ck
(0) and Ek

(0) , k50,1,... are eigenfunctions and e
genvalues of the unper-turbed zeroth-order Hamiltonian.
statesCk

(0) , C̃k
(0) form a complete biorthogonal set~i.e.,

^C̃k
(0)uC l

(0)&5dkl). By using the CC parametrization for th
ground and excited states~EOM-CC states!, we can rewrite
Eq. ~48! as

aAa~v!5(
l 50

1

^0u~11L!u~m̄A
~0!2^m̄A

~0!& !uh&

3A21~~21! lv!)^hum̄A
~0!u0&, ~49!

which amounts to exactly the first two terms of Eq.~47!.
This provides a computationally and conceptually con
nient alternative approach to polarizabilities. The EOM-C
has the advantage of providing theCk

(0) , C̃k
(0) , and Ek

(0),

k50,1,... in Eq.~48!. From the above development it is cle
that this is not the full derivative for a truncated CC metho
but it offers an equally valid ‘‘propagator’’ viewpoint tha
has often been used in SOPPA and CCPPA prop
calculations.18 The analogy with an expectation value a
the first derivative of the energy relative to a field is app
ent. If the ~generalized! Hellmann–Feynman45 theorem is
satisfied, the two forms are identical. If not, different resu
are obtained. Depending upon your viewpoint, either can
the ‘‘rigorous’’ definition of the property. The same cond
tion applies for second- and higher-order properties. If
higher analog of the Hellmann–Feynman theorem is sa
fied, it means that the results from ordinary perturbat
theory and derivative theory are identical. Since the deri
e

-

,

ty

-

s
e

e
s-
n
-

tive always introduces the appropriate non-Hellman
Feynman terms, it should be somewhat superior numerica
The straight ‘‘propagator’’ approach using the EOM-C
states is referred to as the CI-like approximation,16 as the
excited states in EOM-CC are obtained from a CI-like diag
nalization procedure of a transformed Hamiltonian bas
upon a CC ground state. The EOM-CC approximation
excitation energies is not entirely linked46 like CI. Second-
order properties in EOM-CC are fully linked in the quadra
approximation but not in the CI-like approach. This scarc
affects a single molecule, but if we replicate the molec
many times we would find a numerical problem with th
CI-like approximation in the limit.47 We can correct this,
however, by removing the unlinked terms that remain in
CI-like approximation. Formally, this means we take fro
the quadratic term that needed to correct the unlinked
grams in the lead term, and then in the interest of efficien
neglect the remaining linked quadratic part. This define
linear linked approximation35,39

aAa~v!5(
l 50

1

^0u~11L8!u~m̄A,open
~0! uh&A21~~21! lv!!

3^hum̂a
~0!u0&. ~50!

Here

m̄A,open
~0! 5e2TmAeT2^0ue2TmAeTu0&, ~51!

while L8 is an explicitly connected operator that is defin
from a slightly modifiedL equation obtained by equating th
usually small matrix elements,
o. 17, 1 November 1997
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^0ue2THeTu i
a&5Fia1(

j ,b
^ i j uuab&t j

b , ~52!

responsible for disconnected contributions inL, rigorously
to zero. The linear approximation scales properly for a
number of molecules, but is no longer ‘‘exact’’ for two
electron systems. However, it retains the convenient ‘‘pro
gator’’ form, shared by the exact result. In practice we
place L8 by L since this changes the results only ve
slightly, but it allows us to calculate both the CI-like and t
linear approximations in a single calculation. It follows th
in the present calculations, if a molecule does not hav
permanent dipole moment~due to symmetry! the linear and
CI-like approximations yield identical results. In the ne
section we will also consider the fully linked linear approx
mation, and we will refer to this as linear’~in accordance
with L8!.

Equations~47!, ~49!, and ~50! ~with L85L! summarize
the quadratic, CI-like and linear approximations to polar
abilities. In the following we will consider all three approx
mations numerically.

III. ANALYSIS OF THE EOM-CC LINEAR
APPROXIMATION TO POLARIZABILITIES

The difference between the CI-like and linear appro
mation to the polarizability can succinctly be put as

aAa~v!CI-like5aAa~v!Linear1~^0um̄Au0&

2^0u~11L!m̄Au0&!^0u~11L!•Ta~v!u0&

1~^0um̄au0&2^0u~11L!m̄au0&!^0u~11L!

•TA~2v!u0&. ~53!

Therefore, in general, if the dipole moment of the referen
determinant and the correlated CC dipole moment are s
lar, there is very little difference between the linear and C
like approximations. For very large systems there is a pr
lem with the CI-like approximation, however, because
term involving the perturbed amplitudes can grow inde
nitely. For larger systems, the linear approximation, the
fore, offers distinct advantages over the CI-lik
approximation.39 Most of our calculations are limited to
small to medium sized systems, and the difference betw
the linear and CI-like approximation due to improper scal
of the CI-like approximation is usually negligible.

The other limiting case occurs when there is a large
ference between the correlated and Hartree–Fock dipole
ments. As an example, we consider the HF molecule at th
internuclear distancesR051.7328, 3.0 and 10.0 a.u. At th
RHF level the system incorrectly separates into H11F2

fragments, and, correspondingly, carries a large dipole
ment. The CCSD calculation brings this back to the pro
ground state, separating into neutral fragments, H1F which
in the limit does not have a dipole moment. This is illustrat
in Table I, where we list the dipole moments for the thr
distances considered. In Table I we also include thet1 CCSD
amplitudes. These amplitudes are very large at larger s
ration, indicating again that the Hartree–Fock reference s
J. Chem. Phys., Vol. 107, N
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is not a good description of the true ground state. If
subsequently calculate the static polarizabilities, we obt
the results presented in Table II. It is obvious that the CI-l
and quadratic results agree quite well at all distances, but
linear version does not follow this pattern, and is in fa
erroneous. Diagrammatic analysis shows that in the lin
approximation, so-called EPV terms are neglected, and
present pathological example highlights these contributio
The situation is similar to the correlation energy. For tw
electron systems, CCSD and CISD are exact, and both
be said to include EPV terms. On the other hand, lineari
CCSD does not include such contributions, but unlike CIS
it is rigorously size extensive. However, it is not exact f
two-electron systems. In fact LCC~S!D usually overshoots
the correlation energy. The situation for second-order pr
erties is a little different, because the extra~EPV-related!
term in the CI-like approximation is usually very small.

We have also included the fully linked linear’ result
Compared to linear, these results deviate further from
more correct quadratic results for larger separations. This
be understood because the disconnected contribution toL is
quite appreciable~it follows the pattern fort1

2!, and in the
linear’ approximation we neglect such contributions fromL,
even though thedisconnectedcontributions inL mainly give
rise to connectedcontributions to the polarizability. In this
context the extended coupled cluster method~for analysis
see Ref. 45!, which treats both the right- and left-han
ground state in exponential fashion, is most satisfactory.

We conclude that in the single molecule calculations t
are of practical interest to us, the CI-like approximation do
not suffer significantly from the size-extensivity error. Du
to the inclusion of EPV terms, we actually expect it to be
little more accurate than the extensive linear approximat
for some cases of interest. In all of the examples conside
in this paper~except the above pathological example!, the
CI-like and linear approximation yield identical results up
the figures quoted in this paper. This is true exactly if m
ecules do not have a dipole moment due to symmetry.

Let us emphasize finally that the EOM quadratic mod
as the derivative is formally most satisfactory, but it loses
convenient propagator form and can become expensive c
putationally. This is particularly true if we apply partitionin

TABLE I. Dipole moments of the HF molecule.

RH–F ~a.u.! m ~SCF! m ~CCSD! t1 coefficients

1.7328(Re) 0.756 28 0.706 55 0.021
3.90 1.786 78 0.584 05 0.182

10.0 4.035 77 20.072 91 0.396

TABLE II. azz component of the static polarizability for the HF molecul

RH–F ~a.u.! CI-like Linear Linear’ Quadratic

1.7328(Re) 6.568 6.570 6.590 6.498
3.90 28.49 31.38 31.63 28.48

10.0 8.461 9.922 11.21 8.410
o. 17, 1 November 1997
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6742 Rozyczko et al.: Molecular dynamic polarizabilities
techniques to the EOM scheme.48–50We know this is a valid
approach to polarizabilities as well as NMR spin–spin co
pling constants,50 and in the partitioned model we definite
did not want to use the quadratic model, since it would f
feit all time savings obtained by the partitioning.

IV. COMPUTATIONAL DETAILS

In the following we wish to make a survey of sever
molecules in a consistent basis, rather than the ulimate
verged result for one example. Hence, we use experime
geometries and SadIej’s polarizability basis, POL1~Refs. 40
and 41! which consist of a (14s,10p,4d)/@7s,5p,2d# con-
traction for S, a (10s,6p,4d)/@5s,3p,2d# contraction for C,
N, and O, and a (6s,4p)/@3s,2p# contraction for hydrogen
For trans-butadiene, to be consistent with prior work,51,52we
o

n
riz

ar

J. Chem. Phys., Vol. 107, N
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have used the standard 6-31G basis set augmented by
diffuse p and d shells with the same exponentzp5zd

50.05, which has been previously shown to combine sm
size with good accuracy for this molecule. Cartesian Gau
ian basis functions have been used in all the calculations.
the results reported were obtained by using theACES II pro-
gram system.53

The dipole polarizability is a diagonal second-rank te
sor. For any linear molecule, two of these three compone
are identical due to symmetry. The two unique compone
are commonly referred to as the perpendiculara' and par-
allel a i components with respect to the principal rotation
axis. The average polarizabilitŷa& and the polarizability
anisotropyDa are the quantities most commonly determin
experimentally.54 They are defined as
^a&5
a~xx!1a~yy!1a~zz!

3
,

~54!

Da5
@~a~xx!2a~yy!!21~a~xx!2a~zz!!21~a~yy!2a~zz!!2#1/2

A2
,

r-
l
ri-

he
m-

na-

ap-

om
he

la-
s;

po-
s.
for

ll-

ase
the
F,

s
he
which reduces to the simple expressions for molecules p
sessing a threefold or higher rotation axis~e.g., a linear mol-
ecule!

^a&5
2a'1a i

3
,

~55!

Da5~a i2a'!.

All the molecules considered in this study are linear, a
hence we report the average polarizability and the pola
ability anisotropy~henceforth referred to aŝa& andDa, re-
spectively!.

TheC6 dispersion coefficients are calculated from pol
izabilities evaluated at selected imaginary frequenciesia us-
ing

C65
p

3 E
21

1

f ~ t !dt, ~56!

and Gauss–Legendre quadrature where the functionf (t) is
defined as

f ~ t !5
2v0

~11t !2 aS iv0F12t

11t G D ~57!

by means of the substitution

v5v0F12t

11t G . ~58!

v0 has been chosen to be 0.1 a.u. as in Amoset al.55
s-

d
-

-

V. RESULTS AND DISCUSSION

A. Nitrogen, carbon monoxide, and acetylene

In Tables III–V we present the calculated dipole pola
izabilities of the N2, CO, and C2H2 molecules at severa
different frequencies along with the corresponding expe
mental results. The ‘‘CCSD’’ results are obtained by t
finite-field method as the difference of the analytically co
puted dipole moment32 with orbital relaxation, and are lim-
ited to the static values. The TDHF values are from the a
lytical program of Sekino and Bartlett.56 For N2 and CO we
have also included second-order polarization propagator
proximation~SOPPA! results,24 while for N2, there are MC-
TDHF results. Both the latter are in different basis sets fr
the CC results but agree exceptionally well with t
EOM-CC results.

As we can see from Tables III–V, the electron corre
tion effects in general are fairly minor for these molecule
the TDHF and correlated dispersion for the isotropic com
nent of the polarizability agree fairly well for all method
However, the most notable exception is the dispersion
Da~v! of the CO molecule, which is negative~but very
small! at the TDHF level, and positive~but small! at the
correlated level. This is likely to be related to the we
known sensitivity of the~small! dipole moment of CO,
which changes sign upon inclusion of correlation. In the c
of acetylene, the agreement is less satisfactory, even for
isotropic parts, while also the discrepancy between TDH
SOPPA, and the EOM models is more pronounced.

Orbital relaxation effects are very minor, as follow
from the comparison between finite-field-CCSD and t
o. 17, 1 November 1997
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Downloaded 29 Sep
TABLE III. Dynamic polarizabilities of the N2 molecule.a

v ~a.u.! TDHFb SOPPAc MCTDHFd CCSDb

EOM-CCSDb

exp.CI-like Quadratic

^a~0!&
0.0000 11.42 11.29 11.61 11.61 11.75 11.60 11.7e

^a~v!&2^a~0!&
0.0720 0.15 0.15 0.15 0.15 0.15 0.16f

0.0886 0.23 0.23 ••• 0.23 0.23 0.25f

0.0934 0.25 0.26 0.26 0.26 0.24 0.27f

0.0995 0.29 0.30 ••• 0.30 0.29 0.31f

Da~0!
0.0000 5.37 4.07 4.36 4.83 4.92 4.79 4.4g

Da~v!2Da~0!
0.0720 0.11 0.09 0.08 0.07 0.22h

0.0886 0.17 0.13 0.12 0.11 0.37g

0.0934 0.19 0.14 0.14 0.13 0.40g

0.0995 0.22 0.16 0.16 0.15 0.44g

aAt the equilibrium experimental bond lengthr (NN)52.074 a.u. Theu^e&u denotes the mean absolute deviatio
from experiment. This applies in all the following tables.

bThe present work.
cOddershede and Svendsen, Ref. 24.
dLuo and Jo”rgensen, Ref. 70.
eExtrapolated from Ref. 67.
fReference 67.
gG. R. Almset al., Ref. 68.
hBridge and Buckingham, Ref. 69.
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EOM-CC quadratic model for all three molecules. It is w
known that CCSD shows remarkable insensitivity to orb
choice,37,57 but the EOM-CCSD~or CCSD linear response!
will not necessarily be as insensitive. Here, however,
ground state molecular orbital relaxation effects are v
small. Finally, the static, absolute values for the CI-like a
quadratic EOM-CC models agree quite nicely. Inclusion
correlation improves the agreement with experiment,
TDHF results are already pretty good.

TABLE IV. Dynamic polarizabilities of the CO molecule.a

v ~a.u.! TDHFb SOPPAc CCSDb

EOM-CCSDb

exp.CI-like Quadratic

^a~0!&
.0000 12.23 12.45 12.95 13.28 13.07 13.0d

^a~v!&2^a~0!&
.0720 0.22 0.24 0.27 0.25 0.27e

.0886 0.34 0.37 0.41 0.39 0.41e

.0934 0.38 0.41 0.46 0.43 0.47e

.0995 0.44 0.47 0.52 0.50 0.66e

Da~0!
.0000 3.37 4.45 3.97 4.39 4.17 3.59f

Da~v!2Da~0!
.0720 20.01 0.07 0.03 0.02 •••
.0886 20.01 0.10 0.03 0.03 •••
.0934 20.02 0.11 0.03 0.04 •••
.0995 20.02 0.12 0.04 0.04 •••

aAt the experimental equilibrium bond lengthR ~CO!52.132 a.u.
bPresent work.
cOddershede and Svendsen, Ref. 24.
dExtrapolated from Ref. 67.
eReference 67.
fBridge and Buckingham, Ref. 69.
J. Chem. Phys., Vol. 107, N
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B. Chlorine

The calculated dipole polarizabilities of the Cl2 molecule
for several different frequencies and the corresponding
perimental values are given in Table VI.

Here there is a substantial difference between the co
lated dispersion and that given by TDHF. The EOM CI-lik
and quadratic model dispersion curves agree very wel
before and there is only a minor effect from orbital rela
ation. However, correlation effects for Cl2 are more signifi-

TABLE V. Dynamic polarizabilities of the C2H2 molecule.a

v ~a.u.! TDHFb CCSDb

EOM-CCSDb

exp.CI-like Quadratic

^a~0!&
.0000 23.11 22.17 22.60 22.25 22.67c

^a~v!&2^a~0!&
.0720 0.65 0.58 0.57 0.80d

.0886 1.00 0.90 0.89 1.01d

.0934 1.12 1.01 0.99 1.28d

.0995 1.28 1.15 1.13 1.41d

Da~0!
.0000 12.52 12.30 12.97 12.50 11.84c

Da~v!2Da~0!
.0720 0.34 0.31 0.30 0.54d

.0886 0.52 0.48 0.46 0.74d

.0934 0.58 0.53 0.51 0.88d

.0995 0.66 0.61 0.58 1.08d

aThe equilibrium experimental bond lengthr (CH)52.004 and
r (CC!52.274 a.u.

bPresent work.
cExtrapolated from G. R. Almset al., Ref. 68.
dG. R. Almset al., Ref. 68.
o. 17, 1 November 1997
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6744 Rozyczko et al.: Molecular dynamic polarizabilities
cant. For example, the correlation contribution to the sta
polarizability is 3.10 a.u.@10% of the total correlated~finite-
field-CCSD! result# for ^a& and 1.57 a.u.~0.94% of the total
correlated result! for Da. The EOM-CCSD CI-like results
overestimate the electron correlation effects by almost 1
compared to experiment, whereas the quadratic results lo
the deviation to about 0.5 a.u. The role of correlation~and/or
basis set! effects is further demonstrated by the rather po
agreement of SOPPA results with the experimental value

C. Carbon dioxide, carbon oxysulfide, and carbon
disulfide

In Tables VII–IX we present calculated^a& andDa val-
ues for the CO2, OCS, and CS2 molecules for several differ
ent frequencies. The results obtained by the TDHF met
and experiment are also given for comparison.

It is evident from Tables VII–IX that orbital relaxatio
effects are very important for these molecules, and this
portance increases with the number of sulfurs. The orb
relaxation effect~EOM quadratic2CCSD! for the isotropic
component increases as 0.6, 2.3, and 4.1 a.u in the s
CO2, OCS, CS2, while for the anisotropic component th
effect is enhanced from 1.0, 2.5, to 10.5 a.u.~!!. Invariably,
inclusion of orbital relaxation effects brings the results clo
to experiment. Comparing the EOM CI-like and EOM qu
dratic models we find that the CI-like version overshoots
experimental results by up to 15 a.u. for the anisotropic co
ponent of CS2. It is clear that for these molecules, derivati
techniques will work better than perturbation based metho
but most of the error corresponds to orbital relaxation, wh
is not included in either method. Interestingly, for^a~0!& the
TDHF model performs better than the correlated EOM me
ods for CS2. Relaxation effects are, of course, precisely wh
is accounted for in TDHF. This, together with some favo

TABLE VI. Dynamic polarizabilities of the Cl2 molecule.a

v ~a.u.! TDHFb SOPPAc CCSDb

EOM-CCSDb

exp.CI-like Quadratic

^a~0!&
.0000 27.38 24.42 30.48 31.32 30.86 30.3d

^a~v!&2^a~0!&
.0720 0.84 0.47 0.66 0.66 0.72e

.0886 1.31 0.74 1.04 1.03 1.11e

.0934 1.48 0.84 1.18 1.15 1.23e

.0995 1.70 0.98 1.37 1.32 1.41d

Da~0!
.0000 15.22 24.44 16.79 17.46 16.94 17.5f

Da~v!2Da~0!
.0720 0.95 0.86 0.58 0.56 •••
.0886 1.50 1.29 0.91 0.85 •••
.0934 1.69 1.43 1.04 0.95 •••
.0995 1.96 1.60 1.20 1.07 •••

aAt the equilibrium experimental bond lengthr (ClCl!53.755 a.u.
bPresent work.
cOddershede and Svendsen, Ref. 24.
dExtrapolated from Ref. 67.
eReference 67.
fBridge and Buckingham, Ref. 69.
J. Chem. Phys., Vol. 107, N
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able, cancellation of errors, is likely to account for the re
tive accuracy of the TDHF results. Of course, we also
sume that the reference experimental values are relia
even though in many cases these are rather old results.

Dispersion effects in EOM-CC, on the other hand, are
reasonable agreement with experiment and greatly impr
upon the Hartree–Fock dispersion curves~see Figs. 1 and 2!.
We note that the EOM CI-like model performs a little bett
that the EOM quadratic model compared to experiment,
pecially for higher frequencies.

From these comparisons, we conclude that if orbital
laxation effects appear to be important, they should be
cluded. The potential importance of orbital relaxation
time-dependent properties is a tricky question. It is certai

TABLE VII. Dynamic polarizabilities of the CO2 molecule.a

v ~a.u.! TDHFb CCSDb

EOM-CCSDb

exp.CI-like Quadratic

^a~0!&
.0000 15.84 17.44 18.47 18.00 17.52c

^a~v!&2^a~0!&
.0720 0.20 0.29 0.27 0.27d

.0886 0.30 0.44 0.42 0.34c

.0934 0.33 0.49 0.46 0.47c

.0995 0.38 0.56 0.53 0.50c

Da~0!
.0000 12.08 14.43 16.32 15.40 13.73c

Da~v!2Da~0!
.0720 0.26 0.41 0.40 0.54d

.0886 0.39 0.63 0.60 0.68c

.0934 0.44 0.71 0.68 0.88c

.0995 0.50 0.80 0.77 0.95c

aThe experimental equlibrium bond lengthr (CO!52.195 a.u.
bPresent work.
cG. R. Almset al., Ref. 68.
dExtrapolated from G. R. Almset al., Ref. 68.

TABLE VIII. Dynamic polarizabilities of the OCS molecule.a

v ~a.u.! TDHFb CCSDb

EOM-CCSDb

exp.CI-like Quadratic

^a~0!&
.0000 32.99 34.69 36.96 35.71 34.35c

^a~v!&2^a~0!&
.0720 0.90 1.13 1.09 0.67d

.0886 1.33 1.70 1.65 1.01d

.0934 1.56 1.91 1.86 1.21d

.0995 1.79 2.20 2.17 1.42d

Da~0!
.0000 24.01 27.55 32.50 29.97 26.25c

Da~v!2Da~0!
.0720 1.06 1.59 1.48 1.62d

.0886 1.57 2.42 2.29 2.57d

.0934 1.85 2.78 2.57 2.83d

.0995 2.12 3.19 2.97 3.11d

aThe experimental bond length forR(OC)52.191 andR(CS!52.947 a.u.
bPresent work.
cExtrapolated from G. R. Almset al., Ref. 68.
dG. R. Almset al., Ref. 68.
o. 17, 1 November 1997
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6745Rozyczko et al.: Molecular dynamic polarizabilities
possible to include orbital relaxation by building the corr
lated calculation on the underlying TDHF solution, just
coupled perturbed Hartree–Fock~CPHF! solutions are es-
sential in analytical gradients and Hessian evaluations for
total energy. In that case orbital relaxation can never be
glected without invalidating the exactness of the critic
points. The CCSD and higher methods, though, build in
vast majority of such relaxation effects v
uf8&5eT1uf&,32,58 and such flexibility is usually sufficien
for other kinds of properties.37 However, when orbital relax-
ation is as large as found here for CS2, we have to reconside
whether they should be included in highly accurate calcu
tions. However, to incorporate TDHF relaxation means a
introducing artifactual TDHF~RPA! excitation energies~part
of the propagator! into the calculation, which is unsatisfac
tory. Another obvious possibility is to include effects fro
connected triple and higher excitation operators in the ca
lation. Until the full CI is reached, though, there are s
residual orbital relaxation effects. Here, apparently that
fect is numerically significant.

Interestingly, the dispersion is, in all cases consider
well described by the CI-like model in EOM-CCSD. If w

TABLE IX. Dynamic polarizabilities of the CS2 molecule.a

v ~a.u.! TDHFb CCSDb

EOM-CCSDb

exp.CI-like Quadratic

^a~0!&
.0000 55.18 55.03 62.10 59.15 55.40c

^a~v!&2^a~0!&
.0720 2.50 2.84 2.89 3.24d

.0886 3.93 4.67 4.62 5.27d

.0934 4.42 6.49 5.25 5.94d

.0995 5.10 7.47 6.05 6.82d

Da~0!
.0000 56.58 56.50 73.74 66.51 58.71c

Da~v!2Da~0!
.0720 5.03 6.27 6.24 6.41d

.0886 7.97 10.34 10.01 10.66d

.0934 9.00 12.38 11.33 12.28d

.0995 10.44 14.41 13.19 14.31d

aThe equlibrium experimental bond length forR(CS!52.944 a.u.
bPresent work.
cExtrapolated from G. R. Almset al., Ref. 68.
dG. R. Almset al., Ref. 68.

FIG. 1. CO2 mean polarizabilities.
J. Chem. Phys., Vol. 107, N

Downloaded 29 Sep 2005 to 128.227.192.244. Redistribution subject to A
-

e
e-
l
e

-
o

u-

f-

d,

combine this with a finite-field CCSD value for the stat
component~or full second-order analytical CCSD deriva
tive!, we may expect to obtain reliable results, even wh
orbital relaxation effects are important.

D. Trans-butadiene

Table X shows the results of the dynamic polarizabili
calculation for the trans-butadiene molecule. Polyenes,
which trans-butadiene is a prototypical example, are of s
stantial interest in NLO materials.59 One can notice that
TDHF values are much larger than the corresponding EO
values, due to the overestimation of thexx and yy compo-
nents ofa. The dispersion behavior is also very different: th
percentage dispersion atv50.0995 a.u. is 10.3% at the
TDHF level, 7.61% for the EOM CI-like method, and 5.35%
for the quadratic scheme. The quadratic correction accou
for up to 2%–3% of the total correlation correction and al
slightly changes the dispersion behavior: for the static c
the difference between the CI-like and quadratic anisotro
is only 0.75, whereas for the largest computed frequenc
amounts to 3.1 a.u. This result suggests that the dispersio

TABLE X. Dynamic polarizabilities of the C4H6 molecule.a

v ~a.u.! TDHFb CCSDb

EOM-CCSDb

exp.CI-like Quadratic

^a~0!&
.0000 52.04 48.79 49.78 49.16 58.3

^a~v!&2^a~0!&
.0720 2.58 1.87 1.16
.0886 4.10 2.92 1.97
.0934 4.63 3.32 2.26
.0995 5.37 3.79 2.63

Da~0!
.0000 50.29 35.24 36.26 35.51

Da~v!2Da~0!
.0720 5.01 2.60 1.18
.0886 8.06 4.13 2.20
.0934 9.14 4.66 2.55
.0995 10.67 5.41 3.02

aThe experimental equlibrium bond lengthr (C1–C2)52.508, r (C2–C3)
52.768,r (C1–H1)52.028,r (C2–H3!52.035 a.u.

bPresent work.
cIn Handbook of Chemistry and Physics, 66th ed., edited by R. C. Weast, M
J. Astle, and W. H. Beyer~CRC, Boca Raton, 1985!, pp. E-70.

FIG. 2. CS2 mean polarizabilities.
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6746 Rozyczko et al.: Molecular dynamic polarizabilities
the dipole polarizability in conjugated hydrocarbons is s
sitive to the correlation level. The fact that correlated resu
have been found to be further from experiment th
TDHF51,52 has led to the argument60 that for butadiene, and
indeed linear polyenes in general, TDHF gives a better
scription of the hyperpolarizabilities than correlated me
ods. If so, the ultimate correlated methods must regain
TDHF results. However, it is difficult to see how the corr
lation effects can be neutralized. The extension of the ato
basis set and inclusion of vibrational effects must be con
ered, as well.

E. Long-range London dispersion coefficients

Table XI lists theC6 coefficients for the collection o
atoms and molecules considered in this study. We use
same procedure previously discussed.61 The largest errors are
for CS2 and OCS, consistent with our observation of t
quality of the calculated polarizability results of the two r
spective molecules. Inclusion of the quadratic contribut
improves the agreement of the calculated results with exp
ment, and inclusion of orbital relaxation would presumab
lead to still further improvements~see previous section!.

There are several other correlated theoretical studie
C6 coefficients of small molecules in the literature,61–63 the
former using EOM-CCSD. However, the only previous th
oretical results ofC6 coefficients for CS2 and COS are due to
Spackman. The first column of Table XI containsC6 coeffi-
cients calculated by Spackman64 at the TDHF level using a
6-31G basis set with added polarization functions. There
no previous theoretical or experimentalC6 coefficients for
the Cl2 molecule available in the literature.

VI. CONCLUSIONS

The main focus of the present investigation is to stu
the variation of the molecular polarizability with frequenc
~both real and imaginary! and to calculate the dispersion c
efficients (C6) for a series of molecules at a consistent lev
For this purpose, we use the recently developed EOM-CC
CI-like, linear and quadratic approximations to calcula
frequency-dependent polarizabilities of several selec
small molecules. The EOM-CCSD CI-like approximatio

TABLE XI. C6 dispersion coefficients for homonuclear interaction.

TDHFa
EOM-CCSD

~CI-like!b
EOM-CCSD
~Quadratic!b exp.

N2 71.46 73.63 71.84 73.40c

Cl2 ••• 416.3 405.2 •••
C2H2 196.6 204.3 196.9 231.4d

CO 63.29 83.51 80.64 81.40c

CO2 123.1 173.6 166.4 158.7c

SCO 368.5 453.1 481.4 402.2c

CS2 826.0 1182 1079 991.3c

aM. A. Spackman, Ref. 64.
bPresent work.
cMargoliash and Meath, Ref. 71, and M. A. Spackman, Ref. 64.
dStarkschall and Gordon, Ref. 72.
eFowler et al., Ref. 73.
J. Chem. Phys., Vol. 107, N
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when combined with Sadlej polarized basis sets, was sh
previously to perform well for molecular dynami
polarizabilities.16 In this paper we also consider orbital rela
ation effects on calculated static polarizabilities through
nite difference CCSD calculations.

In general, the difference between the EOM CI-like, li
ear, and quadratic models is found to be minor, both for
net result and the dispersion. Also the results agree rea
ably well with experiment. An important exception is th
CS2 molecule, and to a lesser extent OCS. In these case
found orbital relaxation effects on the calculated static po
izabilities to be very important, implying significant potenti
effects on the dynamic polarizability. Even in these cas
however, the frequency dependence of the polarizabilitie
well described at the EOM-CCSD level. If orbital relaxatio
is important, a hybrid method like a combination of EOM
CCSD for dispersion and finite-field CCSD~or analytical
CCSD second derivatives! for the static component could
offer a pragmatic approach.

To better include orbital relaxation, in particular also t
contribution to dispersion, the EOM-CCSD model can
extended with an approximate treatment for triples, li
EOM-CCSDT-1 or EOM-CCSDT-3.65 Such triple contribu-
tions have been shown to introduce the most important
maining orbital relaxation terms.37 The numerical effect of
triple excitations~in cases in which relaxation effects are n
considered very important! on polarizabilities can be as
sessed from other results,32,66 with the general conclusion
that it increases the magnitude of the polarizability, but n
necessarily the agreement with experiment.

Dispersion at the TDHF level is often a poor represe
tation of the correlated EOM-CC dynamic polarizibility i
the same basis set. Dispersion at the EOM-CCSD le
agrees significantly better with the experimental measu
ments.
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Balková, D. E. Bernholdt, K. K. Baeck, H. Sekino, P. Rozyczko, C. H
ber, R. J. Bartlett. Integral packages included areVMOL ~J. Almlöf, J. O. P.
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