Correlated calculations of molecular dynamic polarizabilities
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Frequency-dependent molecular polarizabilities of several molecye<, CQ, Cl,, CH,,

COS, and Cg are calculated by the equation-of-motion coupled cluster singles and doubles
(EOM-CCSD method. The EOM-CCSD Cl-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[S0021-96007)01541-9

I. INTRODUCTION range of the polarizability curve, including both the real and
imaginary frequencies, and the polarizability poles corre-

The frequency-dependent polarizabilifDP), a(w),  sponding to excitation energies, for a particular method.
also known as the dynamic dipole polarizability, is a linear  In our group, we have developed the equation-of-motion
response of a system to an external electric field. In additiongoupled cluster singles and doub[&OM-CCSD method to
for low frequenciesa(w) determines Raman intensiti&€,  calculate second-order properti€$>*The second deriva-
refractive indices, molar refractivity, the Verdet constantstive of the CCSD energy with respect to perturbations of
(see Ref. 5 for a summakyand scattering cross sectichs. interest will lead to what is called the guadratic EOM-CCSD
FDPs find applications in a wealth of nonlinear optical ma-approach to second-order propertiesn taking the deriva-
terials research. The excitation energies, the correspondirtive, orbital relaxation effects are neglected, as they have
transition moments, and the van der Waals coefficie®ts, been shown to be relatively unimportant for CC reference
of long-range interactions can be calculated by knowing thestates:”*® although not necessarily unimportant for excited
variation of the dipole polarizability with the frequency of states. The alternative propagator expansion can be em-
incident radiatiorf~1° ployed by taking the EOM-CCSD similarity transformed

Much effort has been made in recent years to developlamiltonian as the zeroth-order Hamiltonian. This defines
analytical methods to calculate molecular properties, in parthe EOM-CCSD Cl-like approximatioff. The difference be-
ticular second- and higher-order propertits'® Analytical ~ tween quadratic and Cl-like approximations is henceforth re-
methods alleviate limitations caused by the large number oferred to as the quadratic contribution. In the third approxi-
tensor elements or numerical precision problems. Signifimation, we take advantage of the fact that all the unlinked
cantly, only analytical methods can be used to evaluate moswontributions in the Cl-like expression cancel with the un-
dynamic properties, including dynamic polarizabilities andlinked contributions in the quadratic term and neglect the
hyperpolarizabilities. These include analytical energyremaining small linked quadratic contribution. This defines
derivativest'” polarization propagatdf and equation-of- the purely extensive (“linked”) EOM-CCSD linear
motion method<®1° The uncorrelated methods include the approximatiort>3°The formal sum-over-statéSOS propa-
coupled perturbed Hartree—Fock metiH@PHP,2%?which  gator structure of the Cl-like approximation is retained in the
in the static limit is identical to the random phase approxi-linear approximation as well.
mation(RPA) or to the(linearized time dependent Hartree— In this study we employ the above mentioned three
Fock (TDHF) theory?? A list of correlated methods includes EOM-CCSD models to calculate the dynamic polarizabilities
higher random phase approximatiGdRPA), second-order at real and imaginary frequencies. The list of molecules in-
polarization propagatofSOPPA,*®%-2> multiconfiguration ~ cludes N, CO, GH,, Cl,, CO, OCS, C$, and finally,
time-dependent Hartree—FockMC-TDHF), %6728 coupled  trans-butadiene fs. A comparison of numerical results ob-
cluster singles and double polarization propagatoitained by the three different EOM-CCSD models in a con-
(CCSDPPA,? coupled clustefCC) and many-body pertur- sistent basié?** and a comparison with other well-
bation theory(MBPT) methods®3*etc. The general picture established correlated theoretical results and experiment is
that arises from these correlated studies of static moleculgiresented.
polarizabilities is that the electron correlation effects are
about 10% of the correlated results, and the calculated results
are sensitive to the diffuse character of the atomic basis se} THeORY

Although there is much work done on static polarizabil-
ies at both TDHF and correlated levéfs,frequency- Properties can usually be evaluated from the derivative
dependent calculations for molecules are scarce. Furtheof the energy associated with a wave function, subject to an
more, little attempt has been made to describe the wholexternal perturbation. For time-independent perturbations
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this is straightforward. For example, dipole moments, static % .

polarizabilities, and hyperpolarizabilities are defined as thexa(®)= fﬁx,uA(t)e'“’tdt

first-, second-, and third-derivatives of energy which are pro-

portional to the zeroth, first-, and second-order response of a o

molecule to a static electric field. However, a straightforward =pp Slw)+ ; f dwaas(wa)ea(wa)
extension of energy derivative methods to time-dependent

perturbations is not as apparent, because the corresponding 1 *

energy is not uniquely defined. Hence, the starting point of X (0= wa)+ 57 ;) f_xd“’adbiAab(wa'“’b)
our derivation is the time-dependent dipole moment, which

is well defined and unique. X eg(wa)ep(wp) 8w —wa—wp) + . 5

The time-dependent dipole moment is given by It follows that the polarizability can be obtained as

() =(W ()| ¥ (1)), (1) aAB(wB)=fC do, 1al®) ©

" ? Ge(wp)

E=0

where| ¥ (1)) satisfies the time-dependent Sairger equa-  whereE indicates all components of the field strength. The

tion first hyperpolarizability is given by
Basclwg,0c) = Bacs(wc,wp)

=H(t)|¥ (1)), 2 _ Jw dpal ) ‘

w .
= dsp(wg)dec(wo)|_,

(L)
'

(7)

and is assumed to be normalized at titee0, and hence at The wave function|¥(t)) that defines the time- or
all times. To define polarizabilities, hyperpolarizibilities, and frequency-dependent dipole moment satisifies the time-
so forth, let us consider the field-dependent Hamiltonian  dependent Schainger equation corresponding to the com-
plete, field-dependent Hamiltonian. This wave functiand
the time-dependent dipole momgran be expanded in or-
H(t)=Hq+ >, f dwaea(wy) g€ “al=Hy+ V(1), ders of the field, and this will yield expressions for the po-
a larizability and hyperpolarizabilities. If we assume that all
©) eigenstates of the molecular Hamiltonian are kndaieast
formally), we can obtain in this way the familiar sum over

whereH,, is the usual molecular Hamiltoniaji, denotes the  States expressions for the polarizability, and so forth.

three Cartesian components of the dipole operator, while Alternatively, we can assume a parameterization for the

e.(w,) indicates the respective components of thecomplete field-dependent wave function, which is then sub-

frequency-dependent field strengtBvery integration, either J€Ct t0 @ perturbation expansion. This leads directly to equa-
in time or in frequency, is accompanied by a factoy2#.  tOns for the perturbed amplitudes, which in turn define the

We absorb this factor in our integral sign to facilitate the quantities of interest. One possible parameterization is, of
notation) At time t=0, we assume that the stqt(0)) is the ~ COUrSe, the exponential coupled cluster ansatz, which is the

ground state(or possibly another stationary statef the ~ fOCUS Of this paper. o .
field-independent molecular Hamiltonidf,. Under these _The above approach to polarizabilitiesr hyperpolariz-
conditions, the polarizability and higher polarizabilitiegth ~ aPilities and so forthdoes not apply directly to the coupled
respect to the state at time=0) can be defined as the ex- cluster formalism, however. The reason is that the time-

pansion coefficients of the time-dependent dipole moment dependent wave function in the CC formalism is not hormal-
ized to unity, but rather satisfies intermediate normalization

0) gt W ec(t))=eTV|dg)—(Po| Pec(t))=1. (8
HA() = pp +E fdwaaAa(wa)S(wa)e a . . .

a The exact CC wave function is proportional (& (t)),
where the proportionality factor is, in general, complex. Let

1 .
o1 ;) f dwdwpBaan @a, wp) us write
Xe(wy)e(wp)e (@at @ty ... 4) |W(t))=|¥cc(t))e W, )

where the normalization factor is defined as

Here, we adopt the conventiéhpusing upper case letters for e ¢ =(Do|W(t)). (10)

the component under consideration and lower case letters to 0

indicate components that are summed over. For future refeSubstituting this expression in the time-dependent Schro
ence, the Fourier transform gf,(t) reads dinger equation, and multiplying by, we obtain
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J so( ) 90 _ o
o Wec)+ —— [Yec®) =H[Vec(t). (1D —t = (O[H(D)]0)+ (O] A(t)| H( H(D—i — |0>
If we muItipIy in addition bye ™™, we find =(0|H(1)|0) (20)
T 10+ %2 oy=H(v)0). azg

where H(t)ze*T(‘)HeT(‘). It may be appreciated that the (0l(1+A)IH(), q]|0>+|<0| |q>
equations folT are completely decoupled from the equation

JdT Jdeo
for the phase HOI(L+A( >>q[H(t>—| - EJ"” 0. @
— 4T
(g[H(t)—i ot |0)=0, The last term in this equation vanishes because the CC equa-

(13 tions are satisfiedthis is true also ifT is truncatedl Let us
summarize our basic equations obtained so far:

n(H)=(0|(1+A(t))e" " e™|0)
The analogy with time-independent CC theory is evident. _ —

The quantityde/dt is called the quasi-energy, and it has =0+ AM)L(M]0),
been observed that polarizabilities and so forth can be ob- —

tained from differentiating this quantify?:*>*?~**The rela- <Q|( H(t)—i —>|0> 0, (23
tion between the quasi-energy and the quantities of interest is
not very transparent in our opinion, however, so we prefer
not to use the quasi-energy.

The time-dependent dipole moment in terms of the CC
e . . In addition, we have an equation for the phase factor that
wave function is defined as the expectation value,

establishes the connection between our CC states and the

(22

(0](1+A(t)[H(D) <ﬂ|0>+|<0| |Q> 0. (24)

e' (W o (t)| eal W e(t))e e true (normalized wave functions
e (W o(t)[We(t))e e @ —
= — =(0lH()0). (25

=(Vec(t)| malPec(t)). (14

The state However, this quantity will not play any further role in our

| derivation.

~ (Weelt) To obtain a perturbation expansion for the time-
(Pec(t)]= (15 P P

dependent dipole moment, we assume a perturbation expan-
sion for the cluster operatdr and the operatoA,

(V)| Pe(t))’
by definition satisfies the normalization condition

o

(Peo(h)|Wec(t)=1 Vi, (16) T(k,t)= 2 «"TO(1), (26)
and it can be conveniently parameterized as "
(Wee(t)|=(Dol(1+A(1)e T, (17) Ak, )= k"AM(1). 27)

n=0
whereA(t) is a deexcitation operator introduced in analogy

with CC derivative theory>'” The normalization condition 10 keep the notation compact we also introduce an expan-
is satisfied trivially for all values of the parameters determin- sion for

ing the operators\ (t) and T(t). The state(‘lfcc(t)| is re- _ * _
lated to the true Schidinger bra as (W (t)|=e'¢" Ht) =D «"HM(1). (28)
X(Wcc(1)|, and the time evolution of this state is, of course, n=0 e
determined by the Schdinger equation The componentsi(™ are defined in terms dfy, V, and the
variousT(™, for example
—i = <‘I’(t)|—(‘1’ t)[H. (18 HO e T ™
If we substitute the parameterization for(t)| in the Schie HO=[HO TW]+e T"e”,
dinger equation, and multiply bg '¢®) and e’ from the (29
right, we find :
aT 9 IA(t HMW=[HO T(M]4pHMn-1)
(Ol(1+ A1) H(t) —i ——ﬁ—f +i(0| %=o. (19 [ ! _
For future convenience we have introdud¢d’™ to denote
Projecting on/0) and|q)=q|0), we obtain all terms inH(™ that can be obtained by connecting cluster
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operators of orde=m to H=H,+V. This notation allows these elementary functions has a Fourier transform, and the
us to write explicit equations foF("™, for n>0, total transform can be written as a generalized convolution,

eg.,
T(M

ot

10)=—(alH™"~(1)|0). |
(30) Jf(t)g(t)h(t)E"‘"dt

These equations can be solved hierarchically. Similarly, the

(QITHO, T 1)1

equations forA(™ can be written _ f f doyda,dws
— . JA (M
<O|A(n)(t)[H(0),q]|O>+I<0| ot |q> Xf f(wl)g(wz)h(wB)ei(wfw17w27w3)tdt

n—-1

=—<0|(1+A(O))[m”)(t),me)—kZl (0]AM(t) :j f f do;dwdwsf(w)g(wz)h(ws)

_ X(S((U_(Ul_(l)z_w3). (38)
X[HM(t),4]/0). (31 i -
We note that these types of expressions have precisely the
Again, these equations can be solved hierarchically. Thgame form as the polarizibilities and so forth, and this will
equations forA™ require the solution of perturbed ampli- therefore provide an easy connection.

tudesT up to and includingr ™. The equation forA (™ takes the form

The zeroth-order equations are the usual time-
independent and A equations (0|A(“)(w)[m°),q]|0)—w(O|A(“>(w)|q>

H©|0y=0 (32 —

(alH10) ) (0l A HT ), ql0)

and n—1
. — = 2, (0JAM(w)[H" M (w),q]|0). (39
(O]A[H?,§][0)=—(0[H'”|q). (33 k=1

The higher-order equations are best solved in the frequendysing the resolvent, the solution can be written
domain. If we introduce Fourier transforms
n—-1
| (OIAM(w)[p)==2 > (0](iot AM(w))
T(w)zf e'“tT(t)dt, (34) q k=0
X[H" (0),q]|0)RS (—w). (40
the equation folf(™(w) can be written [ (@).][0)Rgp(~ @) 40
o o The above equations are not the most convenient for appli-
(QIIHO, T () ]+ o T™(w)|0)= —(q|H™"V(w)|0). cation. One may manipulate further, starting from the ex-
(35 pression for the frequency-dependent dipole moment and
eliminating the frequency-dependehtterms. In the follow-

. _O - - .
With the operatofg|[H?,p]|0) + w5, we associate its in- ing section, we will consider the dynamic polarizability.

verse, the resolverR’(w), which only acts in the space of

excited determinants. Hence we can write A. The dynamic polarizability in the CC framework
o As mentioned before, the dynamic polarizibility is re-
(q| T (@)]0)=—(g|R%(w)H ™"V (w)|0). (36)  lated to the first-order term in the dipole moment,

The resolvent has the very useful property that when acting D))
on a connected operator to its right, the result is again con- aAa(w):J dw; Ba 10U
nected. We will see that the structure of the whole approach dea(w)
will be intrinsically connected.

= (0)y77,00) T(1)
The quantity (O[(L+ AN pn” T3 (w)]1]0)

+(0[AL (@) ]0), (42)
(@lH™ (w)]0)= [ e (alH™ oyt @) where
is in general a complicated expression that involves the Fou- (q| T (w)|0)= —(qﬁ)(w)ﬁgo)lo) (42

rier transform of a product of functions of time
(T-amplitudes, a time-dependent perturbation,)et€ach of and
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(1) - Oy H®
<0|Aa (w)|p> <O|(1+A )[Ha (a)),C]]|0> a’Aa(w):E <0|(1+A(O))[;(A0)_<;§\0)>]|h>A71(+w)

X RO (— w). 43 .
Using X(h[l = (ud)10)+ 2 (0](1+A)
_ v
R(— w)upl0)=TR'(— w) (44 _
; A0=Ta X[ = (L) IIMA (= 0)(h [l = (ul)0)
an _
_ _ +(O|(1+A@)(HO~Ey)|f)
HO ()= 2@+ [HO T ()], 45
fi Z(w) po! s “ X({TP(0) T (—w)[0), (47)
we fin _
whereA(+ )= (h|(H®—E©® =+ )|h), where|h) indicates
aps(0)=(0[(L+ A [ TW(w)]]0)+(0|(1+A®) the manifold of singly and doubly excited determinants.
he { . Aoe I+ (u©@)=(0|(1+ A)'®|0) and|f) indicate all determinants
X[y T (= )]10)+(0(1+A©) that are higher than twofold excited. In the limit that {he
—00) (1) 1), manifold is complete, the quadratic term in Eg.7) van-
X[[HP T (@)L TR (= @)]10), (48)  ishes, or at the CCSD level the result is equivalent to full CI
which is a familiar expression for the polarizability in a CC for two electrons.
framework®® Alternatively, we can adopt the “propagator”

We can rewrite Eq(45) in the configuration basi8as  viewpoint!® which defines the polarizability as

o3 s IR WA (B0~ () )
AR S & EP-ED+(-1)w) !

(48)

where (") and E(”), k=0,1,... are eigenfunctions and ei- tive always introduces the appropriate non-Hellmann—
genvalues of the unper-turbed zeroth-order Hamiltonian. Th&éeynman terms, it should be somewhat superior numerically.
statesW(”, W(” form a complete biorthogonal séte.,  The straight “propagator” approach using the EOM-CC
(PO ¥ @)= 5,)). By using the CC parametrization for the States is referred to as the Cl-like approximatibras the
ground and excited statéEOM-CC states we can rewrite  €xcited states in EOM-CC are obtained from a Cl-like diago-
Eq. (48) as nalization procedure of a transformed Hamiltonian based
upon a CC ground state. The EOM-CC approximation for

1 excitation energies is not entirely link€dike Cl. Second-
aAa(w)=|Z (0](1+ M) (Ll — ()| hy order properties in EOM-CC are fully linked in the quadratic

-0 approximation but not in the Cl-like approach. This scarcely

XA~Y(—1) w))(h| |0, (49  affects a single molecule, but if we replicate the molecule

many times we would find a numerical problem with the
which amounts to exactly the first two terms of Hg7).  Cl-like approximation in the limif” We can correct this,
This provides a computationally and conceptually convehowever, by removing the unlinked terms that remain in the
nient alternative approach to polarizabilities. The EOM-CCCl-like approximation. Formally, this means we take from
has the advantage of providing thl'e(ko), «yf(o), and E(ko)' the quadratic term that needed to correct the unlinked dia-
k=0,1,... in Eq.(48). From the above development it is clear 9rams in the lead term, and then in the interest of efficiency,
that this is not the full derivative for a truncated CC method,heglect the remaining linked quadratic part. This defines a
but it offers an equally valid “propagator” viewpoint that linear linked approximatioti-*®
has often been used in SOPPA and CCPPA property 1
caICL_JIationsw_L.8 T_he analogy with an e_xpectatio_n ve_llue and aAa(w):z <0|(1+A')|(mépeAh>A71((—1)'60))
the first derivative of the energy relative to a field is appar- 1=0
ent. If the (generalizeyl Hellmann—Feynmdh theorem is

x(h|22|0). 50
satisfied, the two forms are identical. If not, different results (hliz710) (50
are obtained. Depending upon your viewpoint, either can bélere
the “rigorous” definition of the property. The same condi- —0)  _-T. T T
tion applies for second- and higher-order properties. If the Fonoper= € Ha® (Ole™" pae’|0), (5)

higher analog of the Hellmann—Feynman theorem is satiswhile A’ is an explicitly connected operator that is defined
fied, it means that the results from ordinary perturbationfrom a slightly modifiedA equation obtained by equating the
theory and derivative theory are identical. Since the derivausually small matrix elements,
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TABLE I. Dipole moments of the HF molecule.

(Ole”THeT|H)=Fi+ X (ijllab)ty, (52 =
j,b Ry_r (@a.u) n (SCH n (CCSD t, coefficients
responsible for disconnected contributionsAn rigorously 1.7328R.) 0.756 28 0.706 55 0.021
to zero. The linear approximation scales properly for any  3.90 1.786 78 0.584 05 0.182
10.0 4.035 77 -0.07291 0.396

number of molecules, but is no longer “exact” for two-
electron systems. However, it retains the convenient “propa-
gator” form, shared by the exact result. In practice we re-

place A’ by A since this changes the results only veryjs not a good description of the true ground state. If we
slightly, but it allows us to calculate both the Cl-like and the sypsequently calculate the static polarizabilities, we obtain
linear approximations in a single calculation. It follows that the results presented in Table II. It is obvious that the Cl-like
in the present calculations, if a molecule does not have @nd quadratic results agree quite well at all distances, but the
permanent dipole momertiue to symmetrythe linear and  |inear version does not follow this pattern, and is in fact
Cl-like approximations yield identical results. In the next erroneous. Diagrammatic analysis shows that in the linear
section we will also consider the fU”y linked linear approxi- approxima’[ion, so-called EPV terms are neg]ected’ and the
mation, and we will refer to this as lineain accordance present pathological example highlights these contributions.
with A”). The situation is similar to the correlation energy. For two-
Equations(47), (49), and(50) (with A'=A) summarize  glectron systems, CCSD and CISD are exact, and both can
the quadratic, Cl-like and linear approximations to polariz-pe said to include EPV terms. On the other hand, linearized
abilities. In the following we will consider all three approxi- cCcSD does not include such contributions, but unlike CISD,

mations numerically. it is rigorously size extensive. However, it is not exact for
two-electron systems. In fact LEGS)D usually overshoots

Ill. ANALYSIS OF THE EOM-CC LINEAR the correlation energy. The situation for second-order prop-

APPROXIMATION TO POLARIZABILITIES erties is a little different, because the ext@PV-relatedl

term in the Cl-like approximation is usually very small.
We have also included the fully linked linear’ results.
, . . Compared to linear, these results deviate further from the
apa( @)= apy()"°%+ ((0] aO) more correct quadratic results for larger separations. This can
— be understood because the disconnected contributidniso
~(0l(1+A) £al0)){OI(1+A) - To()]|0) quite appreciabldit follows the pattern fortf), and in the
+ ({0 4] 0Y — (O] (L4 A) o 0))(O| (14 A) linear’ approximation we neglect such contributions fram
even though theisconnectedontributions inA mainly give
Ta(=0)[0). (53 ise to connectedcontributions to the polarizability. In this
Therefore, in general, if the dipole moment of the referencecontext the extended coupled cluster methifmt analysis
determinant and the correlated CC dipole moment are simisee Ref. 45 which treats both the right- and left-hand
lar, there is very little difference between the linear and Cl-ground state in exponential fashion, is most satisfactory.
like approximations. For very large systems there is a prob- We conclude that in the single molecule calculations that
lem with the Cl-like approximation, however, because theare of practical interest to us, the Cl-like approximation does
term involving the perturbed amplitudes can grow indefi-not suffer significantly from the size-extensivity error. Due
nitely. For larger systems, the linear approximation, thereto the inclusion of EPV terms, we actually expect it to be a
fore, offers distinct advantages over the Cl-like little more accurate than the extensive linear approximation
approximatior?® Most of our calculations are limited to for some cases of interest. In all of the examples considered
small to medium sized systems, and the difference between this paper(except the above pathological examplthe
the linear and Cl-like approximation due to improper scalingCl-like and linear approximation yield identical results up to
of the ClI-like approximation is usually negligible. the figures quoted in this paper. This is true exactly if mol-
The other limiting case occurs when there is a large difecules do not have a dipole moment due to symmetry.
ference between the correlated and Hartree—Fock dipole mo- Let us emphasize finally that the EOM quadratic model
ments. As an example, we consider the HF molecule at threas the derivative is formally most satisfactory, but it loses the
internuclear distanceR,=1.7328, 3.0 and 10.0 a.u. At the convenient propagator form and can become expensive com-
RHF level the system incorrectly separates intd-HF— putationally. This is particularly true if we apply partitioning
fragments, and, correspondingly, carries a large dipole mo-
ment. The CCSD calculation brings this back to the pI’ope':l'ABLE Il. a,, component of the static polarizability for the HF molecule
ground state, separating into neutral fragments,FHvhich - ’
in the limit does not have a dipole moment. This isillustrated R, . (a.u) Cl-like Linear Linear Quadratic
in Table I, Whgre we list the dipole mor_nents for the three 173256 5508 5570 559 5298
dlstapces considered. In.TabIe | we also includet{heCSD 390 28.49 3138 3163 28.48
amplitudes. These amplitudes are very large at larger sepa- 199 8.461 9.922 11.21 8.410
ration, indicating again that the Hartree—Fock reference state

The difference between the Cl-like and linear approxi-
mation to the polarizability can succinctly be put as
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techniques to the EOM scherffe>®We know this is a valid have used the standard 6-31G basis set augmented by two
approach to polarizabilities as well as NMR spin—spin couiffuse p and d shells with the same exponed,={q

pling constants? and in the partitioned model we definitely =0.05, which has been previously shown to combine small
did not want to use the quadratic model, since it would for-size with good accuracy for this molecule. Cartesian Gauss-

feit all time savings obtained by the partitioning.

IV. COMPUTATIONAL DETAILS

In the following we wish to make a survey of several

ian basis functions have been used in all the calculations. All
the results reported were obtained by using ABes 11 pro-
gram system®

The dipole polarizability is a diagonal second-rank ten-

molecules in a consistent basis, rather than the ulimate corgor. For any linear molecule, two of these three components
verged result for one example. Hence, we use experiment@re identical due to symmetry. The two unique components

geometries and Sadlej's polarizability basis, PGREfs. 40
and 41 which consist of a (14,10p,4d)/[ 7s,5p,2d] con-
traction for S, a (16,6p,4d)/[5s,3p,2d] contraction for C,
N, and O, and a (§4p)/[ 3s,2p] contraction for hydrogen.
For trans-butadiene, to be consistent with prior wdrZwe

_a(xx)+a(yy)+a(z2)
= 3 ,

(@)

Ao

are commonly referred to as the perpendicutarand par-
allel ¢y components with respect to the principal rotational
axis. The average polarizabilifw) and the polarizability
anisotropyA« are the quantities most commonly determined
experimentally’* They are defined as

(54)

_ [(a(xx)— a(yy))*+ (a(xx) — a(z2)*+ (alyy) — a(z2)*]"

V2

3

which reduces to the simple expressions for molecules pos/. RESULTS AND DISCUSSION

sessing a threefold or higher rotation a¢esg., a linear mol-
ecule

()= 20 + a
3 (55)

Aa=(ay—a,).

A. Nitrogen, carbon monoxide, and acetylene

In Tables IlI-V we present the calculated dipole polar-
izabilities of the N, CO, and GH, molecules at several
different frequencies along with the corresponding experi-
mental results. The “CCSD” results are obtained by the
finite-field method as the difference of the analytically com-
puted dipole momeft with orbital relaxation, and are lim-

All the molecules considered in this study are linear, andted to the static values. The TDHF values are from the ana-
hence we report the average polarizability and the polariziytical program of Sekino and Bartlé.For N, and CO we

ability anisotropy(henceforth referred to ag) and Aa, re-
spectively.

have also included second-order polarization propagator ap-
proximation(SOPPA results?* while for N,, there are MC-

The Cg dispersion coefficients are calculated from polar-tpE results. Both the latter are in different basis sets from

izabilities evaluated at selected imaginary frequeniciess-
ing
T (1
Cs=%= J f(t)dt, (56)
3 /)

and Gauss—Legendre quadrature where the fundijonis
defined as

O=Trpz @l T T3¢ (57)
by means of the substitution
B 1-t
w=wo 77| (58)

wo has been chosen to be 0.1 a.u. as in Amibal>®

the CC results but agree exceptionally well with the
EOM-CC results.

As we can see from Tables IlI-V, the electron correla-
tion effects in general are fairly minor for these molecules;
the TDHF and correlated dispersion for the isotropic compo-
nent of the polarizability agree fairly well for all methods.
However, the most notable exception is the dispersion for
Aa(w) of the CO molecule, which is negativébut very
smal) at the TDHF level, and positivébut smal) at the
correlated level. This is likely to be related to the well-
known sensitivity of the(small dipole moment of CO,
which changes sign upon inclusion of correlation. In the case
of acetylene, the agreement is less satisfactory, even for the
isotropic parts, while also the discrepancy between TDHF,
SOPPA, and the EOM models is more pronounced.

Orbital relaxation effects are very minor, as follows
from the comparison between finite-field-CCSD and the
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TABLE Ill. Dynamic polarizabilities of the ) molecule?

EOM-CCSD¥
o (a.u) TDHF? SOPPA MCTDHF ccsp Cl-like Quadratic exp.
((0))
0.0000 11.42 11.29 11.61 11.61 11.75 11.60 19.76
() —((0))
0.0720 0.15 0.15 0.15 0.15 0.15 0.16
0.0886 0.23 0.23 0.23 0.23 0.25
0.0934 0.25 0.26 0.26 0.26 0.24 0.27
0.0995 0.29 0.30 0.30 0.29 0.31
Aa(0)
0.0000 5.37 4.07 4.36 4.83 4.92 4.79 4.45
Aa(w)—Aa(0)
0.0720 0.11 0.09 0.08 0.07 o2
0.0886 0.17 0.13 0.12 0.11 087
0.0934 0.19 0.14 0.14 0.13 0%0
0.0995 0.22 0.16 0.16 0.15 044

2At the equilibrium experimental bond lengtiNN) =2.074 a.u. Thé(e)| denotes the mean absolute deviation
from experiment. This applies in all the following tables.

The present work.

‘Oddershede and Svendsen, Ref. 24.

dLuo and Jogensen, Ref. 70.

*Extrapolated from Ref. 67.

Reference 67.

9G. R. Almset al, Ref. 68.

"Bridge and Buckingham, Ref. 69.

EOM-CC quadratic model for all three molecules. It is well B. Chlorine

"”OW”;*;";“ CCSD shows remarkable insensitivity o orbital The calculated dipole polarizabilities of the,@holecule
ch0|ce, "~ but thg EOM'CC.SD(W Q'CSD linear response for several different frequencies and the corresponding ex-
will not necessarily be as insensitive. Here, however, th erimental values are given in Table VI

ground state molecular orbital relaxation effects are ver Here there is a substantial differencé between the corre-
small. Finally, the static, absolute values for the Cl-like andlated dispersion and that given by TDHF. The EOM Cl-like
quadrat_|c EQM'CC models agree quite _mcely. In_clu5|on Ofand quadratic model dispersion curves agree very well as
correlation improves the agreement with experiment, buBefore and there is only a minor effect from orbital relax-
TDHF results are already pretty good. ation. However, correlation effects for Care more signifi-

TABLE IV. Dynamic polarizabilities of the CO molecufe.
TABLE V. Dynamic polarizabilities of the g4, molecule?

EOM-CCSD¥
EOM-CCSDY
o (a.u) TDHF® SOPPA cCCSD Cl-like Quadratic  exp.
w(au) TDHF® ccsp Cl-like Quadratic  exp.
(a(0))
.0000 12.23 12.45 12.95 13.28 13.07 18.08 (a(0))
(a(w))—(a(0)) .0000 23.11 22.17 22.60 22.25 2267
.0720 022 0.4 0.27 0.25 027 (e w))—(a(0))
.0886 0.34 0.37 0.41 0.39 041 .0720 0.65 0.58 0.57 0.80
.0934 0.38 0.41 0.46 0.43 047  .0886 1.00 0.90 0.89 1.61
.0995 0.44 0.47 0.52 0.50 056 .0934 112 1.01 0.99 1.98
Acl(0) .0995 1.28 1.15 1.13 1.41
.0000 3.37 445 3.97 4.39 4.17 359 Aa(0)
Aa(w)—Aa(0) .0000 12.52 12.30 12.97 12.50 11584
.0720 -0.01 0.07 0.03 0.02 - Ac(w)—Aa(0)
0886 —0.01  0.10 0.03 0.03 - .0720 0.34 0.31 0.30 0.84
.0934 -0.02 0.11 0.03 0.04 - .0886 0.52 0.48 0.46 0.74
.0995 —0.02 0.12 0.04 0.04 - .0934 0.58 0.53 0.51 0.48
.0995 0.66 0.61 0.58 1.68
@At the experimental equilibrium bond lengk (CO)=2.132 a.u.
bPresent work. #The equilibrium experimental bond lengthr(CH)=2.004 and
‘Oddershede and Svendsen, Ref. 24. r(CC=2.274 a.u.
YExtrapolated from Ref. 67. bPresent work.
°Reference 67. ‘Extrapolated from G. R. Almst al, Ref. 68.
'Bridge and Buckingham, Ref. 69. 9G. R. Almset al, Ref. 68.
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TABLE VI. Dynamic polarizabilities of the GImolecule? TABLE VII. Dynamic polarizabilities of the C@molecule?
EOM-CCSD¥ EOM-CCSD¥
o (a.u) TDHF® SOPPA ccCSD? Cl-like Quadratic  exp. w(@u) TDHF? ccspP Cl-like Quadratic  exp.
(a(0)) ((0))
.0000 27.38 24.42 30.48 31.32 30.86 30.35 .0000 15.84 17.44 18.47 18.00 1752
(l(@))—((0)) (el(w))—((0))
.0720 0.84 0.47 0.66 0.66 0572 .0720 0.20 0.29 0.27 0.97
.0886 131 0.74 1.04 1.03 141  .0886 0.30 0.44 0.42 0.34
.0934 1.48 0.84 1.18 1.15 123 .0934 0.33 0.49 0.46 0.47
.0995 1.70 0.98 1.37 1.32 141 .0995 0.38 0.56 0.53 0.50
Aa(0) Aa(0)
.0000 15.22 24.44 16.79 17.46 16.94 17.56 .0000 12.08 14.43 16.32 15.40 1373
Aa(w)—Aa(0) Aa(w)—Aa(0)

.0720 0.95 0.86 0.58 0.56 .0720 0.26 0.41 0.40 0.84
.0886 1.50 1.29 0.91 085 - .0886 0.39 0.63 0.60 0.68
.0934 1.69 1.43 1.04 095 .- .0934 0.44 0.71 0.68 0.88
.0995 1.96 1.60 1.20 1.07 - .0995 0.50 0.80 0.77 0.95

@At the equilibrium experimental bond lengti¢CICl)=3.755 a.u. aThe experimental equlibrium bond lengtbC0O)=2.195 a.u.

bPresent work. bPresent work.

‘Oddershede and Svendsen, Ref. 24. ‘G. R. Almset al, Ref. 68.

YExtrapolated from Ref. 67. dExtrapolated from G. R. Almst al, Ref. 68.

°Reference 67.
'Bridge and Buckingham, Ref. 69.

able, cancellation of errors, is likely to account for the rela-

cant. For example, the correlation contribution to the statid'V® acchuraC)r/] of t?e TDHF resu_lts. Oflcoulr s€, we als?. absl
polarizability is 3.10 a.u[10% of the total correlatetfinite- ~ SYM€ that the reference experimental values are reliable,
field-CCSD resulf for (@) and 1.57 a.u(0.94% of the total even .though I many cases these are rather old results. .
correlated resultfor Ae. The EOM-CCSD Cl-like results Dlspslrsmn effects in ESM'CC’. on the o(tjher halnd_, are In
overestimate the electron correlation effects by almost 1 ald_easonha |—? agreen;en;[(\évilt experiment anF'greity |dm2prove
compared to experiment, whereas the quadratic results lowdfPon the Hartree—Foc ISpersion cur¢ese Figs. -an )

the deviation to about 0.5 a.u. The role of correlatiand/or We note that the EOM Cl-like model performs a I|tt_|e better
basis seteffects is further demonstrated by the rather p00|Ihat the EOM quadratic model compared to expeniment, es-

agreement of SOPPA results with the experimental values.Pecially for higher frequencies. o
From these comparisons, we conclude that if orbital re-

laxation effects appear to be important, they should be in-
cluded. The potential importance of orbital relaxation in
time-dependent properties is a tricky question. It is certainly

C. Carbon dioxide, carbon oxysulfide, and carbon
disulfide

In Tables VII-IX we present calculatdd) and A« val-
ues for the C@ OCS, and Cgmolecules for several differ-
ent frequencies. The results obtained by the TDHF methodABLE VIII. Dynamic polarizabilities of the OCS molecufe.
and experiment are also given for comparison.

. . ) . EOM-CCSD¥
It is evident from Tables VII-IX that orbital relaxation

effects are very important for these molecules, and this ime (au) ~ TDHF®  cCSD Cl-like Quadratic  exp.
portance increases with the number of sulfurs. The orbital ((0))
relaxation effecf EOM quadratic—CCSD for the isotropic .0000 32.99 34.69 36.96 35.71 3435
component increases as 0.6, 2.3, and 4.1 a.u in the series (el @))—{(0))
CO,, OCS, C$, while for the anisotropic component this 0720 0.90 113 1.09 0.67

: . .0886 1.33 1.70 1.65 1.61
effect is enhanced from 1.0, 2.5, to 10.5 &y. Invariably, 934 156 191 1.86 181
inclusion of orbital relaxation effects brings the results closer gg5 179 220 217 142
to experiment. Comparing the EOM Cl-like and EOM qua- Aa(0)
dratic models we find that the Cl-like version overshoots the .0000 24.01 27.55 32.50 29.97 2625
experimental results by up to 15 a.u. for the anisotropic com- Aa(w)—Aa(0)

. Lo .0720 1.06 1.59 1.48 1.82

ponent of CS. It is clear that for these molecules, derivative 886 157 242 299 547
techniques will work better than perturbation based methods, yg34 185 578 257 283
but most of the error corresponds to orbital relaxation, which .0995 2.12 3.19 2.97 3.41

is not included in either method. Interestingly, far(0)) the _
TDHF model performs better than the correlated EOM methy [ experimental bond length f(OC)=2 191 andR(CS =2.947 a..

_ods for CS. Relax_ation effects_are, of course, precisely whatsgygrapolated from G. R. Almst al, Ref. 68.
is accounted for in TDHF. This, together with some favor-9G. R. Aimset al, Ref. 68.
J. Chem. Phys., Vol. 107, No. 17, 1 November 1997
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TABLE IX. Dynamic polarizabilities of the CSmolecule? TABLE X. Dynamic polarizabilities of the gHg molecule?
EOM-CCSD¥ EOM-CCSD?
w(au) TDHF® ccspP Cl-like Quadratic  exp. w(@u) TDHF® ccspP Cl-like Quadratic  exp.
(a(0)) ((0))
.0000 55.18 55.03 62.10 59.15 5540 .0000 52.04 48.79 49.78 49.16 58.31
(a(w)—(a(0)) ((w))—(a(0))
.0720 2.50 2.84 2.89 3.94 .0720 2.58 1.87 1.16
.0886 3.93 4.67 4.62 5.97 .0886 4.10 2.92 1.97
.0934 4.42 6.49 5.25 5.94 .0934 4.63 3.32 2.26
.0995 5.10 7.47 6.05 6.82 .0995 5.37 3.79 2.63
Aa(0) Aca(0)
.0000 56.58 56.50 73.74 66.51 5871 .0000 50.29 35.24 36.26 35.51
Aa(w)—Aa(0) Aa(w)—Aa(0)
.0720 5.03 6.27 6.24 6.41 .0720 5.01 2.60 1.18
.0886 7.97 10.34 10.01 1066  .0886 8.06 4.13 2.20
.0934 9.00 12.38 11.33 1298 .0934 9.14 4.66 2.55
.0995 10.44 14.41 13.19 1481 .0995 10.67 541 3.02

aThe equlibrium experimental bond length fe(CS=2.944 a.u.

Present work.
‘Extrapolated from G. R. Almst al., Ref. 68.
9G. R. Almset al, Ref. 68.

#The experimental equlibrium bond lengt{C,—C,) =2.508, r(C,—C;)
=2.768,r(C;—H,;)=2.028,r(C,—H;)=2.035 a.u.

bPresent work.

%In Handbook of Chemistry and Physi&éth ed., edited by R. C. Weast, M.

J. Astle, and W. H. BeyefCRC, Boca Raton, 1985pp. E-70.

possible to include orbital relaxation by building the corre- ) o o )
lated calculation on the underlying TDHF solution, just ascomblne this with a finite-field CCSD value for the static

coupled perturbed Hartree—Fo¢kPHP solutions are es- gomponent(or full second-or(jer a_nalytical CCSD deriva-
sential in analytical gradients and Hessian evaluations for thEV®), We may expect to obtain reliable results, even when
total energy. In that case orbital relaxation can never be nd2"Pital relaxation effects are important.
glected without invalidating the exactness of the critical _
points. The CCSD and higher methods, though, build in thé)' Trans-butadiene
vast majority of such relaxation effects via Table X shows the results of the dynamic polarizability
|p"y=e"1|$),%*%8 and such flexibility is usually sufficient calculation for the trans-butadiene molecule. Polyenes, of
for other kinds of propertie¥. However, when orbital relax- which trans-butadiene is a prototypical example, are of sub-
ation is as large as found here for £8/e have to reconsider stantial interest in NLO materiafS. One can notice that
whether they should be included in highly accurate calculaTDHF values are much larger than the corresponding EOM
tions. However, to incorporate TDHF relaxation means alsovalues, due to the overestimation of the andyy compo-
introducing artifactual TDHRRPA) excitation energie@art  nents ofa. The dispersion behavior is also very different: the
of the propagatgrinto the calculation, which is unsatisfac- percentage dispersion a#=0.0995 a.u. is 10.3% at the
tory. Another obvious possibility is to include effects from TDHF level, 7.61% for the EOM Cl-like method, and 5.35%
connected triple and higher excitation operators in the calcufor the quadratic scheme. The quadratic correction accounts
lation. Until the full CI is reached, though, there are still for up to 2%—3% of the total correlation correction and also
residual orbital relaxation effects. Here, apparently that efslightly changes the dispersion behavior: for the static case
fect is numerically significant. the difference between the Cl-like and quadratic anisotropy
Interestingly, the dispersion is, in all cases consideredis only 0.75, whereas for the largest computed frequency it
well described by the Cl-like model in EOM-CCSD. If we amounts to 3.1 a.u. This result suggests that the dispersion of
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TABLE XI. Cg dispersion coefficients for homonuclear interaction. when combined with Sadlej polarized basis sets, was shown
reviousl rform well for molecular nami
EOM-CCSD  EOM-CCSD vl ©% Lty e alo consder b.‘fyl i
TDHE (Cl-like)? (Quadrati® exp. polarizabilities.” In this paper we also consider orbital relax-
ation effects on calculated static polarizabilities through fi-
(N:|2 7146 4172-::53 45;-284 7340 njte difference CCSD calculations.
CH, 196.6 204.3 196.9 23194 In general, th_e dlfferenc_e between the EQM Cl-like, lin
co 63.29 83.51 80.64 g1a0  €ar, and quadratic models. is found to be minor, both for the
CcOo, 123.1 173.6 166.4 1587 net result and the dispersion. Also the results agree reason-
Sco 368.5 453.1 481.4 402.2 ably well with experiment. An important exception is the
Cc
CS 826.0 1182 1079 9913 CS, molecule, and to a lesser extent OCS. In these cases we
1. A. Spackman, Ref. 64. foun.d' prbltal relaxatlpn effects on thg calg:ulgt'ed static po'lar-
PPresent work. izabilities to be very important, implying significant potential
‘Margoliash and Meath, Ref. 71, and M. A. Spackman, Ref. 64. effects on the dynamic polarizability. Even in these cases,

dStarkschall and Gordon, Ref. 72.

eFowler et al. Ref, 73. however, the frequency dependence of the polarizabilities is

well described at the EOM-CCSD level. If orbital relaxation

is important, a hybrid method like a combination of EOM-
the dipole polarizability in conjugated hydrocarbons is sen-CCSD for dispersion and finite-field CCSr analytical
sitive to the correlation level. The fact that correlated result$SCSD second derivativgdor the static component could
have been found to be further from experiment thanoffer a pragmatic approach.
TDHF*'%2 has led to the arguméfitthat for butadiene, and To better include orbital relaxation, in particular also the
indeed linear polyenes in general, TDHF gives a better decontribution to dispersion, the EOM-CCSD model can be
scription of the hyperpolarizabilities than correlated meth-extended with an approximate treatment for triples, like
ods. If so, the ultimate correlated methods must regain thEOM-CCSDT-1 or EOM-CCSDT-8 Such triple contribu-
TDHF results. However, it is difficult to see how the corre- tions have been shown to introduce the most important re-
lation effects can be neutralized. The extension of the atomigaining orbital relaxation term¥. The numerical effect of
basis set and inclusion of vibrational effects must be considtriple excitationgin cases in which relaxation effects are not

ered, as well. considered very importanton polarizabilities can be as-
sessed from other resufts®® with the general conclusion
E. Long-range London dispersion coefficients that it increases the magnitude of the polarizability, but not

necessarily the agreement with experiment.

Dispersion at the TDHF level is often a poor represen-
ht%tion of the correlated EOM-CC dynamic polarizibility in
the same basis set. Dispersion at the EOM-CCSD level
agrees significantly better with the experimental measure-

nts.

Table XI lists theCg coefficients for the collection of

same procedure previously discus§&dhe largest errors are

for CS, and OCS, consistent with our observation of the

quality of the calculated polarizability results of the two re-

spective molecules. Inclusion of the quadratic contribution

improves the agreement of the calculated results with experi-

ment, and inclusion of orbital relaxation would presumably 'G. Placzek and E. Teller, Z. Phy&1, 209(1933.

lead to still further improvementsee previous section zE “ gvengsen aT”dSJ- OddarShEdev CZGB“-TPWQOOS)(,%AWI&S -
There are several other correlated theoretical studies of,, ('19‘%'? sen, T. Stroyer-Hansen, and J. Tangaa, J. Mol. Speatiosc.

Cs coefficients of small molecules in the literat§fe?*the  4H. Hettema, P. Wormer, and A. Thakkar, Mol. Phs, 533 (1993.

former using EOM-CCSD. However, the only previous the- *A. Kumar, W. Meath, F. Badgen, and A. Thakkar, J. Chem. Ph¢85,

oretical results o€y coefficients for Csand COS are due to 4927 (1996. . _ _

Spackman. The first column of Table XI contai@ig coeffi- L. D. Landau _and E. M. LifschitzLehrbuch der Theoretischen Physik

(Springer, Berlin, 1974
cients calculated by SpaCkn%rat the TDHF level using a 7. L. FabelinskiMolecular Scattering of LightPlenum, New York, 1968
6-31G basis set with added polarization functions. There aréH. B. G. Casimir and D. Polder, Phys. R&8, 360 (1948.

9
n revi theoretical or experimen fficients for Y. M. Chan and A. Dalgarno, Proc. Phys. S86, 777 (1965.
0 previous theoretical or experimeni@, coefficients fo 10A. Dalgarno, 1. H. Morrison, and R. M. Pengelly, Int. J. Quantum Chem.

the CL molecule available in the literature. 1, 161(1967).
1R, J. Bartlett, inGeometrical Derivatives of Energy Surfaces and Geo-
VI. CONCLUSIONS metrical Properties edited by P. O@ensen and J. SimoriReidel, Dor-

drecht, Holland, 1986

The main focus of the present investigation is to study'’E. Dalgaard and H. Monkhorst, Phys. Rev28, 1217(1983.

13
the variation of the molecular polarizability with frequency ,,- Monkhorst, Int. J. Quantum Chem. Synfd, 421(1977.
P y q y 143, Linderberg and Y. @rn, Propagators in Quantum ChemistiiAca-

(bqth real and imagina_})and to calculate the disp_ersion CO-  demic, London and New York, 1973

efficients Cg) for a series of molecules at a consistent level.’>H. Koch and P. dgensen, J. Chem. Phya3, 3333(1990.

For this purpose, we use the recently developed EOM—CCS@J- F. Stanton and R. J. Bartlett, J. Chem. Pi95.5178(1993.

Cl-like, linear and quadratic approximations to calculate (El'g/ggsa'ter' G. W. Trucks, and R. J. Bartlett, J. Chem. P85.1752
frequency-dependent polarizabilities o'f several 'sek.ecteds 3. oudershede, Adv. Quantum Chetd, 275 (1978.

small molecules. The EOM-CCSD Cl-like approximation, 1°C. W. McCcurdy, Jr., T. N. Rescigno, D. L. Yeager, and V. McKoy, in

J. Chem. Phys., Vol. 107, No. 17, 1 November 1997
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