
JOURNAL OF CHEMICAL PHYSICS VOLUME 110, NUMBER 6 8 FEBRUARY 1999
Ab initio calculation of the frequency-dependent interaction induced
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The frequency-dependent interaction induced polarizability and second hyperpolarizability of the
argon dimer are computed for a range of internuclear distances employing the coupled cluster
singles and doubles response approach. The frequency dependence of the interaction-induced
properties is treated through second order in the frequency arguments using expansions in Cauchy
moments and hyperpolarizability dispersion coefficients. The dielectric, the refractivity, the Kerr
and the hyperpolarizability second virial coefficients are computed for a range of temperatures
employing a recent accurateab initio potential for the ground state of the argon dimer. For most of
the computed virial coefficients good agreement is obtained between the presentab initio results and
the available experimental data. ©1999 American Institute of Physics.@S0021-9606~99!00306-2#
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I. INTRODUCTION

The interest in nonlinear optical effects has increa
considerably in the last few years, and there has been m
effort in the experimental and theoretical determination
polarizabilities and hyperpolarizabilities. With the improv
ment of the experimental and the theoretical technique
provide reliable data for linear and nonlinear optical prop
ties, accurate extrapolations of the experimental gas ph
data are crucial, therefore the pressure or density depend
of these properties is important.

Experimentally, the determination of virial coefficien
for electric and optical properties is not an easy task.1–13 In
the most recent study, the second dielectric virial coeffici
of argon Be(T) was measured for several temperatures
Huot and Bose.11 Previous measurements are due to Vid
and Lallemand,5 Boseet al.,3,9 Johnstonet al.,1 Orcutt and
Cole2 and Proffittet al.7 Buckingham and Graham4, Burns
et al.,8 Coulon et al.,6 Achtermannet al.10 and Hohm13 de-
termined the second refractivity virial coefficientBR(v,T).
The second Kerr virial coefficientBK(v,T) has been esti-
mated among others by Dunmuret al.,14,15 Buckingham and
Dunmur,16 and recently by Shelton and Palubinskas.17

The effect of internuclear interaction on the electric fie
induced second harmonic generation~ESHG! hyperpolariz-
ability has caused some uncertainty in the literature12,18,19

about the precision of recent accurate gas ph
measurements18,20–26 of the ESHG hyperpolarizabilities o

a!Electronic mail: rizzo@hal.icqem.pi.cnr.it
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some small molecules and atoms. In ESHG experiments
second hyperpolarizability of a gas is usually measured a
ratio relative to a reference gas with a very accurately kno
hyperpolarizability. Recently, Donley and Shelton12 mea-
sured the hyperpolarizability ratiosg i

ESHG(Ar)/g i
ESHG(H2),

g i
ESHG(N2)/g i

ESHG(H2) and g i
ESHG(H2)/g i

ESHG(He), as a
function of the density with a 0.1% accuracy at a wavelen
of 514.5 nm. The pressure dependence of these ratios
counts, however, for no more than a few tenths of a perc
of the total results, thus making an accurate determinatio
the virial coefficients difficult. From a plot of four measure
ments for each of the ratios versus the H2 gas density Donley
and Shelton determined the first-order density corrections
the three ratios as27.065.031026, 26.964.631026,
and15.666.231026 m3 mol21, respectively. They made
a theoretical estimation for the second virial coefficients
the ESHG hyperpolarizability ratios using the dipole-induc
dipole ~DID! model and a Lennard-Jones 6–12 potent
The authors found such a model incapable of provid
quantitative estimates for the properties. Although it predi
the correct order of magnitude of the effect, the hyperpo
izability virial coefficients are obtained with the wrong sig

The DID model and its variations are the most comm
approximations used to model interaction induced pola
abilities within a classical multipolar treatment of interm
lecular interactions.27–32The model considers the atomic po
larizabilities independent of the internuclear distance,
takes into account the fact that each atom responds to
sum of the external and the induced dipole mom
fields.12,31 Using this, Godfried and Silvera33 reproduced the
2 © 1999 American Institute of Physics
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rotational Raman spectra of the argon dimer within
~rather large! experimental uncertainty. This demonstrat
that the DID model includes the most important contributi
to the interaction induced polarizability anisotropy, which
much larger and easier to model than the isotropic~or trace!
polarizability and the hyperpolarizability.

The theoretical determination of second virial coef
cients for linear and nonlinear optical properties is a ch
lenging task even for modernab initio methods because
combines the difficulties faced in theab initio calculation of
the weak intermolecular interaction with those of the co
putation of electric or optical properties.

A calculation of the interaction-induced hyperpolari
ability of the helium dimer was carried out recently b
Bishop and Dupuis.34 They used fourth-order Mo” ller–Plesset
perturbation theory~MP4! as the highest correlation leve
and a@12s5p3d2 f /6s5p3d2 f # basis set. For the dielectri
virial coefficient good agreement with the experimen
value and a previous theoretical configuration interact
singles and doubles~CISD! determination35 was obtained.
For the second virial coefficient of the second hyperpola
ability of helium experimental determinations are not ava
able. However, using their helium result and data for
density dependence of the hyperpolarizability ratios ta
from Ref. 12 the authors estimated the second virial coe
cient of the second electric hyperpolarizability of H2 , N2 and
Ar.

Joslin et al.36 evaluated the interaction polarizability o
the argon dimer at different internuclear distances us
second-order Mo” ller Plesset theory~MP2! and a@18s14p6d#
basis set, an extension of the set employed by Dacre in
self-consistent field~SCF! study.37 Among other properties
they obtained the second dielectric, the second refracti
and the second Kerr virial coefficients as a function of
temperature. As expected, electron correlation effects
crucial to describe these properties, and the MP2 results
still far from the experimental stage.10,11 This discrepancy
was justified in terms of a possible error in the experimen
determinations. Previous calculations were in disagreem
between each other and with the experiment.10,11

Since the interaction-induced properties are obtained
rather small corrections to the corresponding optical prop
ties of the noninteracting monomers, high-level response
proaches, able to deal efficiently with electron correlati
are required for their computation. Another necessary co
tion, not met by all correlated response approaches,38–40 is
that the computed optical properties must be size extens
A method which meets these requirements is the coup
cluster ~CC! response approach, which is known to yie
precise values for a large number of molecular propert
The CC response approach has recently been exte
within the hierarchy of coupled cluster singles~CCS!,
coupled cluster iterative second order~CC2! and coupled
cluster singles and doubles~CCSD! to provide dynamic
third- and fourth-order properties, therefore allowing t
evaluation of highly accurate frequency-dependent pola
abilities and hyperpolarizabilities.41–43Another important is-
sue for theab initio calculation of interaction induced pola
izabilities and hyperpolarizabilities is the choice of the on
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particle basis set: as demonstrated by the basis set s
presented in Secs. III and IV, extended, high-quality ba
sets are required to obtain accurate results, in particular
the isotropic interaction-induced hyperpolarizability.

In the present study the frequency-dependent interac
induced polarizability and second hyperpolarizability of t
Ar2 are computed as a function of the internuclear distanc
the CCSD level. We perform the calculations in a systema
way, starting with a basis set study of the static limit usi
Dunning’s correlation consistent polarized valence ba
sets.44–48 For the selected basis set the polarizability and
second hyperpolarizability are then calculated as a func
of the internuclear distance. The dispersion of the proper
is thereby included through second order in the freque
arguments by means of theS(24) Cauchy moment49 for the
linear polarizability and theA coefficient50 for the second
hyperpolarizability. The dielectric, the refractivity, the Ke
and the second hyperpolarizability second virial coefficie
are calculated from these results employing a recent accu
ab initio Ar2 ground state potential.51 The latter was obtained
at the CCSD with perturbative treatment of triple
@CCSD~T!# level using a d-aug-cc-pV5Z basis set includin
midbond functions. In Ref. 52 this potential was shown
describe the Ar2 rovibronic spectrum very accurately.

Section II gives a brief summary of the equations used
the computation of the interaction-induced dynamic polar
abilities and hyperpolarizabilities and for the calculation
the second virial coefficients. In Sec. III the computation
details of the CCSD calculations and of the numerical in
gration entering in the expressions for the virial coefficie
are given. The results for the various properties are prese
and discussed in Sec. IV and our concluding remarks
given in Sec. V.

II. THEORY

The present study deals with the changes of
frequency-dependent polarizability and hyperpolarizabi
of Ar induced by the pair interaction with other Ar atom
Since we employ standardab initio approximations and ex
pand in basis sets the wave functions, from which the pr
erties are calculated, we have to account for basis set su
position errors. This is done using the counterpo
procedure advocated by Boys and Bernardi,52 a standard pro-
cedure for the calculation of interaction energies for van
Waals molecules. It can be generalized for the calculation
counterpoise corrected interaction-induced properties as

DP~R!5PA2B~SA2BuR!2PA~SA2BuR!2PB~SA2BuR!, ~1!

wherePA2B(SA2BuR) is the property of the dimer evaluate
in the dimer basis setSA2B at the geometryR and
PA(SA2BuR) and PB(SA2BuR) are the properties of the
monomersA andB, respectively, evaluated in the dimer b
sis set for the same geometry. For the homonuclear ar
dimer PA(SA2BuR)5PB(SA2BuR). In the following, we
study the isotropic electric dipole polarizability

aave5
1
3 ~2axx1azz!, ~2!

the polarizability anisotropy

aani5azz2axx , ~3!
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and the isotropic parallel average of the second electric
pole hyperpolarizability

g i5
1

15(jh
~gjjhh1gjhjh1gjhhj!. ~4!

Note that we use the subscripts ave and ani to indicate
isotropic average and the anisotropy andDa for the interac-
tion induced polarizability to avoid conflicts with the not
tion used for hyperpolarizabilities. Other authors employDg
~see Ref. 36! or b ~see Refs. 35 and 37! to indicate the
interaction-induced anisotropy of the electric dipole polar
ability.

In order to perform a comparison with experimental d
for the virial coefficients of the polarizability and hyperp
larizability, we must calculateDaave, Daani and Dg i as
functions of the internuclear distance. Furthermore, as th
properties are frequency dependent, their accurate calc
tions as a function of both the internuclear distance and
frequency would be prohibitive and approximations a
needed. Thus, the dispersion of the interaction-induced p
erties is truncated to second order in the power series ex
sion in the frequency arguments. The power series expan
of the polarizability

a~v!5 (
k50

`

v2kS~22k22!5a~0!1v2S~24!1 . . . , ~5!

is also known as the Cauchy series. TheS(k) are the so-
called Cauchy moments andS(22)5a(0). For theisotro-
pic parallel average of the second hyperpolarizabilityg i we
use a dispersion formula originally proposed by Shelton21

g i~v0 ;v1 ,v2 ,v3!5g i~0!~11vL
2A1 . . . !, ~6!

where the coefficientA is independent of the nonlinear opt
cal process: v052v12v22v3 and vL

25v0
21v1

21v2
2

1v3
2 . The Cauchy momentsS(24) and the coefficientA

are evaluated as analytic derivatives53,54

S~24!5
1

2S d2a~v!

dv2 D
v50

, ~7!

g i~0!A5
1

2S d2g i~v0 ;v1 ,v2 ,v3!

dvL
2 D

vL50

. ~8!

The interaction-induced isotropic polarizabilityDaave(v,R)
is related to the second refractivity virial coefficie
BR(v,T) and is important for the description of the intens
ties in isotropic collision-induced light scattering~CILS!
spectra.36 The second refractivity virial coefficient is ob
tained from the expansion of the generalization of
Clausius–Mossotti function in orders of the molar densityr
~the inverse molar volume! of the gas

n221

n212
5AR~v,T!r1BR~v,T!r21CR~v,T!r31 . . . , ~9!

wheren is the refractive index. For atoms the virial coef
cientAR(v,T) is directly related to the atomic polarizabilit
i-

he
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AR~v,T!5
NA

3e0
aave~v!, ~10!

whereNA is Avogadro’s number, ande0 is the vacuum per-
mittivity. For thermal energieskT large compared to the dis
sociation energy of the argon dimer~99.5 cm21),55,56i.e., for
T.143. K, the second refractivity virial coefficient can b
calculated from the classical statistical mechan
expression57

BR~v,T!5
NA

2

6e0
Xaave

~v,T!, ~11!

Xaave
~v,T!54pE

0

`

Daave~v,R!

3exp@2V~R!/kT#R2 dR, ~12!

whereV(R) is the interatomic potential of the argon dime
For very low temperatures withkT comparable to or smalle
than the dissociation energy of the dimer quantum corr
tions, which account for the discrete vibrational levels of t
van der Waals molecule, must be included.58,59In the present
study we assume that the classical approximation can
used, and we approximate the frequency dependence o
refractivity virial coefficient by expanding it in a power se
ries in v to second order

BR~v,T!5BR
~0!~T!1v2BR

~2!~T!1 . . . , ~13!

where the static limitBR
(0)(T) is identical to the second di

electric virial coefficientBe(T).60 The coefficientsBR
(0)(T)

andBR
(2)(T) are calculated analogous to Eqs.~11! and ~12!,

but with Daave(v,R) replaced by the interaction-induce
static polarizability and the Cauchy momentDaave(0,R) and
DSave(24,R), respectively.

The interaction-induced polarizability anisotrop
Daani(v,R) is related to the depolarized light intensity
CILS spectra and to the pressure dependence of the dc
or electro-optical effect. The latter is conveniently express
by an expansion of the molar Kerr constantmK as a power
series in the density16

mK~v,T!5AK~v,T!1BK~v,T!r1CK~v,T!r21 . . . ,
~14!

where for atoms the first Kerr virial coefficientAK is related
to the dc Kerr hyperpolarizabilitygK(v):

AK~v!5
NA

81e0
gK~v!. ~15!

The second Kerr virial coefficientBK(v,T) contains contri-
butions related to the interaction-induced polarizability a
hyperpolarizability such that

BK~v,T!5
NA

2

162e0
S 1

5kT
XK

a~v,T!1XK
g ~v,T! D

5BK
a~v,T!1BK

g ~v,T!. ~16!

Here k is the Boltzmann constant. For homonuclear dim
within the classical statistical mechanics treatment,XK

a(v,T)
is obtained as16,60
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XK
a~v,T!54pE

0

`

Daani~v,R!Daani~0,R!

3exp@2V~R!/kT#R2 dR. ~17!

Again, we expandXK
a(v,T) as a power series inv to second

order and evaluate the coefficients by replacingDaani(v,R)
with the induced static polarizability anisotropyDaani(0,R)
and theDSani(24,R) Cauchy moment. The hyperpolarizab
ity contribution to the pressure dependence of the Kerr c
stant is usually small and is often neglected in the analysi
experimental results.16 Within the classical statistical me
chanics approximationXK

g can be computed analogous
Xaave

(v,T) as

XK
g ~v,T!54pE

0

`

DgK~v,R!exp@2V~R!/kT#R2 dR. ~18!

SinceBK
g (v,T), and in particular its dispersion contributio

make only a small correction to the dominant termBK
a(v,T),

we assumed the validity of the Kleinman symmetry61 in the
calculation ofXK

g (v,T) ~see Sec. III! and thusDgK(v,R)
'Dg i(v,R). This relation is exact in the static limit but a
~often very good! approximation for the frequency
dependent part.

For atoms the interaction-induced hyperpolarizability
the only property contributing to the pressure dependenc
some other third-order nonlinear optical effects, in particu
of the ESHG. Following the general treatment of Buckin
ham and Pople,60 we introduce for the second hyperpolari
ability the virial expansion

g~V,r,T!5g~V!1Bg~V,T!r1 . . . , ~19!

where V is a shorthand notation for the usual sequen
v0 ;v1 ,v2 ,v3 of frequencies and the coefficientBg(V,T)
within the semiclassical approximation is given by

Bg~V,T!5
NA

2
Xg~V,T!, ~20!

with

Xg~V,T!54pE
0

`

Dg i~V,R!exp@2V~R!/kT#R2 dR. ~21!

Since in ESHG experiments the hyperpolarizability of a g
and thus its pressure dependence, can only be measured
tive to that of a second reference gas, for comparison w
the experiment Eq.~19! is rewritten as12

gA~V,rA ,T!

gB~V,rB ,T!
5

gA~V!

gB~V!
@11b~AB!r ref#, ~22!

with

b~AB!5S bA~V,T!2bB~V,T!
rB

rA
D rA

r ref
, ~23!

andr ref being the density of the reference gas andbA(V,T),
bB(V,T) the second hyperpolarizability virial coefficien
divided by the hyperpolarizability of the isolated atoms, i.
Bg,A(V,T)/gA(V). As for the interaction-induced polariz
n-
of

of
r
-

e

,
ela-
th

,

abilities, we treat the frequency dependence ofg i and Dg i

approximately by using the power series in Eq.~6! through
second order in the frequencies

Bg~V,T!5Bg
~0!~T!1vL

2Bg
~2!~T!1 . . . , ~24!

b~V,T!5
Bg

~0!~T!1vL
2Bg

~2!~T!1 . . .

g i~0!~11vL
2A1 . . . !

. ~25!

III. COMPUTATIONAL DETAILS

The polarizabilities, Cauchy moments, hyperpolarizab
ties, and hyperpolarizability dispersion coefficients are c
culated using the coupled cluster response approach42,62 and
CCSD wave functions. The coupled cluster calculations
carried out using the integral-direct coupled cluster progr
described in Refs. 42, 54, 55, 63, and 64, which is a par
the DALTON program package.65

In the CCSD response calculations we have frozen
1s22s22p6 orbitals of the argon atoms. All results for th
interaction-induced properties reported in the following a
counterpoise corrected using the method of Boys a
Bernardi.52

The selection of the basis set and the estimation of
remaining basis set error is one of the most crucial step
the ab initio calculation of interaction-induced electric prop
erties. Therefore, we perform a basis set study for the st
interaction-induced polarizability and hyperpolarizability
the experimental equilibrium distance of the argon dim
~7.10 a.u.!.56 Two series of basis sets are employed in t
basis set study: the correlation consistent basis sets x-au
pVXZ, ~x5d,t,q; X5D,T,Q,5!, developed by Dunning and
co-workers,44–48 and a series where these basis sets are
tended with an uncontracted (3s3p2d1 f 1g) set of midbond
functions,51 denoted as x-aug-cc-pVXZ-33211. To inves
gate the possible differences in basis set requirements
respect to the internuclear distance, we perform calculati
at two distances using two of the above mentioned basis s
The results of the basis set study are summarized in Tab
and II. The final calculations of the interaction-induced p

TABLE I. Ar 2 . Basis set study~in a.u.! part I (R57.10 a.u.!.

Basis set Daave Dg i

d-aug-cc-pVDZ 20.0206 254.5548
d-aug-cc-pVTZ 0.0001 238.4548
d-aug-cc-pVQZ 0.0062 233.8080
d-aug-cc-pV5Z 0.0087 233.6102

d-aug-cc-pVDZ-33211 0.0039 229.1446
d-aug-cc-pVTZ-33211 0.0058 232.5514
d-aug-cc-pVQZ-33211 0.0081 232.9991
d-aug-cc-pV5Z-33211 0.0095 233.6141

t-aug-cc-pVDZ-33211 0.0037 230.2349
t-aug-cc-pVTZ-33211 0.0065 238.3879
t-aug-cc-pVQZ-33211 0.0085 235.3084
t-aug-cc-pV5Z-33211 0.0096 233.6990

q-aug-cc-pVDZ-33211 0.0039 229.3794
q-aug-cc-pVTZ-33211 0.0067 238.3496
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larizabilities and hyperpolarizabilities as a function of t
interatomic distance as needed for the computation of
integrals in Eqs.~12!, ~17!, ~18! and ~21! are carried out
using the d-aug-cc-pVTZ-33211 basis set. The results
Daave, DSave(24), Daani,DSani(24), Dg i and D(g iA)
at 31 different internuclear distances between 5 and 30
are collected in Table III.

The ground state potential of the argon dimer is tak
from the recent work of Ferna´ndez and Koch.52 This
CCSD~T! potential was evaluated using a d-aug-cc-pV5Z
sis set extended with a (3s3p2d1 f 1g) set of midbond func-
tions~d-aug-cc-pV5Z-33211!, consisting in total of 372 basi
functions for Ar2 . It was available for a total of 59 internu
clear distances in the range between 3.8 and 20.0 a.u. a
is expected to be the most accurateab initio potential for Ar2
available at present. To interpolate between the points of
potential we use a cubic spline fit. The other terms in

TABLE II. Ar 2 . Basis set study~in a.u.! part II.

Basis set R ~a.u.! Daave DSave(24) Dg i D(g i3A)

d-aug-cc-pVTZ-33211 7.0 0.0009 20.2141 237.46 2409.0
t-aug-cc-pVQZ-33211 7.0 0.0040 20.1785 240.04 2592.1

d-aug-cc-pVTZ-33211 10.0 0.0107 0.0877 10.99 65.9
t-aug-cc-pVQZ-33211 10.0 0.0108 0.0858 7.98 50.3
e

r

.u.

n

-

d it

e
e

integrands of the equations are then computed for each o
interatomic distances listed in Table III, cubic spline fitte
separating the frequency-independent and frequen
dependent contribution to the integrals, and finally interp
lated at a total of 500 points between 5 and 30 a.u. T
functions to be numerically integrated, computed f
T5298.15 K, are shown in Figs. 1–4. Figure 1 displays

FIG. 1. Ar2 . The functionDaave(v,R)e2V(R)/kTR2 ~a.u.! against the inter-
atomic distanceR ~a.u.! for T5298.15 K andl5514.5 nm.
3
6
6
4
0
7
6
4
6
9
1
4
5
0
0

TABLE III. Ar 2 . The dependence on the interatomic distance(R) of the relevant properties~a.u.!. d-aug-cc-
pVTZ-33211 basis set.

R Daave DSave~24! Daani DSani~24! Dg i D(g i3A)

5.00 20.348 22 22.110 81 3.876 21 16.683 33 21.5768 715.9981
5.10 20.326 43 22.100 09 3.717 11 15.816 42 28.7474 376.9389
5.25 20.29000 22.017 20 3.508 18 14.760 07 241.9262 21.8658
5.50 20.226 32 21.768 69 3.216 11 13.455 65 273.3290 2389.4657
5.75 20.166 26 21.457 50 2.968 70 12.504 43 284.7766 2578.5512
6.00 20.114 31 21.138 47 2.747 95 11.746 55 283.8663 2644.3837
6.25 20.072 10 20.843 18 2.544 12 11.086 73 275.6835 2633.8051
6.50 20.039 57 20.587 78 2.352 47 10.471 02 263.7504 2577.9326
6.75 20.015 72 20.378 27 2.171 18 9.872 52 250.4854 2498.1287
7.00 0.000 87 20.214 07 1.999 97 9.281 16 237.4634 2408.9977
7.25 0.011 71 20.090 81 1.839 21 8.696 36 225.6280 2320.2296
7.50 0.018 20 20.002 36 1.689 32 8.122 00 215.4673 2237.8760
8.00 0.022 71 0.096 02 1.422 78 7.026 18 20.6558 2104.0331
8.25 0.022 45 0.117 63 1.305 83 6.514 65 4.1896 254.1832
8.50 0.021 30 0.127 25 1.199 20 6.032 31 7.6076 215.0949
8.60 0.020 68 0.128 59 1.159 30 5.848 05 8.6312 22.2210
8.75 0.019 65 0.128 56 1.102 28 5.581 25 9.8482 14.398
9.00 0.017 77 0.124 43 1.014 39 5.162 37 11.1561 35.691
9.50 0.013 98 0.107 70 0.862 76 4.419 85 11.8230 59.307

10.00 0.010 68 0.087 67 0.738 57 3.795 65 10.9884 65.926
10.50 0.008 05 0.069 12 0.636 58 3.274 75 9.5349 63.199
11.00 0.006 06 0.053 67 0.552 38 2.840 82 7.9552 56.161
11.50 0.004 60 0.041 50 0.482 40 2.478 66 6.4905 47.807
12.00 0.003 53 0.032 19 0.423 82 2.175 14 5.2339 39.705
13.00 0.002 17 0.019 90 0.332 49 1.702 46 3.3744 26.526
14.00 0.001 44 0.012 90 0.265 78 1.358 40 2.2034 17.628
16.00 0.000 71 0.006 05 0.177 68 0.906 05 0.9863 8.046
18.00 0.000 34 0.002 85 0.124 55 0.634 27 0.4445 3.722
20.00 0.000 16 0.001 31 0.090 68 0.461 25 0.1962 1.688
22.00 0.000 08 0.000 66 0.068 07 0.346 05 0.0878 0.763
30.00 0.000 01 0.000 10 0.026 82 0.136 28 0.0091 0.076
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behavior of the integrand in Eq.~12! in the 5–20 a.u. inter-
nuclear distance range for the wavelength of 514.5 nm,
the frequency of Donley and Shelton’s experimental work12

Both the frequency-independent and frequency-depen
contribution to the integrand are shown. Figures 2, 3 an
show the behavior of the integrands in Eqs.~17!, ~18! and
~21!, respectively. The numerical integration, which cove
the 5–30 a.u. range, leads to the results shown in the
sections. It is quite evident from Figs. 1–4 that the contrib
tion to the integral over the interatomic distance is co
pletely negligible below 5 a.u. This is true for the who
range of temperatures chosen in this work. AsT increases,
the importance of regions at low interatomic distances an
particular below 5 a.u. increases dramatically, to the po
where our set of data becomes insufficient to provide ac
rate values of the integrals. However, this does not hap
for temperatures up to a few thousands degrees. At la
interatomic distances the integrands go smoothly down
zero. With the integration limits taken between 5 and 25 a
the integrals in Eq.~12! change by about 1%, which show
that the contribution to the integrals from regions beyond
a.u. can be neglected. These conclusions apply to all
integrals over the interatomic distances considered in
work. All the spline fits and numerical integrations needed
this work are performed usingMATHEMATICA .66

IV. RESULTS AND DISCUSSION

Among the properties studied in the present paper,
isotropic averages of the interaction-induced polarizabi
and hyperpolarizability are the most sensitive to the cho
of the one-particle basis set. In the discussion of the basis
study we therefore focus on the convergence ofDaave and
Dg i . The series of correlation consistent basis sets x-aug
pVXZ converge for each fixed x-aug level to a valence ba
set limit, if the XZ level is increased successively. Forg the
fastest convergence is usually obtained in the d-aug or t-
series;43,47higher augmentation levels give usually no furth
improvements. The results for the interaction-induced sec
hyperpolarizabilityDg i converge only slowly with the origi-

FIG. 2. Ar2 . The functionDaani(0,R)Daani(v,R)e2V(R)/kTR2 ~a.u.! against
the interatomic distanceR ~a.u.!, for T5298.15 K andl5514.5 nm.
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nal correlation consistent basis sets, exemplified by
d-aug-cc-pVXZ series in Table I. The presence of t
(3s3p2d1 f 1g) midbond functions makes the convergen
of the x-aug-cc-pVXZ basis sets smoother and faster for
smaller zeta~XZ! levels, although the results obtained at
double zeta~DZ! level are still insufficient.

For Dg i , the d-aug-cc-pVXZ-33211 series converg
from below to a value of approximately 33.6–33.7 a.
while the t-aug-cc-pVXZ-33211 results approach the sa
limit from above. ForDaave, the d-aug-cc-pVXZ-33211 and
the t-aug-cc-pVXZ-33211 series approach both from bel
the small value of'0.01 a.u. As it is seen from the results
Table III, the equilibrium distance~7.10 a.u.! is accidentally
close to the point whereDaave changes its sign.

The calculation of the interaction-induced properties a
function of the internuclear distance in the quadruple a
quintuple zeta basis sets would have been rather deman
Therefore, for the subsequent distance-dependent calc
tions we chose the d-aug-cc-pVTZ-33211 basis set as a c
promise between computational costs and accuracy. F

FIG. 3. Ar2 . The functionDgK(v,R)e2V(R)/kTR2 ~a.u.! against the inter-
atomic distanceR ~a.u.! for T5298.15 K andl5514.5 nm.

FIG. 4. Ar2 . The functionDgESHG(v,R)e2V(R)/kTR2 ~a.u.! against the in-
teratomic distanceR ~a.u.! for T5298.15 K andl5514.5 nm.



rr

a.
e
o
e
on

tie
ffi
cie
th
ea

s

il-

io
ie
-
t

e
l
iz
to
-
o
as

n

tiv

g
ith
an
re
n
b

ga

o
in
ur

o
th
Z

o
d

ree
-cc-
ue
of

te-
ative

n
d

he

ex-

of
-
. For
lts

t

2878 J. Chem. Phys., Vol. 110, No. 6, 8 February 1999 Fernández et al.
the results listed in Table II we expect that the basis set e
made with this basis set leads forDg i to a curve which in the
range 6–12 a.u. is shifted to values which are about 3
too high compared to results obtained with larger basis s
For the interaction-induced polarizability, the basis set err
are rather small, 331023 a.u. atR57.0 a.u., and decreas
with increasing distances. The errors in the interacti
induced changes of the Cauchy momentDSave(24) and its
counterpart for the second hyperpolarizabilityD(g i3A) are
larger than the errors in the corresponding static proper
but since the dispersion contributions to the virial coe
cients calculated from these properties for the frequen
considered here are about an order of magnitude smaller
the frequency-independent contributions, this does not l
to large errors in the final results.

The curves for three static properties calculated a
function of the internuclear distance:Daave, Daani andDg i

follow the typical shape for interaction-induced polarizab
ities and hyperpolarizabilities for atomic dimers.34,37,67,68For
all three properties the lowest order dispersion contribut
parallels the behavior of the corresponding static propert
Daave and DSave(24) start being negative for small dis
tances, reach a maximum at about 8.0 a.u. and decrease
with a 1/R6 behavior to zero. TheDaani andDSani(24) are
positive over the whole range ofR55 – 30 a.u. and decreas
monotonically with increasingR; in the long range they fal
off as 1/R3. The interaction-induced second hyperpolar
ability Dg i and the lowest order dispersion contribution
this propertyD(g i3A) are positive for small distances, de
crease to a negative minimum and increase again to a p
tive maximum before decreasing monotonically to zero,
ymptotically as 1/R6.

Due to the shapes of the isotropic properties as a fu
tion of the internuclear distance, the integrals inXaave

, XK
g

andXg are very sensitive to the balance between the posi
and the negative regions in the integrands~see Figs. 1, 3 and
4!. The accuracy of theab initio results for the correspondin
virial coefficients is thus determined by the accuracy w
which this balance is described. An example of how the c
cellation between the regions of positive and negative a
affects the accuracy of the results of a typical integral, a
how critically this depends on the choice of basis set, can
seen in the case of theXg integral of Eq.~21!, computed for
instance atT5298.15 K andl5514 nm~see Fig. 4!. In this
case the contribution to the integral from the region of ne
tive ~;5–8 a.u.! and positive~;8–30 a.u.! areas is roughly
283 000 and1107 000 a.u., respectively, for a balance
'24 000 a.u. To obtain an estimate of how the remain
basis set error might affect this balance, we scaled the c
of the Dg i ~see Table III! by a factor of (240.04)/
(237.46) in the region of negative area, and by a factor
7.98/10.99 in the region of positive area, to approximate
effect of the changing basis set from the d-aug-cc-pVT
33211 to the t-aug-cc-pVQZ-33211~see Table II!. The con-
tribution of the two regions changes to;286 000 and
184 000 a.u., respectively, with a resulting balance
;22000 a.u. This corresponds to a change of sign an
decrease of about an order in absolute magnitude inBg(v,T)
andb(l5514.5 nm,T5298.15 K!. We expect this to be a
or
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very conservative error estimate, since the results in the th
quintuple zeta basis sets are much closer to the d-aug
pVTZ-33211 value than to the t-aug-cc-pVQZ-33211 val
~see Table I!. Note that the basis set effect on the balance
positive and negative contributions to the interaction in
grals depends on the temperature, as the region of neg
area becomes of increasing importance asT increases. Due to
the faster convergence ofDaavewith respect to the extensio
of the basis set compared toDg i , we expect that the secon
dielectric and the second refractivity virial coefficientsBe(T)
and BR(v,T) are obtained with higher accuracy than t
hyperpolarizability virial coefficientsBK

g andBg . The results
for theBe(T) andBR(v,T) are listed in Table IV and plotted
in Fig. 5. For the second dielectric virial coefficientBe(T)
we obtain reasonably good agreement with the available
perimental data for the temperature range 242 K,T,303 K,
in particular when taking into account the large variations
the experimental results. ForT.303 K, however, the experi
mental data decrease much faster than the CCSD results
the second refractivity virial coefficient experimental resu
are available forT5296.82 K13 andT5298.2 K4,6,8 at a few
frequencies and for 323 K10 at l5632.99 nm. The CCSD

TABLE IV. Argon. The second dielectric virial coefficientBe(T), the dis-
persion contributionBR

(2)(T) and the second refractivity virial coefficien
BR(v,T) at l5632.8 nm~T in K, virial coefficients in cm6 mol22, with
frequencies in a.u.!.

T Be(T) BR
(2)(T) BR(v,T)

242.95 1.4598a 5.4882 1.4882
253.00 1.4410 5.4351 1.4691
261.00 1.4268 5.3927 1.4548
273.15 1.4066 5.3281 1.4343
274.00 1.4053 5.3236 1.4329
287.00 1.3852 5.2545 1.4125
293.00 1.3765 5.2226 1.4035
296.00 1.3722 5.2068 1.3992b

298.15 1.3691c,d 5.1954e 1.3961f,g,h

303.15 1.3622i,j 5.1690 1.3890
305.00 1.3597k 5.1592 1.3864
315.00 1.3464 5.1067 1.3728
322.00 1.3374l,m,n,o 5.0701 1.3637p

340.00 1.3155 4.9768 1.3413
370.00 1.2770 4.7991 1.3019
407.60 1.2449q 4.6383 1.2689

aExp., 1.8460.07, Ref. 11.
bExp., 2.52~34!, l5594.096 nm—1.73~34!, l5543.516 nm—1.81~34!,
l5325.530 nm,T5296.82 K, Ref. 13.

cCalc., 1.53, at 300 K, Ref. 72.
dExp., 0.7960.10, Ref. 5.
eCalc., 9.41, at 300 K, Ref. 72.
fExp., 1.5760.58, l5632.8 nm—1.5560.74, l5514.5 nm—1.5860.69,
l5488.0 nm—1.5360.32,l5457.9 nm,T5298.2 K, Ref. 8.

gExp., 2.1660.34,T5298.2 K,l5632.8 nm, Ref. 4.
hExp., 1.4960.15, at 298.2 K,l5632.8 nm, Ref. 6.
iExp., 1.2260.09, Ref. 11.
jExp., 1.2360.05, Ref. 9.
kExp., 1.062.1, T5306.15 K, Ref. 1.
lCalc., ~SCF! 0.48, Ref. 37.
mExp., 0.3960.20, Ref. 2.
n0.726 from CIS measurements, Ref. 7.
oExp., 0.7260.13, at 323 K, Ref. 3.
pExp., 1.7660.05,T5323 K, l5632.99 nm, Ref. 10.
qExp., 0.160.3, Ref. 11.
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value forBR(v,T) at 298.15 K is in good agreement with th
experimental results of Refs. 8 and 6; the result of Ref. 4
about 50% higher. The experimental data at 296.82 and
K are both larger than that predicted by CCSD.

Comparison with the MP2 second dielectric virial coe
ficient results of Joslinet al.36 shows that CCSD predict
values which are about one order of magnitude larger t
MP2, and about twice as large as the predictions of the s
tral model which reproduces the experimental CI
spectrum.7,69

Table V and Fig. 6 show the results for the second K
virial coefficient BK(v,T). As anticipated in Sec. II,
BK(v,T) is dominated by the polarizability contributio
BK

a(v,T) which originates from the interaction-induced p
larizability anisotropyDaani. For argon, the hyperpolariz
ability contributionBK

g (v,T) makes only a small correctio
of about 1%; for the experimentally important frequen
range,.450 nm, it is however larger than the dispersi

FIG. 5. Argon. Temperature dependence of the second dielectric viria
efficient Be(T) of the dispersion contributionBR

(2)(T) and of the second
refractivity virial coefficientBR(v,T) computed forl5632.8 nm.
is
23

n
c-

r

contribution. Forl5458 nm, our CCSD results for the tota
second virial Kerr coefficientBK(v,T) are about 25%–
45%—twice the experimental error bar—larger than expe
mental results from Dunmuret al.14 We obtain however bet-
ter agreement with a recent, very accurate Kerr measurem
by Shelton and Palubinskas,17 who obtained for the ratio
bfit /afit in the virial expansiongeff

K 5afit1bfitr1cfitr
2 a value

of (8.960.3)31025 m3 mol21 at l5632.8 nm andT
5296.15 K. The ratiobfit /afit measured by Shelton and Pal
binskas can be directly compared to the ra
BK(v,T)/AK(v,T) of the second and the first Kerr viria
coefficients defined in the expansion@Eq. ~14!#. Using the
experimental result of Ref. 17 for the dc Kerr hyperpolar
ability at 632.8 nm (77.8310263 C4 m4 J23) and our
CCSD results forBK(v,T) we obtain for the ratioBK /AK

5bfit /afit a value of 9.2331025 m3 mol21, in very good

o-

FIG. 6. Argon. The second Kerr virial coefficientBK(v,T)5BK
a(v,T)

1BK
g (v,T) as a function of temperature.BK

a(v,T)5BK
(0),a(T)

12v2BK
(2),a(T); BK

g (v,T)5BK
(0),g(T)12v2BK

(2),g(T).
TABLE V. Argon. The second Kerr virial coefficientBK(v,T)5BK
a(v,T)1BK

g (v,T). The two contributions
are further expanded asBK

a(v,T)5BK
(0),a(T)12v2BK

(2),a(T) andBK
g (v,T)5BK

(0),g(T)12v2BK
(2),g(T). The last

two columns giveBK(v,T) for l5458 nm, as computed here and the literature experimental values~T in K,
virial coefficients in V22 m8 mol22, with frequencies in a.u.!.

T
BK

(0),a(T)
31033

BK
(2),a(T)
31033

BK
(0),g(T)
31035

BK
(2),g(T)
31035

BK(458 nm,T)
31033

BK(458 nm,T)a

31033

242.95 7.2289 34.8792 6.4058 229.5492 7.9776 ¯

253.00 6.8724 33.1552 6.4760 227.7828 7.5879 5.460.9
261.00 6.6134 31.9027 6.5234 226.5227 7.3049 4.960.9
273.15 6.2564 30.1757 6.5831 224.8213 6.9147 ¯

274.00 6.2330 30.0621 6.5868 224.7110 6.8890 4.360.7
287.00 5.8951 28.4276 6.6360 223.1477 6.5196 4.060.7
293.00 5.7517 27.7333 6.6547 222.4984 6.3627 3.960.7
296.00 5.6827 27.3992 6.6632 222.1892 6.2872 ¯

298.15 5.6342 27.1648 6.6689 221.9737 6.2343 ¯

303.15 5.5248 26.6354 6.6813 221.4911 6.1146 ¯

305.00 5.4855 26.4449 6.6855 221.3190 6.0716 3.860.7
315.00 5.2824 25.4620 6.7052 220.4438 5.8494 3.860.7
322.00 5.1494 24.8178 6.7163 219.8828 5.7039 ¯

340.00 4.8373 23.3066 6.7356 218.6100 5.3623 ¯

375.00 4.3310 20.8549 6.7444 216.6952 4.8080 ¯

407.60 3.9499 19.0089 6.7285 215.4031 4.3904 ¯

aExperimental data from Ref. 14.
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agreement with the experiment. Using the CCSD res
gK~632.8 nm!51165 a.u.,43 which has been calculated wit
the same basis set as used in the present study for the c
lation of the interaction induced properties~d-aug-cc-pVTZ!,
we obtain for the ratioBK /AK a slightly larger result of
9.8931025 m3 mol21. Other reference values in the litera
ture for BK /AK are the (7.561.2)31025 m3 mol21 at
l5632.8 nm of Ref. 16 and the (6.361.2)
31025 m3 mol21 at l5457.9 nm of Ref. 14.

The second virial coefficientBK is related to the zeroth
moment of the depolarized CILS spectrumMdepol

(0) which,
with the definitions of Ref. 36, coincides with integr
XK

a(v,T), @Eq. ~17!#. Joslinet al.36 have computedMdepol
(0) in

the Hartree–Fock and MP2 approximations. Our results
very close to their MP2 estimates, and are thus 15%–2
smaller than both experiment and those derived from
empirical spectral model of Meinanderet al.70

In Table VI and Fig. 7 we have summarized the resu
for the second virial coefficients of the ESHG hyperpolar
ability. As can be expected from the expansion in Eq.~6!, the
dispersion contribution for the virial coefficients of th
ESHG process is much more important than forBK(v,T)
andBR(v,T): for ESHG the lowest order dispersion cont
bution vL

2Bg
(2)(T) accounts atl5514.5 nm for approxi-

mately 15% of the total second virial coefficientBg(v,T).
No experimental data are available that can be compa
directly with the present results forBg(v,T). We can, how-
ever, combine our CCSD results for argon,b(l
5514.5 nm, T5298.15 K)50.68 cm3 mol21, with the
static MP4 results for helium from Bishop and Dupuis34

b(0,T)521.41 cm3 mol21, to obtain a crude estimate for th
sum of the coefficientsb(ArH2) and b(H2He) defined in
Eqs.~22! and ~23!. From Eq.~23! we obtain

TABLE VI. Argon. The second hyperpolarizability virial coefficien
Bg

(0)(T), Bg
(2)(T) and b(v,T) for an ESHG process (v15v25v, v350,

vL
256v2) at l5514.5 nm as a function of temperature~K!. To computeb,

we assumedg i(22v;v,v,0)51577 a.u., as obtained using a t-aug-c
pV5Z basis set in the recent CCSD study of the hyperpolarizability of
argon atom~Ref. 43!. Bg is given in C4 m7 J23 mol21310268 and b is in
cm3 mol21. Frequencies are assumed to be given in a.u.

T Bg
(0)(T) Bg

(2)(T) b(v,T)

242.95 7.6288 235.1908 0.6074
253.00 7.7124 233.0872 0.6260
261.00 7.7688 231.5865 0.6389
273.15 7.8400 229.5603 0.6558
274.00 7.8443 229.4289 0.6569
287.00 7.9030 227.5671 0.6718
293.00 7.9252 226.7939 0.6777
296.00 7.9353 226.4257 0.6805
298.15 7.9422 226.1690 0.6825a

303.15 7.9569 225.5943 0.6867
305.00 7.9619 225.3892 0.6882
315.00 7.9854 224.3470 0.6956
322.00 7.9985 223.6789 0.7001
340.00 8.0216 222.1631 0.7097
375.00 8.0321 219.8827 0.7217
407.60 8.0131 218.3439 0.7271

aThe static value is 0.8074, which can be compared to the estimated val
229.8610.8 ~Ref. 34! obtained from theab initio result of He and the
experimental density ratios of Ref. 12.
lt

cu-

re
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e
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b~ArH2!1b~H2He!5bAr

rAr

rH2

2bHe

rHe

rH2

. ~26!

Donley and Shelton12 measured forl5514.5 nm the ra-
tios g(Ar)/g(H2) andg(H2)/g (He) as a function of the ga
density. The density ratiosrH2

/rAr51.36 and rHe/rH2

514.57 from this experiment may be combined with ourbAr

and Bishop and DupuisbHe to obtain b(ArH2)1b(H2He)
521.0 cm3 mol21. Using the experimental values,12

b(ArH2)527.065.0 cm3 mol21 and b(H2He)515.6
66.2 cm3 mol21, one obtains a value of21.468.0
cm3 mol21 for b(ArH2)1b(H2He). Taking into account tha
the experimental estimate carries a large error bar~the un-
certainties are treated as single standard deviations! and even
considering the remaining error sources in theab initio cal-
culations, there seems to be a reasonable agreement wit
mixed MP4/CCSD estimate. Note that even with a change
bAr as roughly estimated above upon basis set improvem
the result for b(ArH2)1b(H2He) changes only by
0.55 cm3 mol21, which does not significantly affect th
comparison with experiment. However, further experimen
and theoretical investigation of the hyperpolarizability d
persion coefficients would be useful to resolve the remain
deviation between theab initio results and experiment.

V. CONCLUSIONS

We report the first CCSD study of the pair interactio
induced static and dynamic electric properties of the arg
gas, including the pair contribution to the ESHG and Ke
hyperpolarizabilities. A systematic basis set study shows
the isotropic interaction-induced properties, and in particu
Dg i , converge only slowly with the one-particle basis se
The remaining basis set error is therefore expected to be
largest source of inaccuracy in our results. The errors in
duced by the approximate treatment of the dispersion con
butions and neglect of correlation contributions beyond c
nected double excitations~CCSD! are expected to be o
minor importance. We can provide for the first time hig
level ab initio results for the second refractivity virial coe
ficient BR(v,T) @including the static limitBe(T)], the sec-

e

of

FIG. 7. Argon. Temperature dependence of the second hyperpolariza
virial coefficient,Bg

(0)(T), Bg
(2)(T) andb(v,T), for an ESHG process (v1

5v25v, v350, vL
256v2) at l5514.5 nm.
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ond Kerr virial coefficientBK(v,T) and the second hyper
polarizability virial coefficientBg(V,T) for a broad range of
temperatures and frequencies. We find reasonably g
agreement with the experimental data forBe and BR for
T5242–303 K. For higher temperatures our calculations p
dict a much slower decrease ofBe with T than that experi-
mentally reported. Good agreement is also found betw
the CCSD result for the second Kerr virial coefficientBK and
the results of a recent, very accurate Kerr measurement.
calculations confirm thatBK(v,T) is dominated by the static
polarizability contributionBK

(0),a(T); the hyperpolarizability
termBK

g (v,T) and the lowest-order dispersion correction a
count only for a few percent of the total value ofBK(v,T).
Combining our CCSD results for the second virial coefficie
for the ESHG process in Ar with a recent MP4 result for t
static limit of the coefficientb(v,T) of helium, we obtain an
estimate for the sum of coefficientsb(ArH2)1b(H2He)
which is in reasonable agreement with the experimental d
although the large error bars associated with the experim
and the remaining sources of error of ourab initio study
suggest that further efforts are needed in both fields.
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APPENDIX: CONVERSION FACTORS:

Conversion factors from atomic units to SI:71

~i! 1 a.u. ofr[a0
23 mol>6.748 3331030 m23 mol;

~ii ! 1 a.u. ofv[\a0
22me

21>4.134 1431016 s21;
~iii ! 1 a.u. ofa[e2a0

4me\
22>1.648 78310241C2 m2 J21;

~iv! 1 a.u. of g[e4a0
10me

3\26>6.235 38310265 C4

m4 J23;
~v! 1 a.u. of AR(v,T), b[a0

3 mol21>1.481 35310231

m3 mol21;
~vi! 1 a.u. of BR(v,T)[a0

6 mol22>2.195 87310262

m6 mol22;
~vii ! 1 a.u. of mK(v,T), AK(v,T)[e2a0

9me
2 mol21 \24

>5.604 08310255V22 m5 mol21;
~viii ! 1 a.u. of BK(v,T)[e2a0

12me
2 mol22 \24>8.304 39

310286V22 m8 mol22;
~ix! 1 a.u. ofBg(v0 ,v1 ,v2 ,v3 ,T)[e4a0

13me
3 mol21 \26

>9.239 88310296C4 m7 J23 mol21.
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