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The effect of intermolecular interactions on the electric properties
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The frequency-dependent interaction induced polarizabilities and second hyperpolarizabilities are
calculated for He2 at the coupled cluster singles and doubles and full configuration interaction levels
and for Ar2 at the coupled cluster singles and doubles level. The frequency-dependence is
approximated by a power series to second-order in the frequency arguments using Cauchy moments
and hyperpolarizability dispersion coefficients. Using large correlation consistent basis sets, results
close to the basis set limit are obtained. The computed curves for the interaction induced~hyper-!
polarizabilities are tabulated for a range of internuclear distances. The data are employed in a
companion paper to make for the first time a direct comparison between the experimentally
determined pressure dependence of an ESHG hyperpolarizability andab initio calculated
hyperpolarizability second virial coefficients. ©1999 American Institute of Physics.
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I. INTRODUCTION

The interaction of molecules and light is an importa
research topic in chemistry and physics, both experiment
and theoretically. Linear one-photon optical processes ca
observed with conventional light sources, whereas the
perimental study of nonlinear optical effects is direc
linked to lasers. The high intensity and the coherence
can be achieved with them make it possible to detect mu
photon second-, third-, and higher-order optical effects1–6

From a computational point of view, highly electron corr
lated methods as well as large basis sets are required to
tain results that compare well with experiment and have p
dictive power.

Accurate determination of frequency dependent pola
abilities and hyperpolarizabilities of molecules is importa
for the description of nonlinear optical experiments and
has become possible using recent response function
proaches. A more complex situation is encountered if on
interested in the pressure-dependence and therewith al
the temperature-dependence of linear and nonlinear op
properties. This requires the determination of second
higher virial coefficients for the optical properties under
vestigation. In a previous article7 we reported interaction in

a!Present address: Forschungszentrum Karlsruhe, Institute of Nanotec
ogy, P.O. Box 3640, D-76021 Karlsruhe, Germany.
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duced polarizabilities and hyperpolarizabilities for the A2

van der Waals complex for a range of internuclear distanc
The frequency-dependence of the properties was accou
for through the expansion in the frequency arguments
terms of Cauchy moments and hyperpolarizability dispers
coefficients. We used the coupled cluster singles and dou
method~CCSD!, which is known to describe dynamical co
relation very efficiently and to be size-extensive, and
lected an adequate basis set within Dunning’s series.
results were employed to compute the dielectric, refractiv
Kerr, and hyperpolarizability second virial coefficients a
in most cases good agreement with the available experim
tal data was found. Basis set incompleteness was found t
the largest source of error. Another source of error for
comparison of the hyperpolarizability second virial coef
cient with a recent ESHG experiment was the unknown
curacy of the second virial coefficient for the hyperpolar
ability of helium gas. This is needed since the experim
provided only data for the hyperpolarizability ratios betwe
two gases. For the hyperpolarizability virial coefficient of th
helium gas we used anab initio value for the static limit
result, which has been calculated quite recently.8 The disper-
sion of the hyperpolarizability was thus not accounted f
Considering this, we proceed here by improving some of
Ar2 results using a larger basis set and evaluate
frequency-dependent polarizability and hyperpolarizabi
ol-
9 © 1999 American Institute of Physics



or

e
gh
ns
te
l

an
lly
n

io

ho

r-
d
in
n-
w
d

n
-
n
e
s

in
ng

n
e

if-

ro
th

lec
e

re
ar
x

nl
ge

c

he
ef

th
as

th
an

-

pro-

ic
ures
ults,
.

lity

no-
er
the
p-

u-
rder

-

ed
nd
d

d
has
and

o

for
-
ce is
he
to

t the
er-

if-

e-
ing

10100 J. Chem. Phys., Vol. 111, No. 22, 8 December 1999 Hättig et al.
for the He2 dimer with a technique similar to that used f
Ar2.

A considerable number of publications on these prop
ties is available in the literature. The theoretical studies hi
light the difficulties encountered in evaluating contributio
which are small compared to the properties of the nonin
acting monomers. Among the most recent studies, Fow
et al. determined the He2 pair polarizability functions and
studied their long-range behavior, finding that between 5
8 bohr theR26 and R28 terms can be considered equa
important in the parallel contribution, and that between 3 a
4.5 bohr theR26 term dominates the power series expans
for the perpendicular contribution.9 To evaluate the dynamic
polarizabilities they used an electron uncorrelated met
and a basis set containing up tof functions.

Moszynski et al. applied the symmetry-adapted pertu
bation theory~SAPT! to the study of the interaction-induce
polarizability of He2.

10–12 When the results were used
quantum-statistical calculations of the binary collisio
induced Raman spectra, the agreement with experiment
found to be quite good. The authors also calculated the
electric second virial coefficients, including first and seco
order quantum corrections11 and with a fully quantum statis
tical method.10 The quantum effects resulted to be significa
for temperatures below 50 K. The discrepancies with resp
to experiment were considerable, and the authors sugge
that new measurements should be performed.

Bishop and Dupuis carried out an evaluation of the
teraction induced hyperpolarizability of the He dimer usi
as best correlation treatment the fourth-order Mo” ller–Plesset
perturbation theory~MP4!.8 The results were analyzed i
terms of long-range dispersion and dipole-induced-dipole
fects and virial coefficients were evaluated.

The interaction polarizability of the argon dimer at d
ferent internuclear distances was calculated by Joslinet al.
using second-order Mo” ller–Plesset theory~MP2!.13 The ap-
proximation was not accurate enough to describe the p
erty quantitatively and the results were far away from
experimental data.

The various experimental results for the second die
tric virial coefficients for hyperpolarizabilities show som
discrepancies.14–16 Only few measurements have been
ported for the pressure dependence of second hyperpol
abilities, in particular for the ESHG process. See, for e
ample, Refs. 14–17. In one of the most recent studies Do
and Shelton measured the electric field induced second
eration ~ESHG! hyperpolarizability ratios g 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% accura

at a wavelength of 514.5 nm.16,17

A way of checking the quality of these data and of t
underlying model employed in the expansion in virial co
ficients is provided byab initio calculations of accurate
curves for the interaction induced properties followed by
evaluation of the virial coefficients using either a semicl
sical approximation or a full quantum description.10–12 In
this paper we report the results of accurate calculations of
frequency-dependent interaction induced polarizabilities
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hyperpolarizabilities for the He2 van der Waals complex us
ing the coupled cluster singles and doubles~CCSD! and the
full configuration interaction~FCI! methods and improved
CCSD calculations for the static interaction~hyper-! polariz-
abilities of Ar2. In a companion paper~‘‘Part II’’ below !, we
employ these results to compute semiclassically the ap
priate second virial coefficients.18

The article is organized as follows: In Sec. II the bas
equations are summarized and the computational proced
are described, in Sec. III we present and discuss the res
and in the last section we give some concluding remarks

II. COMPUTATIONAL DETAILS

The interaction induced polarizabilityDa(2v;v) and
the parallel component of the second hyperpolarizabi
Dg i(v0 ;v1 ,v2 ,v3) ~we use the symbolD to indicate inter-
action induced; see Ref. 7 for details on definitions and
tations! depend on both the internuclear distance of the dim
and the frequency arguments of the property. To reduce
computational costs of the calculations we follow the a
proach devised in Ref. 7 and expandDa(2v;v) and
Dg i(v0 ;v1 ,v2 ,v3) as power series in the frequency arg
ments truncated to second order, i.e. after the lowest-o
dispersion contribution,

Da~2v;v!5Da1v2DS~24!1O~v4!, ~1!

Dg i~v0 ;v1 ,v2 ,v3!

5Dg i1~v0
21v1

21v2
21v3

3!D~g i3A!1O~v i
4!, ~2!

where v052v12v22v3 . The polarizabilities, Cauchy
moments@S(24)#, hyperpolarizabilities and hyperpolariz
ability dispersion coefficients@(g3A)# are calculated for
He2 at the FCI and the CCSD levels, and for Ar2 only at the
CCSD level.

For the FCI calculations on the helium dimer we us
the d-aug-cc-pVTZ basis set, developed by Dunning a
co-workers,19–23 extended with an uncontracte
(3s3p2d1 f ) set of midbond functions.24,25 At the CCSD
level we have used thed-aug-cc-pV5Z basis set, augmente
with the same set of midbond functions. The same set
also been employed in the coupled cluster singles
doubles with connected triples@CCSD~T!# calculations of the
potential energy. In the following, we will denote the tw
sets as ‘‘d-aug-cc-pVTZ-3321’’ and ‘‘d-aug-cc-pV5Z-
3321,’’ respectively. They were chosen based on a study
He2 at the equilibrium distanceRe55.6 a.u., and whose re
sults are summarized in Table I. The basis set convergen
quite different at the CCSD and at the FCI level for t
interaction potentialV(R). Changes with basis sets similar
those seen at the FCI level are first obtained with CCSD~T!.
For the interaction induced~hyper-! polarizabilities instead
the changes with the basis set at the CCSD level and a
FCI level proceed very much in parallel. Thus, for the av
ageDaave, the anisotropyDaani and for Dg i calculated in
the d-aug-cc-pVTZ-3321 basis set at the FCI level the d
ference between the CCSD results in thed-aug-cc-pV5Z-
3321 and thed-aug-cc-pVTZ-3321 sets should provide a r
liable estimate of the remaining basis set error. After add
these corrections to the FCI/d-aug-cc-pVTZ-3321 results we
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TABLE I. Helium. Basis set study for the potentialV and the interaction induced changes of the polarizabilitiesaave andaani and the hyperpolarizabilityg i

for He2 at Re55.6 a.u. The numbers in parentheses are the differences to the results obtained with basis set immediately above in the table, i
d-aug-cc-pVQZ-3321 the difference between this basis and the results obtained with thed-aug-cc-pVTZ-3321 basis.

Basis set

V/1026 a.u. Daave/1023 a.u. Daani/1023 a.u. Dg i /a.u.

CCSD CCSD~T! FCI CCSD FCI CCSD FCI CCSD FCI

aug-cc-pVDZ-3321 227.9890 232.1947 233.3786 21.513 21.372 61.248 63.340 21.1992 21.1630
d-aug-cc-pVDZ-3321 228.7950 233.0038 234.0725 21.271 21.128 61.086 63.171 20.8564 20.8136

~20.8060! ~20.8091! ~20.6939! ~0.242! ~0.244! ~20.162! ~20.169! ~0.3428! ~0.3494!
d-aug-cc-pVTZ-3321 228.7168 233.3251 234.3923 21.171 21.048 59.931 62.023 20.9115 20.8821

~0.0782! ~20.3213! ~20.3198! ~0.100! ~0.079! ~21.155! ~21.148! ~20.0551! ~20.0686!
d-aug-ccpVQZ-3321 228.7894 233.5571 234.6103 21.122 20.995 59.858 61.957 20.9048 20.8760

~20.0726! ~20.2320! ~20.2180! ~0.049! ~0.054! ~20.073! ~20.066! ~0.0067! ~0.0062!
d-aug-cc-pV5Z-3321 228.8513 233.6612 21.108 59.787 20.8993

~20.0619! ~20.1041! ~0.014! ~20.071! ~0.0055!
d-aug-cc-pV6Z-3321 228.8892 233.7201 21.109 59.774 20.8961

~20.0379! ~20.0589! ~20.001! ~20.013! ~0.0032!
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expect an accuracy of a few percent for these proper
depending on the distance. For the interaction potentia
good basis set correction is obtained by adding the differe
between the CCSD~T!/d-aug-cc-pV5Z-3321 and the
CCSD~T!/d-aug-cc-pVTZ-3321 potential energy curves
the FCI/d-aug-cc-pVTZ-3321 results. In the calculations
He2 all four electrons have been correlated.

The interaction induced polarizability and hyperpolar
ability of the argon dimer have recently been investigat7

using the CCSD response approach and ad-aug-cc-pVTZ-
33211 basis set, where ‘‘33211’’ denotes a (3s3p2d1 f 1g)
set of midbond functions.24,25In Ref. 7 it was found that, due
to a cancellation of a large positive and a large nega
contribution, the final results for the second virial coef
cients were very sensitive to the choice of the basis set
that study we chose thed-aug-cc-pVTZ-33211 basis se
since it provided an acceptable compromise between a
racy and computational costs for the calculation of both
static properties and the dispersion coefficients. The calc
tions showed, however, that the frequency-dependence o
interaction induced properties, and thereby also the dis
sion of the virial coefficients, make a relatively small cont
bution to the total results for Ar2. A computational more
balanced approach for obtaining accurate results is there
to calculate the less expensive static properties with a hig
level basis set, and combine the static values with disper
coefficients computed at a lower level. For the argon dim
we calculated new, improved curves for static interact
induced polarizabilities and hyperpolarizabilities using t
larger d-aug-cc-pVQZ-33211 basis set, and combined th
with the dispersion coefficients obtained in Ref. 7 with t
d-aug-cc-pVTZ-33211 basis set. In the calculations on
argon dimer we have frozen the occupation of the lowest
orbitals, which correspond to the 1s22s22p6 core of the ar-
gon atoms.

All reported interaction energies and interaction induc
properties are counterpoise corrected using the schem
Boys and Bernardi.26 For the FCI calculations we used th
LUCIA program.27 The CCSD calculations are carried out u
ing the implementation of the CCSD response approach28 in
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the integral-direct coupled cluster program described in R
29–33, which is part of theDALTON program package.34

III. RESULTS AND DISCUSSION

In Fig. 1 we have plotted the potential energy curv
obtained at the CCSD/d-aug-cc-pVTZ-3321, the CCSD/d-
aug-cc-pV5Z-3321, the CCSD~T!/d-aug-cc-pVTZ-3321 and
the FCI/d-aug-cc-pVTZ-3321 levels in comparison with th
HFD-B3-FCI1 and potential of Azizet al.,35 which is cur-
rently considered as the most accurate~semiempirical! po-
tential for He2. The plot shows clearly that although th
d-aug-cc-pVTZ-3321 basis set was chosen as a comprom
between accuracy and computational costs for the interac
induced~hyper-! polarizabilities and dispersion coefficient
it has the flexibility to describe very accurately the interm
lecular interaction in the helium dimer; the FCI results f
the equilibrium distancer 0 and for the well depthD0 are
within, respectively, 0.2% and 0.9% of the HFD-B3-FC
values. Very recently van de Bovenkamp and v

FIG. 1. Potential energy curves for the helium dimer calculated at vari
levels of approximation in comparison with the HFD-B3-FCI1 potential
Ref. 35.
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Duijnefeldt36 obtained a best estimate for the interaction p
tential at R55.6 a.u of 10.9960.02 K or 34.8060.06
31026 a.u. from a large MRCI calculation and a basis
incompleteness correction calculated at the CCSD~T! level.
Our FCI/d-aug-cc-pVTZ value for the interaction potential
within 1.2% of this benchmark result; at the FCI/d-aug-cc-
pVQZ level the difference is reduced to 0.5%. The CCS
potential curves, on the other hand, are off by about 2
around the equilibrium distance, although they are asym
totically correct. The CCSD~T! potential recovers about 80%
of the correlation effects beyond CCSD. This shows
well-known fact that for such weakly bound van der Wa
complexes the inclusion of at least connected triples in
correlation treatment is mandatory to obtain accurate po
tial energy curves.37–39 It is therefore surprising that correla
tion effects, beyond the CCSD level, apparently have o
minor effects on the isotropic interaction induced polarizab
ity Daave and the hyperpolarizabilityDg i , shown in Figs. 2
and 3, respectively. In the range of distances investiga
here, 3–13 a.u., the CCSD results in thed-aug-cc-pVTZ-
3321 andd-aug-cc-pV5Z-3321 and the FCI results in th

FIG. 2. The interaction induced change of the static isotropic polarizab
in He2 at various levels of approximation.

FIG. 3. The interaction induced change of the static isotropic hyperpola
ability in He2.
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d-aug-cc-pVTZ-3321 basis sets are almost indistinguisha
on the scales of Figs. 2 and 3. The same holds in the cas
the lowest-order dispersion coefficients for these propert
DSave(24) andD(g i3A). Only for the induced polarizabil-
ity anisotropyDaani, shown in Fig. 4, and for the corre
sponding induced Cauchy momentDSani(24) the differ-
ences between the FCI and the CCSD results are some
larger, but they are still small compared to the effect on
potential energyV. The final results at the FCI/d-aug-cc-
pVTZ-3321 and CCSD/d-aug-cc-pV5Z-3321 levels for 25
interatomic distances are collected in Tables II and III.

The interaction induced static polarizabilityDaave of
He2 has been computed previously by Dacre40 at the SCF
and configuration interaction singles and doubles~CISD!
levels. Bishop and Dupuis have recently calculatedDaave

andDg i at the SCF, MP2, and MP4 levels using a basis
of 59 functions on each helium atom.8 The results of Dacre
and those of Bishop and Dupuis are in reasonable g
qualitative, but not quantitative, agreement with our resu
for the static interaction induced properties. The trends in
SCF, MP2, and MP4 results of Ref. 8 support our findi
that the static interaction induced properties are only mod
ately sensitive to the level of the correlation treatment.

In Table IV we have collected the static interaction i
duced polarizability and hyperpolarizability for the argo
dimer, calculated at the CCSD/d-aug-cc-pVQZ-33211 level.
The improved results for the interaction induced hyperpo
izability Dg i are shown in Fig. 5 in comparison with th
d-aug-cc-pVTZ-33211 results taken from Ref. 7. As anti
pated in Ref. 7, the positive branch ofDg i(R), i.e., for R
.8 a.u., becomes somewhat smaller in the more comp
basis set—on the average by about 15%–20%. Also for
negative branch, in particular in the range of 5.5–6.0 a.u.,
absolute values in thed-aug-cc-pVQZ-33211 basis set be
come slightly smaller, opposite to what has been estimate
Ref. 7 based on thet-aug-cc-pVQZ-33211 result for an in
ternuclear distance of 7.0 a.u. Nevertheless, these chang
the curve forDg i(R) result in a considerable decrease of t
weighted integral entering the hyperpolarizability seco
virial coefficientBg , which will make the disagreement be
tween the semiclassical approximation forBg and experi-

y

z-

FIG. 4. The interaction induced polarizability anisotropy in He2.
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TABLE II. Helium. FCI results for He2 in thed-aug-cc-pVTZ-3321 basis set for the dependence of the pote
V ~in 1026 a.u.), the interaction induced polarizabilitiesDaave and Daani ~in 1023 a.u.), Cauchy moments
DSave(24) andDSani(24) ~in 1023 a.u.), hyperpolarizabilityDg i ~in a.u.!, and hyperpolarizability dispersion
D(g i3A) in ~a.u.! on the interatomic distanceR ~in a.u.!.

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

3.00 12058.7808 2132.476 2339.090 174.603 283.439 211.2692 229.7428
3.50 3566.7686 271.650 2212.383 131.981 174.013 29.8709 229.0999
4.00 944.7841 233.684 2114.433 112.790 158.382 26.7124 221.2324
4.15 610.6509 226.229 292.936 107.842 157.809 25.8095 218.7754
4.30 383.1701 220.205 274.762 102.911 157.220 24.9741 216.4366
4.45 229.9731 215.391 259.583 97.955 156.136 24.2166 214.2584
4.60 128.1917 211.585 247.045 92.977 154.309 23.5411 212.2650
4.80 45.3906 27.770 233.824 86.365 150.582 22.7669 29.9112
5.00 0.5364 25.068 223.881 79.872 145.464 22.1289 27.9027
5.10 212.8184 24.040 219.918 76.703 142.456 21.8567 27.0223
5.20 222.0063 23.188 216.523 73.600 139.201 21.6131 26.2199
5.40 231.7459 21.905 211.160 67.631 132.112 21.2030 24.8325
5.60 234.3923 21.048 27.313 62.023 124.514 20.8821 23.7052
5.80 233.3218 20.491 24.597 56.812 116.689 20.6346 22.8017
6.00 230.4918 20.139 22.713 52.009 108.870 20.4463 22.0866
6.50 221.7544 0.226 20.282 41.750 90.380 20.1596 20.9200
7.00 214.5979 0.267 0.480 33.724 74.415 20.0322 20.3353
7.50 29.7126 0.217 0.604 27.503 61.299 0.0173 20.0676
8.00 26.5306 0.156 0.526 22.676 50.776 0.0318 0.039
8.50 24.4699 0.109 0.410 18.901 42.394 0.0321 0.072
9.00 23.1224 0.075 0.308 15.915 35.704 0.0276 0.073

10.00 21.6176 0.038 0.173 11.593 25.973 0.0174 0.050
11.00 20.8970 0.022 0.103 8.708 19.476 0.0103 0.030
12.00 20.5256 0.015 0.066 6.708 14.981 0.0062 0.018
13.00 20.3219 0.010 0.043 5.275 11.770 0.0039 0.010

TABLE III. Helium. CCSD results for He2 in the d-aug-cc-pV5Z-3321 basis set for the dependence of
potential V ~in 1026 a.u.), the interaction induced polarizabilitiesDaave and Daani ~in 1023 a.u.), Cauchy
momentsDSave(24) andDSani(24) ~in 1023 a.u.), hyperpolarizabilityDg i ~in a.u.!, and hyperpolarizability
dispersionD(g i3A) in ~a.u.! on the interatomic distanceR ~in a.u.!.

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

3.00 12086.0857 2130.984 2334.376 169.055 274.314 211.2215 230.1778
3.50 3600.3362 270.876 2209.056 127.135 166.533 29.7998 229.1749
4.00 970.3292 233.408 2112.685 108.524 151.252 26.6715 221.2278
4.15 631.6651 225.984 291.562 103.731 150.767 25.7094 218.7699
4.30 404.8795 220.165 273.709 99.085 150.424 24.9416 216.4314
4.45 247.4413 215.342 258.794 94.295 149.488 24.2040 214.2602
4.60 143.3526 211.578 246.472 89.526 147.878 23.5356 212.2741
4.80 57.8589 27.800 233.471 83.186 144.476 22.7689 29.9307
5.00 10.7433 25.119 223.687 76.954 139.708 22.1365 27.9323
5.10 23.5919 24.098 219.784 73.909 136.882 21.8666 27.0567
5.20 213.6695 23.249 216.438 70.927 133.811 21.6248 26.2587
5.40 224.9453 21.968 211.150 65.185 127.092 21.2179 24.8793
5.60 228.8513 21.108 27.352 59.787 119.858 20.8993 23.7587
5.80 228.8126 20.545 24.667 54.767 112.385 20.6536 22.8601
6.00 226.8248 20.186 22.801 50.139 104.900 20.4666 22.1484
6.50 219.5528 0.199 20.381 40.254 87.152 20.1814 20.9843
7.00 213.2315 0.256 0.393 32.520 71.798 20.0535 20.3958
7.50 28.8306 0.218 0.537 26.523 59.165 20.0023 20.1209
8.00 25.9467 0.164 0.473 21.864 49.015 0.0144 20.0053
8.50 24.0758 0.119 0.367 18.218 40.923 0.0171 0.035
9.00 22.8499 0.085 0.271 15.335 34.466 0.0150 0.043

10.00 21.4759 0.044 0.144 11.163 25.081 0.0088 0.032
11.00 20.8171 0.025 0.079 8.379 18.815 0.0047 0.019
12.00 20.4778 0.015 0.046 6.450 14.477 0.0025 0.011
13.00 20.2922 0.009 0.028 5.071 11.380 0.0016 0.007
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mental results even more apparent~see Part II, Ref. 18!.
A measure of the quality of our potential energy curv

for the rare gas dimers is given by their capability of rep
ducing rovibrational spacings and transport properties
well as by the degree of accuracy they furnish in the cal
lation of the second gas virial coefficients. At temperatu
high enough that quantum-statistical effects can be
glected, the second gas virial coefficient of a diatomic m
ecule can be obtained by the classic expression41

B~T!522pNAE
0

`

~exp2@V~R!/kT#21!R2dR. ~3!

At very low temperatures quantum effects become
portant, and the classical integration is substituted by an
propriate quantum expression, containing a so-called ‘‘p
fect gas’’ contribution, a contribution from the rovibration
bound states and a dynamical contribution associated
the scattering phase shifts.42–44

The gas virial coefficients have been determined exp
mentally by several authors.41 A wide range of temperature
was covered in the work of Wiebeet al.,45 White et al.,46

FIG. 5. The interaction induced static hyperpolarizability of Ar2 obtained at
the CCSD/d-aug-cc-pVQZ-33211 level compared to the CCSD/d-aug-cc-
pVTZ-33211 results of Ref. 7.

TABLE IV. Argon. CCSD results for Ar2 in the d-aug-cc-pVQZ-33211
basis set for the dependence of the polarizabilitiesDaave andDaani ~in a.u.!,
and the hyperpolarizabilityDg i ~in a.u.! on the interatomic distanceR ~in
a.u.!.

R Daave Daani Dg i

5.50 20.21327 3.19923 272.5366
6.00 20.10604 2.72571 282.2740
6.50 20.03473 2.32834 262.8980
6.75 20.01213 2.14717 250.1890
7.10 0.00811 1.91131 232.9991
8.00 0.02326 1.40366 22.4230
9.00 0.01775 1.00010 9.0222

10.00 0.01063 0.72823 9.1699
12.00 0.00349 0.41801 4.2673
15.00 0.00086 0.21280 1.1246
20.00 0.00015 0.08951 0.1651
30.00 0.00001 0.02648 0.0091
s
-
s
-
s
e-
l-

-
p-
r-

th

i-

Witonsky and Miller,47 Gammon,48 Kell et al.,49 Kemp
et al.,50 and Kalfoglou and Miller51 on the helium dimer. For
the Ar2 complex, Hahnet al. determined the coefficient in
the 200.5–493.0 K range,52 whereas Schramm and Hebge
measured it at lower temperatures.53 A considerable amoun
of data is also available, for instance, in the work
Michels.54,55

Aziz et al. have calculated gas virial coefficients for
large number of temperatures within 2.6 and 623.15 K us
their analytical representation of theab initio potential35 and
have claimed an accuracy that exceeds that of experim
We have computed semiclassical values ofB(T) for the he-
lium gas by employing both our FCI/d-aug-cc-pVTZ-3321
potential curve and the curve obtained by adding the diff
ence between the CCSD~T!/d-aug-cc-pV5Z-3321 and the
CCSD~T!/d-aug-cc-pVTZ-3321ab initio results to the FCI/
d-aug-cc-pVTZ-3321 data~results labeled ‘‘FCI/Corr’’ in
Table IV and Fig. 6, see below!. A CCSD~T! potential curve
was employed in the calculation ofB(T) of argon.56 In the
Tables V and VI we compare our results with those we o
tained employing the semiempirical potential determined
Aziz et al. ~see Ref. 35 for He2 and Ref. 57 for Ar2) and with
experiment. The comparison is also shown in Figs. 6 and
The integration in Eq.~3! requires accurate knowledge of th
integrand at a quite large range of internuclear distances,
in particular—for the interval of temperatures of the tables

TABLE V. Helium. The gas viral coefficient,B(T) in cm3 mol21. We report
results obtained using both the FCI/d-aug-cc-pVTZ-3321 and FCI/d-aug-cc-
pVTZ-3321 corrected potential curves~see text!, those obtained in this work
using Azizet al. potential curve~Ref. 35! and the experimental data.

T/K FCI FCI/Corr. Aziz Expt Ref.

50.09 7.42 7.36 5.75 8.06 46
55.00 8.24 8.18 6.72 8.96 46
60.03 8.91 8.85 7.51 9.55 46
69.00 9.80 9.75 8.59 10.30 46
75.01 10.24 10.20 9.13 10.70 46
80.02 10.54 10.50 9.50 11.01 46
90.04 11.01 10.97 10.08 11.60 46

100.02 11.34 11.31 10.51 11.85 46
125.03 11.83 11.80 11.17 12.18 46
150.04 12.05 12.02 11.49 12.15 46
175.02 12.12 12.10 11.65 12.24 46
200.11 12.12 12.10 11.71 12.23 46
203.00 12.12 12.10 11.71 11.9 45
238.00 12.05 12.03 11.70 11.9 45
249.99 12.01 11.99 11.68 12.15 46
273.00 11.93 11.92 11.63 11.7 45
273.16 11.93 11.91 11.63 12.08 46
299.99 11.83 11.82 11.56 11.99a 46
303.00 11.82 11.81 11.55 11.4 51
323.00 11.74 11.73 11.49 11.4 45
373.00 11.54 11.53 11.32 11.3 45, 51
448.00 11.24 11.23 11.06 10.9 47
473.00 11.15 11.13 10.98 10.9,10.7 45, 51
523.00 10.96 10.95 10.81 10.7 47
573.00 10.78 10.77 10.65 10.3 51
598.00 10.70 10.69 10.57 10.7 47
673.00 10.45 10.44 10.34 9.7 47
748.00 10.23 10.22 10.13 9.7 51, 47
773.00 10.16 10.15 10.06 9.4 51

aAlso 11.7, atT5296.15 K, Ref. 66.
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the contribution at low internuclear distances is still sizeab
To be able to stretch the integration limit well beyond t
range of values for which we have computed the curve,
have fitted the calculated points to the same functional fo

TABLE VI. Argon. The gas virial coefficient,B(T) in cm3 mol21. Together
with the results obtained using the CCSD~T! potential curve~Ref. 56! we
give in the table also those obtained in this work using Aziz’s potential~Ref.
57! and the corresponding experimental estimates.

T CCSD~T! Aziz Expt. Ref.

50.0 2766.7 2773.3
60.0 2510.8 2504.7
70.0 2374.0 2364.2
77.3 2309.4 2298.7 2303.0 53
80.0 2290.1 2279.4
87.2 2247.7 2236.9 2239.0 53
90.2 2232.9 2222.3 2224.0 53

100.0 2193.7 2183.4
120.0 2140.3 2131.2
140.0 2106.6 298.6
160.0 283.5 276.3
180.0 266.6 260.3
200.5 253.6 247.9 247.7 52
210.9 248.1 242.7 242.4 52
220.0 243.8 238.7
231.5 239.0 234.1 243.1 52
251.5 231.9 227.4 227.4 52
273.2 225.5 221.4 221.6 52
280.0 223.7 219.8
296.0 219.9 216.2 216.2a 52
308.0 217.4 213.9 214.0 52
320.0 215.1 211.7
340.0 211.6 28.5
360.0 28.6 25.7
374.0 26.8 24.0 213.8 52
395.0 24.2 21.6
413.8 22.2 0.2 0.8 52
430.0 20.6 1.7
453.4 1.4 3.6 4.0 52
493.0 4.3 6.3 7.0 52

aAlso 216.2, atT5296.15 K, Ref. 66.

FIG. 6. The second gas virial coefficientB(T) of helium. Comparison of
results obtained at the FCI level with and without basis set correction~see
text! with those obtained with the Azizet al. analytical potential~Ref. 35!
and with experiment.
.

e

as that used by Aziz and co-workers.35,57 The results in the
tables show an excellent agreement in the whole range
temperatures. We do not expect that the residual disag
ment between calculations and experiment might be du
quantum effects, especially for helium, since for4He Aziz
et al. have shown that the effect of the single bound state
the dimer is negligible at all temperatures, whereas tha
scattering in the continuum dominates everywhere and
essentially the one that corresponds to the semiclass
approximation.44 Thus, our semiclassical values agree w
experiment and with the quantum statistical results of A
also at temperatures below 50 K. This might be different
the argon dimer, which supports a larger number of bou
states. However, no experimental data are available for t
peratures lower than 77 K for argon gas, cf. Table VI.

In Tables VII–X we present the parameters of lea
square fits of analytic functions to the calculated points
the interaction induced properties. These functions reprod
accurately theab initio calculated points in the investigate

FIG. 7. The second gas virial coefficientB(T) of argon. Comparison of
results obtained with the CCSD~T! potential of Ref. 56 with those obtaine
with the Aziz et al. semiempirical analytical potential~Ref. 57! and with
experiment.

TABLE VII. Helium. Parameters of the least square fits of the functi
Pfit(r )52D exp(2(r2s)2/r)1A6r

26 to the interaction induced isotropic
polarizability Daave and Cauchy momentDSave(24) calculated at the
CCSD/d-aug-cc-pVTZ-3321, CCSD/d-aug-cc-pV5Z-3321, and FCI/d-aug-
cc-pVTZ-3321 levels and to the extrapolated FCI/d-aug-cc-pV5Z-3321 re-
sults.

CCSD/pVTZ CCSD/pV5Z FCI/pVTZ extr. FCI/pV5Z

Daave

s 21.8364 22.2863 22.0519 22.5288
D 4.4949 6.5401 5.5801 8.3152
r 7.3468 7.8978 7.5696 8.1515
A6 39.164 43.066 43.090 47.094

DSave(24)
s 21.3660 21.2421 21.1651 21.0570
D 5.7349 5.2117 5.0684 4.6597
r 7.8152 7.5957 7.4685 7.2720
A6 116.944 111.708 114.914 110.136
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range of distances~3–13 a.u. for He2 and 5.5–30.0 a.u. fo
Ar2) and can also be employed to extrapolate the interac
properties at large distances. They can be used to eva
the integrals in the calculation of the dielectric, the refract
ity, the Kerr and the hyperpolarizability second virial coef
cients.

The dipole-induced-dipole~DID! model suggests the
functional form of the functions employed for the fits at lar
distances.13,8 Thus, the long range leading terms for the a
erage polarizability, the anisotropy and the hyperpolariza
ity depend onR asR26, R23 andR26, respectively, see als
Refs. 40, 58, 59. Buckinghamet al.60 have obtained closed
form expressions which account for all powers ofR, also for
the mean second hyperpolarizability. Exponential-type sh

TABLE VIII. Helium. Parameters of the least square fits of the functi
Pfit(r )5exp(2(r2s)2/r)1A3r

231(n50
2 A612nr

2622n to the interaction in-
duced polarizability anisotropyDaani and Cauchy momentDSani(24) cal-
culated at the CCSD/d-aug-cc-pVTZ-3321, CCSD/d-aug-cc-pV5Z-3321,
and FCI/d-aug-cc-pVTZ-3321 levels and to the extrapolated FCI/d-aug-cc-
pV5Z-3321 results.

CCSD/pVTZ CCSD/pV5Z FCI/pVTZ extr. FCI/pV5Z

Daani

s 2.8387 2.8426 2.8569 2.8609
r 0.6104 0.6085 0.6076 0.6057

A3 11.083 11.010 11.438 11.364
A6 51.695 57.018 50.835 56.140
A8 6878.4 6909.0 7100.6 7135.3

A10 235046 235307 236067 236348

DSani(24)
s 3.6249 3.6144 3.6343 3.6243
r 0.7184 0.7154 0.7146 0.7116

A3 23.756 23.648 24.488 24.378
A6 1328.8 1280.2 1326.4 1278.8
A8 7299.0 7763.7 7737.6 8200.8

A10 268316 269711 270439 271849

TABLE IX. Helium. Parameters of the least square fits of the funct
Pfit(r )52exp(2S1(x2R1))1D2 exp(2S2(r2R2)

2)1A6r
261A8r

28 to the in-
teraction induced isotropic hyperpolarizabilityDg i and hyperpolarizability
dispersionDg i3A calculated at the CCSD/d-aug-cc-pVTZ-3321, CCSD/d-
aug-cc-pV5Z-3321, and FCI/d-aug-cc-pVTZ-3321 levels and to the extrap
lated FCI/d-aug-cc-pV5Z-3321 results.

CCSD/pVTZ CCSD/pV5Z FCI/pVTZ extr. FCI/pV5Z

Dg i

R1 4.0724 4.0892 4.0739 4.0736
S1 3.3223 3.3312 3.3163 3.3267
D2 29732.4 23871.2 210087.1 23121.4
R2 26.7338 25.2774 26.7274 24.9459
S2 0.0571 0.0664 0.0573 0.0687
A6 12257 6290 13868 8064
A8 333134 384945 324004 353917

Dg i3A
R1 4.2663 4.2354 4.2829 4.2485
S1 3.1195 3.1789 3.0905 3.1482
D2 21261.5 2891.21 21361.18 2952.18
R2 22.9361 22.4029 22.9976 22.4496
S2 0.0743 0.0803 0.0741 0.0803
A6 45138 31368 51179 37497
A8 341208 412986 310285 376052
n
ate
-

-
l-

rt

range models have been proposed for example by Pro
et al.61,62 for the average interaction polarizability and b
Proffitt et al.63 and by Meinanderet al.64 for the anisotropy,
see also Refs. 13, 58. Dacre discusses several expone
models for the short range interaction anisotropy, a
checked functions of the formDaani5A/R31B/R6

2C exp2DRx
. Several attempts have been made to find

best functional forms to obtain reliable fits of the propert
for a range of internuclear distances as large as possible.
models employed in Tables VII–X correspond to the cho
that best mimics the properties. The fits for He2 are used in
Ref. 18 for the calculation of the virial coefficients of heliu
gas to supplement theab initio calculated data for the inter
action induced properties beyond 13 a.u., when the lo
range contribution is important.

IV. CONCLUSIONS

We have reported the results of the first electron cor
latedab initio calculations of the frequency-dependent inte
action induced~hyper-! polarizabilities of He2 and have im-
proved the calculations of the static interaction induc
~hyper-! polarizabilities of Ar2. The combination of these
two calculations allows, for the first time, to compare d
rectly the experimentally measured pressure dependenc
ESHG hyperpolarizabilities withab initio calculated hyper-
polarizability second virial coefficients~see Part II, Ref. 18!.

We find that going beyond thed-aug-cc-pVTZ-3321
with the basis set and introducing correlation effects beyo
the CCSD level has very small effects of equal magnitu
for the isotropic propertiesDaave, Dg i , DSave(24), and
D(g i3A), whereas the higher-order correlation effects a
considerably more important, although still small, for t
potential energy and for the anisotropic properties,Daani and
DSani(24).

For Ar2, the isotropic interaction induced properties a
considerably more sensitive to the choice of the one-part
basis set. Even more important, we show in Part II that, d
to a near cancellation of positive and negative regions of
weighted integrand, the balance between these region
critical for the accuracy of the second virial coefficients f
these properties.

TABLE X. Argon. Parameters of the least square fits of the funct
Pfit(r )52exp(2(r2s)/r)1(n50

3 A612nr
2622n to the interaction induced po-

larizability average Daave, Pfit(r )52exp(2(r2s)/r)1A3r
23

1(n50
2 A612nr

2622n to the interaction induced polarizability anisotrop
Daani , and of Pfit(r )5D1 exp(2S1(r2R1)

2)1D2 exp(2S2(r2R2)
2)1A6r

26

to the interaction induced isotropic hyperpolarizabilityDg i of Ar2 calculated
at the CCSD/d-aug-cc-pVQZ-33211 level.

Daave Daani Dg i

s 6.1589 s 6.8654 D1 2610.46
r 0.7028 r 0.7635 R1 3.2433
A6 8876.3 A3 724.35 S1 0.1248
A8 2450859 A6 256735 D2 59.043
A10 1.23183108 A8 8.56643106 R2 23.9056
A12 21.76603109 A10 28.49893107 S2 0.0130

A6 6.42543106



-
ty

i

a
ar
-
an

,

s

s.

ys.

rd,

is
str
n
es
n

bo
t o

nd

.

.

K.
-
n,

nd

s.

hem.

.

10107J. Chem. Phys., Vol. 111, No. 22, 8 December 1999 Properties of He2 and Ar2 . I
ACKNOWLEDGMENTS

One of the authors~C.H.! thanks the European Commis
sion for financial support through the Training and Mobili
of Researchers~TMR! Program~Grant No. ERBFMBICT
96.1066!. B.F. acknowledges a grant from the Spanish D
reccion General de Ensenanza Superior~Ref. PB95-0861!
and supercomputer time from the CESGA. This work h
been supported by the Danish Natural Science Rese
Council ~Grant No. 9600856!. H.K. acknowledges the Carls
berg Foundation and the European Commission for a gr

APPENDIX: CONVERSION FACTORS

Conversion factors from atomic units to SI and to esu65

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

21>4.1341431016 s21;
~2! 1 a.u. of a[e2a0

4me\
22>1.64878310241 C2 m2 J21

>1.64878310247 cm23(esu);
~3! 1 a.u. of g[e4a0

10me
3\26>6.23538310265 C4 m4J23

>5.0366931024 esu.
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