JOURNAL OF CHEMICAL PHYSICS VOLUME 111, NUMBER 22 8 DECEMBER 1999

The effect of intermolecular interactions on the electric properties
of helium and argon. |I. Ab initio calculation of the interaction
induced polarizability and hyperpolarizability in He > and Ar,

Christof Hattig,? Helena Larsen, Jeppe Olsen, and Poul Jérgensen
Department of Chemistry, University of Aarhus, DK-8000 Aarhus C, Denmark

Henrik Koch
Department of Chemistry, University of Southern Denmark, Odense, DK-5230 Odense M, Denmark

Berta Fernandez
Department of Physical Chemistry, Faculty of Chemistry, University of Santiago de Compostela,
E-15706 Santiago de Compostela, Spain

Antonio Rizzo
Istituto di Chimica Quantistica ed Energetica Molecolare del Consiglio Nazionale delle Ricerche,
Via Risorgimento 35, 1-56126 Pisa, Italy

(Received 21 July 1999; accepted 16 September)1999

The frequency-dependent interaction induced polarizabilities and second hyperpolarizabilities are
calculated for Heat the coupled cluster singles and doubles and full configuration interaction levels
and for Ar, 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 irityped)
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 ahndnitio calculated
hyperpolarizability second virial coefficients. @99 American Institute of Physics.
[S0021-960609)31146-9

I. INTRODUCTION duced polarizabilities and hyperpolarizabilities for the, Ar
. ) . ) i van der Waals complex for a range of internuclear distances.
The interaction of molecules and light is an importantrye frequency-dependence of the properties was accounted
research topic in chemistry and physics, both experlmentall¥0r through the expansion in the frequency arguments in

and theoretically. Linear one-photon optical processes can b[%rms of Cauchy moments and hyperpolarizability dispersion

obs_erved with conventlongl light sodrces, wher_eas _the X oefficients. We used the coupled cluster singles and doubles
perimental study of nonlinear optical effects is directly

linked to lasers. The high intensity and the coherence tharPEthOd(CCSD)’ which is known to describe dynamical cor-

can be achieved with them make it possible to detect muIti—reIatlon very efficiently and to be size-extensive, and se-

photon second-, third-, and higher-order optical effécts. lected an adequate basis set within Dunning’s series. The
From a computational point of view, highly electron corre- results were employed to compute the dielectric, refractivity,

lated methods as well as large basis sets are required to o€+ @nd hyperpolarizability second virial coefficients and
tain results that compare well with experiment and have prell MOst cases good agreement with the available experimen-

dictive power. tal data was found. Basis set incompleteness was found to be
Accurate determination of frequency dependent polarizlhe largest source of error. Another source of error for the
abilities and hyperpolarizabilities of molecules is importantcomparison of the hyperpolarizability second virial coeffi-
for the description of nonlinear optical experiments and itcient with a recent ESHG experiment was the unknown ac-
has become possible using recent response function aguracy of the second virial coefficient for the hyperpolariz—
proaches. A more complex situation is encountered if one igbility of helium gas. This is needed since the experiment
interested in the pressure-dependence and therewith also povided only data for the hyperpolarizability ratios between
the temperature-dependence of linear and nonlinear optic&lvo gases. For the hyperpolarizability virial coefficient of the
properties. This requires the determination of second antielium gas we used aab initio value for the static limit
higher virial coefficients for the optical properties under in- result, which has been calculated quite recehiijne disper-
vestigation. In a previous articleve reported interaction in- sion of the hyperpolarizability was thus not accounted for.
Considering this, we proceed here by improving some of the

dpresent address: Forschungszentrum Karlsruhe, Institute of Nanotechnd?ﬁrZ results using a Iarge_r bo_’:l_SIS set and evalqate__the
ogy, P.O. Box 3640, D-76021 Karlsruhe, Germany. frequency-dependent polarizability and hyperpolarizability
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for the He dimer with a technique similar to that used for hyperpolarizabilities for the Hevan der Waals complex us-
Ar,. ing the coupled cluster singles and douhl€E€SD and the

A considerable number of publications on these properfull configuration interaction(FCI) methods and improved
ties is available in the literature. The theoretical studies highCCSD calculations for the static interactifimyper) polariz-
light the difficulties encountered in evaluating contributionsabilities of Ar,. In a companion papéfPart 11" below ), we
which are small compared to the properties of the noninteremploy these results to compute semiclassically the appro-
acting monomers. Among the most recent studies, Fowlepriate second virial coefficients.
et al. determined the Hepair polarizability functions and The article is organized as follows: In Sec. Il the basic
studied their long-range behavior, finding that between 5 an@quations are summarized and the computational procedures
8 bohr theR™® and R™® terms can be considered equally are described, in Sec. Ill we present and discuss the results,
important in the parallel contribution, and that between 3 and@nd in the last section we give some concluding remarks.
4.5 bohr theR™ 8 term dominates the power series expansion
for the perpendicular contributichTo evaluate the dynamic |l COMPUTATIONAL DETAILS
polarizabilities they used an electron uncorrelated method The interaction induced polarizabilit a(— w; ) and

and a basis set containing upftéunctions. the parallel component of the second hyperpolarizability

Moszynskiet al. applied the symmetry-adapted pertur- Ay, (wo;w;,w,,w3) (We use the symba to indicate inter-
bation theory(SAPT) to the study of the interaction-induced action induced; see Ref. 7 for details on definitions and no-
polarizability of He.'"'> When the results were used in tationg depend on both the internuclear distance of the dimer
quantum-statistical calculations of the binary collision-and the frequency arguments of the property. To reduce the
induced Raman spectra, the agreement with experiment wa®mputational costs of the calculations we follow the ap-
found to be quite good. The authors also calculated the diproach devised in Ref. 7 and expante(— w;w) and
electric second virial coefficients, including first and secondA y,(wg; w4, w,,w3) as power series in the frequency argu-
order quantum correctiolisand with a fully quantum statis- ments truncated to second order, i.e. after the lowest-order
tical method® The quantum effects resulted to be significantdispersion contribution,

for temperatures below 50 K. The discrepancies with respec&a(_ w:0)=Aa+ w?AS(—4)+ O, 1)
to experiment were considerable, and the authors suggested
that new measurements should be performed. Ay(wg;wy,0;,03)

Bishop and Dupuis carried out an evaluation of the in- =Ay”+(w§+w§+m§+w§)A(nyA)+(’)(wi“), )

teraction induced hyperpolarizability of the He dimer using

as best correlation treatment the fourth-ordefilbte-Plesset Where wo=—w;—~w,—w3. The polarizabilities, Cauchy
perturbation theory(MP4).2 The results were analyzed in moments[S(—4)], hyperpolarizabilities and hyperpolariz-
terms of long-range dispersion and dipole-induced-dipole ef@bility dispersion coefficient$(yx A)] are calculated for

fects and virial coefficients were evaluated. He, at the FCI and the CCSD levels, and for,Amly at the
The interaction polarizability of the argon dimer at dif- CCSD level. _ _ _
ferent internuclear distances was calculated by Jalial. For the FCI calculations on the helium dimer we used

using second-order KMier—Plesset theoryMP2).: The ap- the d-aug-cc-pVTZ basis set, developed by Dunning and

9-23 :
proximation was not accurate enough to describe the prodv;o—workersl, extended  with %4""2"; uncontracted
erty quantitatively and the results were far away from the(3S3P2d1f) set of midbond functions.”> At the CCSD
experimental data. level we have used thé-aug-cc-pV5Z basis set, augmented

The various experimental results for the second dielec?Vith the same set of midbond functions. The same set has

tric virial coefficients for hyperpolarizabilities show some 2/SC been employed in the coupled cluster singles and
discrepancie&’~1 Only few measurements have been r.doubles with connected triplg€CSD(T)] calculations of the

orted for the pressure dependence of second hvper olar'thential energy. In the following, we will denote the two
P P . P Yperp Isets as ‘d-aug-cc-pVTZ-3321” and ‘d-aug-cc-pV5Z-

abilities, in particular for the ESHG process. See, for ex- 301 ivelv. Th h based udv f
ample, Refs. 14—-17. In one of the most recent studies Donle , Tespectively. They were chosen based on a study for
e, at the equilibrium distanc®,=5.6 a.u., and whose re-

and Shelton measured the electric field induced second 93Uits are summarized in Table I. The basis set convergence is
eration (ESHG hyperpolarizability ratios y=>"%Ar)/ : 9

quite different at the CCSD and at the FCI level for the
YU(HD), YNy ), and yFTHY)/ interaction potential/(R). Changes with basis sets similar to
y>"qHe) as a function of the density with a 0.1% accuracythose seen at the FCI level are first obtained with COSD

at a wavelength of 514.5 nifi.’ For the interaction inducethypery polarizabilities instead

A way of checking the quality of these data and of thethe changes with the basis set at the CCSD level and at the

underlying model employed in the expansion in virial coef-FCI level proceed very much in parallel. Thus, for the aver-
ficients is provided byab initio calculations of accurate ageAa,, the anisotropyA a,, and for Ay, calculated in
curves for the interaction induced properties followed by thethe d-aug-cc-pVTZ-3321 basis set at the FCI level the dif-
evaluation of the virial coefficients using either a semiclasference between the CCSD results in tth@ug-cc-pV52Z-
sical approximation or a full quantum descriptith? In 3321 and thal-aug-cc-pVTZ-3321 sets should provide a re-
this paper we report the results of accurate calculations of thikable estimate of the remaining basis set error. After adding
frequency-dependent interaction induced polarizabilities anthese corrections to the F@laug-cc-pVTZ-3321 results we
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TABLE |. Helium. Basis set study for the potentiland the interaction induced changes of the polarizabilitigs and «,,; and the hyperpolarizability,
for He, at R,=5.6 a.u. The numbers in parentheses are the differences to the results obtained with basis set immediately above in the table, i.e., for the
d-aug-cc-pVQZ-3321 the difference between this basis and the results obtained wdtaulgecc-pVTZ-3321 basis.

V/10~ ¢ a.u. Aagd10 % a.u. Aa,,/107 % a.u. Ay la.u.
Basis set CCsD CCSDT) FCI CCsD FCI CCsD FCI CCsD FCI

aug-cc-pvDZ-3321 —27.9890 —32.1947 —33.3786 —-1.513 —-1.372 61.248 63.340 —-1.1992 —-1.1630
d-aug-cc-pVDZ-3321 —28.7950 —33.0038 —34.0725 —-1.271 —-1.128 61.086 63.171 —0.8564 —0.8136
(—0.8060 (—0.8091 (—0.6939 (0.242 (0.249 (—0.162 (—=0.169 (0.3428 (0.3499
d-aug-cc-pVTZ-3321 —28.7168 —33.3251 —34.3923 -1.171 —1.048 59.931 62.023 —0.9115 —0.8821
(0.0782 (—0.3213 (—0.3199 (0.100 (0.079 (—1.155 (—1.148 (—0.0552 (—0.0686
d-aug-ccpVQZz-3321 —28.7894 —33.5571 —34.6103 -1.122 —0.995 59.858 61.957 —0.9048 —0.8760
(—0.0726 (—0.2320 (—0.2180 (0.049 (0.059 (—0.073 (—0.0609 (0.006% (0.0062

d-aug-cc-pV52-3321 —28.8513 —33.6612 —1.108 59.787 —0.8993

(—0.0619 (—0.1041 (0.019 (—0.07) (0.0055

d-aug-cc-pV62-3321 —28.8892 —33.7201 —-1.109 59.774 —0.8961

(-0.0379  (—0.0589 (—0.001 (-0.013 (0.0032

expect an accuracy of a few percent for these propertieshe integral-direct coupled cluster program described in Refs.
depending on the distance. For the interaction potential 29—33, which is part of theALTON program packag¥:

good basis set correction is obtained by adding the difference

between the CCSO)/d-aug-cc-pV5Z-3321 and the Ill. RESULTS AND DISCUSSION
CCSOT)/d-aug-cc-pVTZ-3321 potential energy curves to
the FClH-aug-cc-pVTZ-3321 results. In the calculations on
He, all four electrons have been correlated.

The interaction induced polarizability and hyperpolariz-
ability of the argon dimer have recently been investigated
using the CCSD response approach andraug-cc-pVTZ-
33211 basis set, where “33211" denotes a&8p2d1f1g)
set of midbond function&"?°In Ref. 7 it was found that, due
to a cancellation of a large positive and a large negativ
contribution, the final results for the second virial coeffi-

fr'gt]tzt\évgrev\\//:rzhsoeslsmlj_;a ti(ac_cr:;)_ll_cze_scg‘ztff E::z Ss,zt{ Iﬂ has the flexibility to describe very accurately the intermo-
y g P ' lecular interaction in the helium dimer; the FCI results for

since it provided an acceptable compromise between accyr equilibrium distance,, and for the well depttD, are

racy and computatlonal CQStS for the calgglatlon of both th(?/\/ithin, respectively, 0.2% and 0.9% of the HFD-B3-FCI1
static properties and the dispersion coefficients. The calcula-
. values. Very recently van de Bovenkamp and van
tions showed, however, that the frequency-dependence of the

interaction induced properties, and thereby also the disper-

In Fig. 1 we have plotted the potential energy curves
obtained at the CCSD/aug-cc-pVTZ-3321, the CCSB/
aug-cc-pV52-3321, the CCSD)/d-aug-cc-pVTZ-3321 and
the FCld-aug-cc-pVTZ-3321 levels in comparison with the
HFD-B3-FCI1 and potential of Aziet al,*® which is cur-
rently considered as the most accurégemiempirical po-
tential for He. The plot shows clearly that although the
d-aug-cc-pVTZ-3321 basis set was chosen as a compromise
between accuracy and computational costs for the interaction
induced(hypery polarizabilities and dispersion coefficients,

sion of the virial coefficients, make a relatively small contri- He,

bution to the total results for Ar A computational more 20 S ’ :

balanced approach for obtaining accurate results is therefore o e vant crnts wers)

to calculate the less expensive static properties with a higher 10+ D e B (e ™) r

level basis set, and combine the static values with dispersion 1 % | - HFD-B3-FCIL (A2iz et al., Ref. 30)

coefficients computed at a lower level. For the argon dimer 0

we calculated new, improved curves for static interaction °

induced polarizabilities and hyperpolarizabilities using the & -101 i

larger d-aug-cc-pVQZ-33211 basis set, and combined them =

with the dispersion coefficients obtained in Ref. 7 with the & 20- cosp danpenprizaoat o o [

d-aug-cc-pVTZ-33211 basis set. In the calculations on the 1 COSDI dangocpviroon 564 594

argon dimer we have frozen the occupation of the lowest ten -30 Foewgeezos  se sas [

orbitals, which correspond to thes32s?2p® core of the ar- 1 ‘ S

gon atoms. ®Te e 7 8 s 1o
All reported interaction energies and interaction induced R/ au

properties are counterpoise corrected using the scheme by
6 .

Boys and Ber:;?r&' For the FCI Cal.CUIatlons We, used the FIG. 1. Potential energy curves for the helium dimer calculated at various

LUCIA prograrm. The_ CCSD calculations are carried Ol_Jt US- jevels of approximation in comparison with the HFD-B3-FCI1 potential of

ing the implementation of the CCSD response apprgsich — Ref. 35.
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FIG. 2. The interaction induced change of the static isotropic polarizabilty ~ FIG- 4. The interaction induced polarizability anisotropy in,He

in He, at various levels of approximation.

d-aug-cc-pVTZ-3321 basis sets are almost indistinguishable
Duijnefeldt® obtained a best estimate for the interaction po-on the scales of Figs. 2 and 3. The same holds in the case of
tential at R=5.6a.u of 10.990.02K or 34.86:0.06 the lowest-order dispersion coefficients for these properties,
%10 ®a.u. from a large MRCI calculation and a basis setAS,,{ —4) andA(y,xA). Only for the induced polarizabil-
incompleteness correction calculated at the CASDevel. ity anisotropy A g, shown in Fig. 4, and for the corre-
Our FCld-aug-cc-pVTZ value for the interaction potential is sponding induced Cauchy momeatS,,(—4) the differ-
within 1.2% of this benchmark result; at the F@GHug-cc- ences between the FCI and the CCSD results are somewhat
pVQZ level the difference is reduced to 0.5%. The CCSDlarger, but they are still small compared to the effect on the
potential curves, on the other hand, are off by about 20%otential energyv. The final results at the F@Haug-cc-
around the equilibrium distance, although they are asymppVvTZ-3321 and CCSDRFaug-cc-pV5Z-3321 levels for 25
totically correct. The CCSQ) potential recovers about 80% interatomic distances are collected in Tables Il and llI.
of the correlation effects beyond CCSD. This shows the  The interaction induced static polarizabilitya,,e Of
well-known fact that for such weakly bound van der WaalsHe, has been computed previously by D4€rat the SCF
complexes the inclusion of at least connected triples in thand configuration interaction singles and doub{€SD)
correlation treatment is mandatory to obtain accurate poterievels. Bishop and Dupuis have recently calculated,,,
tial energy curve$!~**It is therefore surprising that correla- andA y, at the SCF, MP2, and MP4 levels using a basis set
tion effects, beyond the CCSD level, apparently have onlyf 59 functions on each helium atdhihe results of Dacre
minor effects on the isotropic interaction induced polarizabil-and those of Bishop and Dupuis are in reasonable good
ity Aag,eand the hyperpolarizabilith v, shown in Figs. 2 qualitative, but not quantitative, agreement with our results
and 3, respectively. In the range of distances investigatefbr the static interaction induced properties. The trends in the
here, 3-13 a.u., the CCSD results in tth@ug-cc-pVTZ-  SCF, MP2, and MP4 results of Ref. 8 support our finding
3321 andd-aug-cc-pV5Z-3321 and the FCI results in the that the static interaction induced properties are only moder-

ately sensitive to the level of the correlation treatment.
In Table IV we have collected the static interaction in-

2 . ‘ He, . . duced polarizability and hyperpolarizability for the argon
] dimer, calculated at the CCSibaug-cc-pVQZ-33211 level.
o pmBeBB8 s 8 = The improved results for the interaction induced hyperpolar-
] ® izability Ay, are shown in Fig. 5 in comparison with the
-2+ d-aug-cc-pVTZ-33211 results taken from Ref. 7. As antici-
“ I pated in Ref. 7, the positive branch afy,(R), i.e., forR
g 47 >8 a.u., becomes somewhat smaller in the more complete
3 _6_' P Yt basis .set—on thg average by about 15%—-20%. Also for the
5 ] 0" cosp areepvrzanat negative branch, in particular in the range of 5.5-6.0 a.u., the
-8 - absolute values in thd-aug-cc-pVQZ-33211 basis set be-
1 come slightly smaller, opposite to what has been estimated in
-101 Ref. 7 based on theaug-cc-pVQZ-33211 result for an in-
12 . . - . ternuclear distance of 7.0 a.u. Nevertheless, these changes in
4 6 8 10 12 the curve forA y(R) result in a considerable decrease of the
R/ au weighted integral entering the hyperpolarizability second

FIG. 3. The interaction induced change of the static isotropic hyperpolarizVirial coefficientB,,, which will make the disagreement be-

ability in He,.

tween the semiclassical approximation f8r, and experi-
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TABLE II. Helium. FCI results for Hein thed-aug-cc-pVTZ-3321 basis set for the dependence of the potential

Properties of He, and Ar,. |

V (in 10 ®a.u.), the interaction induced polarizabilitidsy,,. and Aa,, (in 10 %a.u.), Cauchy moments
AS, . —4) andAS,,(—4) (in 10 % a.u.), hyperpolarizabilith y, (in a.u), and hyperpolarizability dispersion
A(y;XA) in (a.u) on the interatomic distand® (in a.u,).

R \ A Qave ASave( - 4) Aa’ani ASani( - 4) A Vi A('}’H X A)
3.00 12058.7808 —132.476  —339.090 174.603 283.439 —11.2692 —29.7428
3.50 3566.7686  —71.650 —212.383 131.981 174.013 —9.8709  —29.0999
4.00 944.7841 —33.684 —114.433 112.790 158.382 —6.7124  —21.2324
4.15 610.6509  —26.229 —92.936 107.842 157.809 —5.8095 —18.7754
4.30 383.1701 —20.205 —74.762 102.911 157.220 —49741 —16.4366
4.45 229.9731 —15.391 —59.583 97.955 156.136 —4.2166 —14.2584
4.60 128.1917 —11.585 —47.045 92.977 154.309 —3.5411 —12.2650
4.80 45.3906 —=7.770 —33.824 86.365 150.582 —2.7669 —9.9112
5.00 0.5364 —5.068 —23.881 79.872 145.464 —2.1289 —7.9027
5.10 —12.8184 —4.040 —19.918 76.703 142.456 —1.8567 —7.0223
5.20 —22.0063 —3.188 —16.523 73.600 139.201 —1.6131 —6.2199
5.40 —31.7459 —1.905 —11.160 67.631 132.112 —1.2030 —4.8325
5.60 —34.3923 —1.048 —7.313 62.023 124.514 —0.8821 —3.7052
5.80 —33.3218 —0.491 —4.597 56.812 116.689 —0.6346 —2.8017
6.00 —30.4918 -0.139 —2.713 52.009 108.870 —0.4463 —2.0866
6.50 —21.7544 0.226 —0.282 41.750 90.380 —0.1596 —0.9200
7.00 —14.5979 0.267 0.480 33.724 74.415 —0.0322 —0.3353
7.50 —9.7126 0.217 0.604 27.503 61.299 0.0173 —0.0676
8.00 —6.5306 0.156 0.526 22.676 50.776 0.0318 0.0398
8.50 —4.4699 0.109 0.410 18.901 42.394 0.0321 0.0723
9.00 —3.1224 0.075 0.308 15.915 35.704 0.0276 0.0732
10.00 —1.6176 0.038 0.173 11.593 25.973 0.0174 0.0507
11.00 —0.8970 0.022 0.103 8.708 19.476 0.0103 0.0305
12.00 —0.5256 0.015 0.066 6.708 14.981 0.0062 0.0181
13.00 —0.3219 0.010 0.043 5.275 11.770 0.0039 0.0108

TABLE Ill. Helium. CCSD results for Hein the d-aug-cc-pV52-3321 basis set for the dependence of the

potential V (in 10 ®a.u.), the interaction induced polarizabilitidsy,,e and A,y (in 10~ 2 a.u.), Cauchy
momentsAS,,{ —4) andAS,,(—4) (in 10 3 a.u.), hyperpolarizabilityA y, (in a.u), and hyperpolarizability
dispersionA(y, X A) in (a.u) on the interatomic distand® (in a.u).

R \% A Qave ASavé - 4) Aaa\ni ASani( - 4) A Yi A(')/H X A)
3.00 12086.0857 —130.984 —334.376 169.055 274314 —11.2215 —30.1778
3.50 3600.3362 —70.876 —209.056 127.135 166.533 —9.7998 —29.1749
4.00 970.3292 —33.408 —112.685 108.524 151.252 —6.6715 —21.2278
4.15 631.6651 —25.984 —91.562 103.731 150.767 —5.7094 —18.7699
4.30 404.8795 —20.165 —73.709 99.085 150.424 —4.9416 —16.4314
4.45 247.4413 —15.342 —58.794 94.295 149.488 —4.2040 —14.2602
4.60 143.3526 —11.578 —46.472 89.526 147.878 —3.5356 —12.2741
4.80 57.8589 —7.800 —33.471 83.186 144.476 —2.7689 —9.9307
5.00 10.7433 —5.119 —23.687 76.954 139.708 —2.1365 —7.9323
5.10 —3.5919 —4.098 —19.784 73.909 136.882 —1.8666 —7.0567
5.20 —13.6695 —3.249 —16.438 70.927 133.811 —1.6248 —6.2587
5.40 —24.9453 —1.968 —11.150 65.185 127.092 —1.2179 —4.8793
5.60 —28.8513 —1.108 —7.352 59.787 119.858 —0.8993 —3.7587
5.80 —28.8126 —0.545 —4.667 54.767 112.385 —0.6536 —2.8601
6.00 —26.8248 —0.186 —2.801 50.139 104.900 —0.4666 —2.1484
6.50 —19.5528 0.199 -0.381 40.254 87.152 —0.1814 —0.9843
7.00 —13.2315 0.256 0.393 32.520 71.798 —0.0535 —0.3958
7.50 —8.8306 0.218 0.537 26.523 59.165 —0.0023 —0.1209
8.00 —5.9467 0.164 0.473 21.864 49.015 0.0144 —0.0053
8.50 —4.0758 0.119 0.367 18.218 40.923 0.0171 0.0354
9.00 —2.8499 0.085 0.271 15.335 34.466 0.0150 0.0437
10.00 —1.4759 0.044 0.144 11.163 25.081 0.0088 0.0327
11.00 —-0.8171 0.025 0.079 8.379 18.815 0.0047 0.0196
12.00 —0.4778 0.015 0.046 6.450 14.477 0.0025 0.0115
13.00 —0.2922 0.009 0.028 5.071 11.380 0.0016 0.0073

10103
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TABLE IV. Argon. CCSD results for Ay in the d-aug-cc-pvVQZ-33211  TABLE V. Helium. The gas viral coefficienB(T) in cn® mol™L. We report
basis set for the dependence of the polarizabiliieg,,andA a,,; (in a.u), results obtained using both the F&Hug-cc-pVTZ-3321 and FGlfaug-cc-
and the hyperpolarizabilit y, (in a.u) on the interatomic distanc® (in pVTZ-3321 corrected potential curvésee texk, those obtained in this work

a.u). using Azizet al. potential curve(Ref. 35 and the experimental data.
R Aagye Aagn Ay T/IK FCI FCl/Corr. Aziz Expt Ref.
5.50 —-0.21327 3.19923 —~72.5366 50.09 7.42 7.36 5.75 8.06 46
6.00 —0.10604 2.72571 —82.2740 55.00 8.24 8.18 6.72 8.96 46
6.50 —-0.03473 2.32834 —62.8980 60.03 8.91 8.85 7.51 9.55 46
6.75 —-0.01213 2.14717 —50.1890 69.00 9.80 9.75 8.59 10.30 46
7.10 0.00811 1.91131 —32.9991 75.01 10.24 10.20 9.13 10.70 46
8.00 0.02326 1.40366 —2.4230 80.02 10.54 10.50 9.50 11.01 46
9.00 0.01775 1.00010 9.0222 90.04 11.01 10.97 10.08 11.60 46
10.00 0.01063 0.72823 9.1699 100.02 11.34 11.31 10.51 11.85 46
12.00 0.00349 0.41801 4.2673 125.03 11.83 11.80 11.17 12.18 46
15.00 0.00086 0.21280 1.1246 150.04 12.05 12.02 11.49 12.15 46
20.00 0.00015 0.08951 0.1651 175.02 12.12 12.10 11.65 12.24 46
30.00 0.00001 0.02648 0.0091 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
mental results even more apparéste Part Il, Ref. 18 273.00 11.93 11.92 11.63 117 45
A measure of the quality of our potential energy curves ;gg-;g ﬂgg ﬂg; ﬂgg ﬁgg 46 46
for t_he rare_ gas_ dimers is glven by their capability of r_epro- 303.00 11.82 1181 1155 114 51
ducing rovibrational spacings and transport properties ass»3 g 11.74 11.73 11.49 114 45
well as by the degree of accuracy they furnish in the calcu- 373.00  11.54 11.53 11.32 11.3 45, 51
lation of the second gas virial coefficients. At temperatures 448.00  11.24 11.23 11.06 10.9 47
high enough that quantum-statistical effects can be ne-47300  11.15 11.13 10.98 10.9,10.7 45, 51
glected, the second gas virial coefficient of a diatomic mol- gig'gg ig'gg 18'33 ig'gé 18'; gz
ecule can be obtained by the classic expre4sion 598.00 10.70 10.69 1057 10.7 47
" 673.00 10.45 10.44 10.34 9.7 47
B(T)=— ZWNAJ (exp—[V(R)/kT]_ 1)R2d R. 3 748.00 10.23 10.22 10.13 9.7 51, 47
0 773.00 10.16 10.15 10.06 9.4 51

At very low temperatures quantum effects become im-faiso 11.7, atT=296.15K, Ref. 66.
portant, and the classical integration is substituted by an ap-
propriate quantum expression, containing a so-called “per-
fect gas” contribution, a contrlbutlon from the rowb_ratlonal_ Witonsky and Miller”
bound states and a dynamical contribution associated witf, al,5° and Kalfoglou and Mille¥* on the helium dimer. For

; YY)
the scattering phase shiffs: the Ar, complex, Hahret al. determined the coefficient in

The gas virial coefficients have been determined experig, o 200 5-493.0 K rang®whereas Schramm and Hebgen
mentally by several authof$ A wide range of teMperatires measyred it at lower temperatufésh considerable amount
was covered in the work of Wiebet al,™ White et al, of data is also available, for instance, in the work of

Michels 345
Ar Aziz et al. have calculated gas virial coefficients for a
20 . T R SR SR R large number of temperatures within 2.6 and 623.15 K using
BB, I their analytical representation of tla initio potentiaf® and
o ;:F‘FE = have claimed an accuracy that exceeds that of experiment.
| /“ I We have computed semiclassical value®¢T) for the he-
g lium gas by employing both our F@Haug-cc-pVTZ-3321
;,/ potential curve and the curve obtained by adding the differ-
é{ I ence between the CC$D/d-aug-cc-pV5Z-3321 and the
et || CCSDT)/d-aug-cc-pVTZ-3321ab initio results to the FCI/
I d-aug-cc-pVTZ-3321 datdresults labeled “FCI/Corr” in
-60 - Table IV and Fig. 6, see belowA CCSD(T) potential curve
1 D,’ - was employed in the calculation &{(T) of argon®® In the
-so-gg - Tables V and VI we compare our results with those we ob-
‘ : - tained employing the semiempirical potential determined by
6 8 10 12 14 16 18 20 Aziz et al. (see Ref. 35 for Heand Ref. 57 for Ag) and with
R/ au experiment. The comparison is also shown in Figs. 6 and 7.
FIG. 5. The interaction induced static hyperpolarizability of Abtained at The Integration m. Eq(3) requires agcurate knOWIe.dge of the
the CCSDd-aug-cc-pvVQZ-33211 level compared to the CC8Bug-cc-  INtegrand at a quite large range of internuclear distances, and
pVTZ-33211 results of Ref. 7. in particular—for the interval of temperatures of the tables—

Gammorf® Kell etal,*® Kemp

Ay, [/ au
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TABLE VI. Argon. The gas virial coefficienB(T) in cm® mol™*. Together
with the results obtained using the CC@D potential curve(Ref. 56 we
give in the table also those obtained in this work using Aziz's pote(fRiaf.
57) and the corresponding experimental estimates.

T CccsOT) Aziz Expt. Ref.
50.0 —766.7 —773.3
60.0 —510.8 -504.7
70.0 —374.0 —364.2
77.3 —309.4 —298.7 —303.0 53
80.0 —290.1 —279.4
87.2 —247.7 —236.9 —239.0 53
90.2 —232.9 —222.3 —224.0 53
100.0 —193.7 —183.4
120.0 —140.3 —131.2
140.0 —106.6 —98.6
160.0 —83.5 —76.3
180.0 —66.6 —60.3
200.5 —53.6 —47.9 —47.7 52
210.9 —48.1 —42.7 —42.4 52
220.0 —43.8 —38.7
231.5 —39.0 —34.1 —43.1 52
251.5 —-31.9 —27.4 —27.4 52
273.2 —25.5 —21.4 —21.6 52
280.0 —23.7 —19.8
296.0 -19.9 —16.2 -16.2 52
308.0 -17.4 —13.9 —14.0 52
320.0 —-15.1 —-11.7
340.0 -11.6 -85
360.0 —8.6 —-5.7
374.0 —6.8 -4.0 —13.8 52
395.0 —4.2 -1.6
413.8 -2.2 0.2 0.8 52
430.0 -0.6 1.7
453.4 1.4 3.6 4.0 52
493.0 4.3 6.3 7.0 52

#Also —16.2, atT=296.15K, Ref. 66.

the contribution at low internuclear distances is still sizeable
To be able to stretch the integration limit well beyond th
range of values for which we have computed the curve, w
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Argon
L 1 Il I
0 i e =.=n=.=n,—lal.
i /gfm’nﬂ:‘;". 8 |
-50 - ﬁﬂ”s L
! A
- -100 x/x -
s "1 ) |
‘g -150- —a— CCSD(T) L
: i / —e— HFDID1, Ref. 52
= -200 - o Exp. L
3
-250 - { -
-3004 i | i : , ‘ =
100 200 300 400
T/K

FIG. 7. The second gas virial coefficieB{T) of argon. Comparison of
results obtained with the CCSD) potential of Ref. 56 with those obtained
with the Aziz et al. semiempirical analytical potentidRef. 57 and with
experiment.

as that used by Aziz and co-workeérs)’ The results in the
tables show an excellent agreement in the whole range of
temperatures. We do not expect that the residual disagree-
ment between calculations and experiment might be due to
quantum effects, especially for helium, since fite Aziz

et al. have shown that the effect of the single bound state of
the dimer is negligible at all temperatures, whereas that of
scattering in the continuum dominates everywhere and it is
essentially the one that corresponds to the semiclassical
approximatiorf** Thus, our semiclassical values agree with
experiment and with the quantum statistical results of Aziz
also at temperatures below 50 K. This might be different for
the argon dimer, which supports a larger number of bound
states. However, no experimental data are available for tem-

é)eratures lower than 77 K for argon gas, cf. Table VI.

In Tables VII-X we present the parameters of least

have fitted the calculated points to the same functional fom%quare fits of analytic functions to the calculated points of

Helium

12 gg;sﬂw g -
] 9‘/ " . |

e
9

g . FCI
g L -~ FC1/Corr |
~ d —e— HFD-B3-FCI1, Ref. 30
2 v Exp
=
0] -

=

-4 T T T T T T T T T T T T
100 200 300 400 500 600 700
T/K

FIG. 6. The second gas virial coefficieB(T) of helium. Comparison of
results obtained at the FCI level with and without basis set corretiea
text) with those obtained with the Aziet al. analytical potentialRef. 35
and with experiment.

the interaction induced properties. These functions reproduce
accurately theab initio calculated points in the investigated

TABLE VII. Helium. Parameters of the least square fits of the function
Pu(r)=—D exp(—(r—o)¥p)+Agr ® to the interaction induced isotropic
polarizability A, and Cauchy momeniS,,{—4) calculated at the
CCSD#-aug-cc-pVTZ-3321, CCSOfaug-cc-pV52-3321, and FQHaug-
cc-pVTZ-3321 levels and to the extrapolated Fdlg-cc-pV5Z-3321 re-
sults.

CCSD/pVTZ  CCSD/pV5Z  FCl/pVTZ  extr. FCl/pV5Z

Aagye
o —1.8364 —2.2863 —2.0519 —2.5288
D 4.4949 6.5401 5.5801 8.3152
p 7.3468 7.8978 7.5696 8.1515
Ag 39.164 43.066 43.090 47.094
AS,d—4)

T —1.3660 —1.2421 —1.1651 —1.0570
D 5.7349 5.2117 5.0684 4.6597
p 7.8152 7.5957 7.4685 7.2720
A 116.944 111.708 114.914 110.136

[
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TABLE VIII. Helium. Parameters of the least square fits of the function TABLE X. Argon. Parameters of the least square fits of the function
Pau(r)=exp(—(r—0)p)+Agr 3+32_ Ag.onf 2" to the interaction in-  Pg(r)=—exp(—(r—o)/p)+33_sAsnf ° 2" to the interaction induced po-
duced polarizability anisotropi «,,; and Cauchy momem S,,(—4) cal- larizability average  Aagye, P(r)=—exp((r—o)/p)+Agr 3
culated at the CCSB/aug-cc-pVTZ-3321, CCSMfaug-cc-pV5Z-3321,  +32 Ag.,r® 2 to the interaction induced polarizability anisotropy
and FClf-aug-cc-pVTZ-3321 levels and to the extrapolated B@lig-cc- Aag,, and of Py(r)=D; exp(—S(r—Ry)?)+D, exp(—Sy(r—Ry))+Agr
pV52Z-3321 results. to the interaction induced isotropic hyperpolarizability, of Ar, calculated

at the CCSDd-aug-cc-pVQZ-33211 level.

CCSD/pVTZ  CCSD/pV5Z FCl/pVTZ extr. FCl/pV5Z

Aco Aagye Aagy Ay
ani

o 28387 2.8426 2.8569 2.8609 o 6.1589 o 6.8654 D —610.46

p 06104 0.6085 0.6076 0.6057 p 0.7028  p 0.7635 R; 3.2433

Az 11.083 11.010 11.438 11.364 Ag 8876.3 Ag 72435 S, 0.1248

As  51.695 57.018 50.835 56.140 Ag ~450859  As —56735 D, 59.043

Ag 6878.4 6909.0 7100.6 7135.3 Ao 1.2318x10° A, 8.5664<10°F R, —3.9056
Ay —35046 —35307 —36067 —36348 Ap —17660<10° Ay, —8.498%10 S, 0.0130

As  6.425410°
ASyr(—4) °

o 3.6249 3.6144 3.6343 3.6243

p 07184 0.7154 0.7146 0.7116

A; 23756 23.648 24.488 24.378

As 13288 1280.2 1326.4 1278.8 range models have been proposed for example by Proffitt
As  7299.0 7763.7 7731.6 82008 et al5152 for the average interaction polarizability and by
Ay —68316 —69711 ~70439 ~71849

Proffitt et al®® and by Meinandeet al® for the anisotropy,
see also Refs. 13, 58. Dacre discusses several exponential
models for the short range interaction anisotropy, and

range of distance&3—13 a.u. for Hgand 5.5-30.0 a.u. for checked functions of the formAa,,=A/R*+B/R®
Ar,) and can also be employed to extrapolate the interactiowCexp‘DRK. Several attempts have been made to find the
properties at large distances. They can be used to evaluabest functional forms to obtain reliable fits of the properties
the integrals in the calculation of the dielectric, the refractiv-for a range of internuclear distances as large as possible. The
ity, the Kerr and the hyperpolarizability second virial coeffi- models employed in Tables VII-X correspond to the choice
cients. that best mimics the properties. The fits for,Hge used in

The dipole-induced-dipolgDID) model suggests the Ref. 18 for the calculation of the virial coefficients of helium
functional form of the functions employed for the fits at large gas to supplement thab initio calculated data for the inter-
distances3® Thus, the long range leading terms for the av-action induced properties beyond 13 a.u., when the long
erage polarizability, the anisotropy and the hyperpolarizabiltange contribution is important.
ity depend orRasR™ 6, R™3 andR ™8, respectively, see also
Refs. 40, 58, 59. Buckinghaet al®® have obtained closed-
form expressions which account for all powersRyfalso for V. CONCLUSIONS
the mean second hyperpolarizability. Exponential-type short

We have reported the results of the first electron corre-
latedab initio calculations of the frequency-dependent inter-

TABLE IX. Helium. Parameters of the least square fits of the function &Ction inducedhyper) polarizabilities of Hg and have im-

Piu(r) = —exp(=S(x—Ry)+D, exp—S(r—Ry))+Asr 5+Agr 8 to the in-  proved the calculations of the static interaction induced

teraction induced isotropic hyperpolarizabiliyy, and hyperpolarizability (hyper9 po|arizabi|ities of AE The combination of these

dispersionA y, X A calculated at the CCSB/aug-cc-pVTZ-3321, CCSDf : : : i
aug-cc-pV5Z-3321, and FQ@Haug-cc-pVTZ-3321 levels and to the extrapo- two calculatlons_ allows, for the first time, to compare d
lated FClf-aug-cc-pV52-3321 results. rectly the experimentally measured pressure dependence of

ESHG hyperpolarizabilities witlab initio calculated hyper-
CCSD/pVTZ  CCSD/pV5Z  FClpVTZ  extr. FCI/pVSZ  polarizability second virial coefficientsee Part Il, Ref. 18

Ay, We find that going beyond theé-aug-cc-pVTZ-3321
Ry 4.0724 4.0892 4.0739 4.0736 with the basis set and introducing correlation effects beyond
S 3.3223 3.3312 3.3163 3.3267 the CCSD level has very small effects of equal magnitude
D, -97324 ~3871.2 ~10087.1 31214 for the isotropic properties\ e, Ay, AS,d—4), and
R, 6.7338 5.2774 6.7274 4.9459 A(yXA), whereas the higher-ord lati ffect
s, 0.0571 0.0664 0.0573 0.0687 YIXA), ' gher-order correlation effects are
Ag 12257 6290 13868 8064 considerably more important, although still small, for the
Ag 333134 384945 324004 353917 potential energy and for the anisotropic propertieay, and

Ay XA AS;n(—4). ) o o )

R, 4.2663 4.9354 4.2829 4.2485 For Ar,, the isotropic interaction induced properties are
S, 3.1195 3.1789 3.0905 3.1482 considerably more sensitive to the choice of the one-particle
D, —12615 —-891.21 —1361.18 —952.18 basis set. Even more important, we show in Part Il that, due
R, —2.9361 —2.4029 —2.9976 —2.4496 to a near cancellation of positive and negative regions of the
S, 0.0743 0.0803 0.0741 0.0803 weighted integrand, the balance between these regions is
Ag 45138 31368 51179 37497 - i -
A, 341208 412986 310285 376052 critical for the accuracy of the second virial coefficients for

these properties.
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APPENDIX: CONVERSION FACTORS
Conversion factors from atomic units to Sl and to &su,

(1) 1 a.u. ofo=ha,’m,'=4.13414 10" s7%;

(2) 1 au. of a=e’ajmfi 2=1.64878& 10 ** C?m?J?
=1.64878 10 %" cm ¥(esu);

(3) 1 a.u. of y=e*al’m: 6=6.23538<10 %> C*m*J3
=5.0366%K 10°* esu.
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