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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 accurad initio potential for the ground state of the argon dimer. For most of

the computed virial coefficients good agreement is obtained between the @k seitib results and

the available experimental data. 99 American Institute of Physid€0021-960609)00306-3

I. INTRODUCTION some small molecules and atoms. In ESHG experiments the
second hyperpolarizability of a gas is usually measured as a
The interest in nonlinear optical effects has increasedatio relative to a reference gas with a very accurately known
considerably in the last few years, and there has been mudiyperpolarizability. Recently, Donley and Sheftbrmea-
effort in the experimental and theoretical determination ofsured the hyperpolarizability ratioﬁSHG(Ar)/y“ESHG(HZ),
polarizabilities and hyperpolarizabilities. With the improve- yFSHG(NZ)/yFSHG(Hz) and y"‘ESHG(Hz)/%"ESHG(He), as a
ment of the experimental and the theoretical techniques teunction of the density with a 0.1% accuracy at a wavelength
provide reliable data for linear and nonlinear optical properxf 514.5 nm. The pressure dependence of these ratios ac-
ties, accurate extrapolations of the experimental gas phasgunts, however, for no more than a few tenths of a percent
data are crucial, therefore the pressure or density dependenggthe total results, thus making an accurate determination of
of these properties is important. the virial coefficients difficult. From a plot of four measure-
Experimentally, the determination of virial coefficients ments for each of the ratios versus thed#s density Donley
for electric and optical properties is not an easy taskIn  and Shelton determined the first-order density corrections for
the most recent study, the second dielectric virial coefficienthe three ratios as-7.0+5.0x10 6, —6.9+4.6x10° 6,

of argonB(T) was measured for several temperatures byand + 5.6 6.2x10°° m® mol™ !, respectively. They made
1 ; ; . . . ’ L -
Huot and Bose: Previous measurements are due to Vidala theoretical estimation for the second virial coefficients of

and Lallemand, Boseet al,>® Johnstonet al,* Orcutt and  the ESHG hyperpolarizability ratios using the dipole-induced
Colé? and Proffittet al.” Buckingham and Graha&mBurns dipole (DID) model and a Lennard-Jones 6—12 potential.
etal,’ Coulonet al.® Achtermannet al'® and Hohnt® de-  The authors found such a model incapable of providing
termined the second refractivity virial coefficieBk(w,T).  quantitative estimates for the properties. Although it predicts
The second Kerr virial coeff|C|er$K£2)1,5'l') has been esti- the correct order of magnitude of the effect, the hyperpolar-
mated arhong others by Dunmetr al,™Buckingham and  jzapility virial coefficients are obtained with the wrong sign.
Dunmur;® and recently by Shelton and Palubinskés. The DID model and its variations are the most common
The effect of internuclear interaction on the electric ﬁeldapproximations used to model interaction induced polariz-
induced second harmonic generati®SHG hyperpolariz-  gpjlities within a classical multipolar treatment of intermo-
ability has caused some uncertainty in the literdf®™® |ocylar interaction€’-32The model considers the atomic po-
about  the precision of recent accurate gas phasgyi;apiliies independent of the internuclear distance, but
measurementd of the ESHG hyperpolarizabilities of axes into account the fact that each atom responds to the
sum of the external and the induced dipole moment
3Electronic mail: rizzo@hal.icqem.pi.cnr.it fields %31 Using this, Godfried and Silve?%\reproduced the
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rotational Raman spectra of the argon dimer within theparticle basis set: as demonstrated by the basis set study
(rather large experimental uncertainty. This demonstratespresented in Secs. Il and IV, extended, high-quality basis
that the DID model includes the most important contributionsets are required to obtain accurate results, in particular for
to the interaction induced polarizability anisotropy, which isthe isotropic interaction-induced hyperpolarizability.
much larger and easier to model than the isotrdpictrace In the present study the frequency-dependent interaction
polarizability and the hyperpolarizability. induced polarizability and second hyperpolarizability of the
The theoretical determination of second virial coeffi- Ar, are computed as a function of the internuclear distance at
cients for linear and nonlinear optical properties is a chalthe CCSD level. We perform the calculations in a systematic
lenging task even for moderab initio methods because it way, starting with a basis set study of the static limit using
combines the difficulties faced in tfab initio calculation of  Dunning’s correlation consistent polarized valence basis
the weak intermolecular interaction with those of the com-sets**~*8For the selected basis set the polarizability and the
putation of electric or optical properties. second hyperpolarizability are then calculated as a function
A calculation of the interaction-induced hyperpolariz- of the internuclear distance. The dispersion of the properties
ability of the helium dimer was carried out recently by is thereby included through second order in the frequency
Bishop and Dupuid* They used fourth-order Mier—Plesset ~arguments by means of ti8—4) Cauchy momefit for the
perturbation theoryMP4) as the highest correlation level linear polarizability and theA coefficient® for the second
and a[ 12s5p3d2f/6s5p3d2f] basis set. For the dielectric hyperpolarizability. The dielectric, the refractivity, the Kerr
virial coefficient good agreement with the experimentaland the second hyperpolarizability second virial coefficients
value and a previous theoretical configuration interactiorfre calculated from these results employing a recent accurate
singles and double$CISD) determinatio® was obtained. ab initio Ar, ground state potentiaf. The latter was obtained
For the second virial coefficient of the second hyperpolarizat the CCSD with perturbative treatment of triples
ability of helium experimental determinations are not avail-[CCSD(T)] level using a d-aug-cc-pV5Z basis set including
able. However, using their helium result and data for themidbond functions. In Ref. 52 this potential was shown to
density dependence of the hyperpolarizability ratios takerflescribe the Arrovibronic spectrum very accurately.
from Ref. 12 the authors estimated the second virial coeffi- ~ Section Il gives a brief summary of the equations used in

cient of the second electric hyperpolarizability of HN, and ~ the computation of the interaction-induced dynamic polariz-
Ar. abilities and hyperpolarizabilities and for the calculation of

Joslinet al3® evaluated the interaction polarizability of the second virial coefficients. In Sec. Il the computational
the argon dimer at different internuclear distances usinglétails of the CCSD calculations and of the numerical inte-
second-order Miker Plesset theoryMP2) and a[ 18s14p6d] gration entering in the expressions for the virial coefficients
basis set, an extension of the set employed by Dacre in h® giyen. The rgsults for the various properties are presented
self-consistent fieldSCPH study?” Among other properties apd d[scussed in Sec. IV and our concluding remarks are
they obtained the second dielectric, the second refractivit@iven in Sec. V.
and the second Kerr virial coefficients as a function of theII THEORY
temperature. As expected, electron correlation effects are’ _
crucial to describe these properties, and the MP2 results are The present study deals with the changes of the
still far from the experimental stagé™ This discrepancy ~frequency-dependent polarizability and hyperpolarizability
was justified in terms of a possible error in the experimentaPf Ar induced by the pair interaction with other Ar atoms.
determinations. Previous calculations were in disagreemertince we employ standawb initio approximations and ex-
between each other and with the experim@it pand in basis sets the wave functions, from which the prop-

Since the interaction-induced properties are obtained ag'ties are calculated, we have to account for basis set super-
rather small corrections to the corresponding optical properPosition errors. This is done using the counterpoise
ties of the noninteracting monomers, high-level response agrocedure advocated by Boys and Bgrné?(a,stgndard pro-
are required for their computation. Another necessary condi¥vaals molecules. It can be generalized for the calculation of
tion, not met by all correlated response approache¥is counterpoise corrected interaction-induced properties as
that the compyted optical properties_ must be _size extensivVey P(R)=P,_g(Sa_g|R) — Pa(Sa_g|R)— Pg(Sa_g|R), (1)

A method which meets these requirements is the coupled i )
cluster (CC) response approach, which is known to yield WherePa-s(Sa-g[R) is the property of the dimer evaluated
precise values for a large number of molecular propertiedn the dimer k()ja3|s seS,_p at the geometryR and
The CC response approach has recently been extendgd\(SA*Bm) an PB(SA*Bl,R) are the pro_pertles_of the
within the hierarchy of coupled cluster singld€CS), monomersA andB, respectively, evaluated in the dimer ba-
coupled cluster iterative second ord€@C2 and coupled sis set for the same geometry. For the homonyclear argon
cluster singles and double§cCSD to provide dynamic dlmder EA(_SA*BlR):IPB(SAa'ﬂRI)' lnl the J_?_”OW'ng’ we
third- and fourth-order properties, therefore allowing theStUudy the isotropic electric dipole polarizability

evg]gation of highly accurate frequency—dependent pglariz— Aqve= 5 (2ayyt+ ayy), 2
abilities and hyperpolarizabiliti€8~*3 Another important is-
sue for theab initio calculation of interaction induced polar-
izabilities and hyperpolarizabilities is the choice of the one-  ay= a,,— ayy, 3

the polarizability anisotropy
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and the isotropic parallel average of the second electric di- Na
pole hyperpolarizability Ar(o,T)= 3_€Oaave( o), (10
1 whereN, is Avogadro’s number, anel, is the vacuum per-
= + + ) 4 Lo A . ' ;
Yl 1552,7 Yeenn™ Venen™ Venne) @ mittivity. For thermal energiekT large compared to the dis-

sociation energy of the argon dim@9.5 cm %),%%¢j e, for

Note that we use the subscripts ave and ani to indicate the~ 143, K, the second refractivity virial coefficient can be

isotropic average and the anisotropy akal for the interac-  cgjcylated from the classical statistical mechanics
tion induced polarizability to avoid conflicts with the nota- expressiol

tion used for hyperpolarizabilities. Other authors employ
(see Ref. 3por B (see Refs. 35 and 3o indicate the
interaction-induced anisotropy of the electric dipole polariz-
ability.

In order to perform a comparison with experimental data
for the virial coefficients of the polarizability and hyperpo-
larizability, we must calculatel a,ye, Aay, and Ay, as )
functions of the internuclear distance. Furthermore, as these xexg —V(R)/KT]R*dR, (12

properties are frequency dependent, their accurate calculgshereV(R) is the interatomic potential of the argon dimer.
tions as a function of both the internuclear distance and theq, very low temperatures witkT comparable to or smaller
frequency would be prohibitive and approximations aréthan the dissociation energy of the dimer quantum correc-
needed. Thus, the dispersion of the interaction-induced progjons, which account for the discrete vibrational levels of the
erties is truncated to second order in the power series expagan der Waals molecule, must be includ&dIn the present
sion in the frequency arguments. The power series expansiafiydy we assume that the classical approximation can be

NA
Br(0.T)= 5 X (T, (12)

X, (w,T)=47Tf Aayd 0,R)
ave 0

of the polarizability used, and we approximate the frequency dependence of the
w refractivity virial coefficient by expanding it in a power se-
a(w)= 2, 0*S(—2k—2)=a(0)+w?S(—4)+ ..., (5 riesine to second order
k=0
Br(®,T)=B(T)+ 0?B@(T)+ ..., (13

is also known as the Cauchy series. THg) are the so- 0 o ] _
called Cauchy moments ar®{—2)=a(0). For theisotro- ~ Where the static limiB{(T) is identical to the second di-

use a dispersion formula originally proposed by Shélton ~ andB(T) are calculated analogous to E¢1) and (12),
but with Aa,dw,R) replaced by the interaction-induced

Yi(wo;01,07,03)= ¥ (0)(1+ fA+ ...), (6)  static polarizability and the Cauchy momei,,{0,R) and
- . . . AS,,d —4R), respectively.
where the coefficienf is independent of the nonlinear ozpt|- The interaction-induced polarizability ~ anisotropy

cal process: wy=—w;—w,— w3 and w’=wji+ wi+ w5
+w§. The Cauchy momentS(—4) and the coefficien
are evaluated as analytic derivativey'

Aayi(w,R) is related to the depolarized light intensity in
CILS spectra and to the pressure dependence of the dc Kerr
or electro-optical effect. The latter is conveniently expressed
1( dza(w)) by an expansion of the molar Kerr constafi as a power

S(—4)=3 ™ , (7)  series in the density
w
o0 wK(0,T)=Ag(0,T)+By(0,T)p+Cr(w,T)p?+ .. .,
14
1 d?y)(wo; w1, w5, 03) 19
n(0)A= 2 de? : (8 where for atoms the first Kerr virial coefficieAi is related
L 0 =0 to the dc Kerr hyperpolarizabilityy (w):

The interaction-induced isotropic polarizabilitya 5 @,R) Na

is related to the second refractivity virial coefficient — Ax(w)= 81e, V(). (15
Br(w,T) and is important for the description of the intensi- N o _ .
ties in isotropic collision-induced light scatteringILS) ~ The second Kerr virial coefficierBy (w,T) contains contri-
spectra® The second refractivity virial coefficient is ob- butions related to the interaction-induced polarizability and
tained from the expansion of the generalization of thehyperpolarizability such that

Clausius—Mossotti function in orders of the molar dengity 2
the inverse molar volumeof the gas = A |~ _xe Y
( m g Bk(w,T) 162, 5 XK (0, T+ X (w,T)
n?—1 a
7, = AR(@.DptBr(w.T)p™+ Crlo Thp ™+ ..., (9) =Bi(@. D+ Bi(o,T). (16
n<+

Herek is the Boltzmann constant. For homonuclear dimers
wheren is the refractive index. For atoms the virial coeffi- within the classical statistical mechanics treatmtw, T)
cientAg(w,T) is directly related to the atomic polarizability is obtained a§°°
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W o abilities, we treat the frequency dependenceypind A vy,
K(w,T)=47Tf0 Az ®,R)Aag(0R) approximately by using the power series in ). through
second order in the frequencies
_ 2
xex —V(R/KTIRTdR 17 B,(Q,T)=BO(T)+ B2 (T)+ ..., (24)

Again, we expanXg(w,T) as a power series in to second

e ) 2n(2)
order and evaluate the coefficients by replacing,,(,R) B, (M+wB(T)+ ...

with the induced static polarizability anisotrogye,(0,R) b1, T)= 7“(0)(1+Q)EA+ ) @9
and theAS,,(—4,R) Cauchy moment. The hyperpolarizabil-
g%/aﬁ??strllgatgln to the pressure dependence_of the Kerr qonql_ COMPUTATIONAL DETAILS

y small and is often neglected in the analysis o
experimental result€ Within the classical statistical me- The polarizabilities, Cauchy moments, hyperpolarizabili-
chanics approximatiorX} can be computed analogous to ties, and hyperpolarizability dispersion coefficients are cal-
Xo, {@.T) as culated using the coupled cluster response appfé4thnd

CCSD wave functions. The coupled cluster calculations are
_ * 2 carried out using the integral-direct coupled cluster program
X'Z(w’T)_‘hTfo Ayklw.Rexd —V(R)/KTIR AR (18) described in Refs. 42, 54, 55, 63, and 64, which is a part of
the DALTON program packag®
In the CCSD response calculations we have frozen the
ol _ : 1s?2s?2p® orbitals of the argon atoms. All results for the
we assumed the validity of the Kleinman symmétrip the  interaction-induced properties reported in the following are
calculation ofXg(w,T) (see Sec. Illand thusAy(w,R)  counterpoise corrected using the method of Boys and
~Avy(w,R). This relation is exact in the static limit but an ggrnardic2
(often very goodl approximation for the frequency- The selection of the basis set and the estimation of the
dependent part. o ~remaining basis set error is one of the most crucial steps in
For atoms the interaction-induced hyperpolarizability isthe ap initio calculation of interaction-induced electric prop-

the only property contributing to the pressure dependence Qfities. Therefore, we perform a basis set study for the static

some other third-order nonlinear optical effects, in particulafinteraction-induced polarizability and hyperpolarizability at
of the ESHG. Following the general treatment of Bucking-the experimental equilibrium distance of the argon dimer

ham and Pf_’F_"é? we introduce for the second hyperpolariz- (7,10 a.1).5 Two series of basis sets are employed in the
ability the virial expansion basis set study: the correlation consistent basis sets x-aug-cc-
Y Q,p,T)=y(Q)+B (Q,T)p+ ..., (19) pVXZ, (x=ﬂ,_tag; X=D,T,Q,5), developed by D_unning and
co-workers; and a series where these basis sets are ex-
where () is a shorthand notation for the usual sequenceended with an uncontracted $3p2d1f1g) set of midbond
wg; w1,w,,w3 Of frequencies and the coefficieBt,(,T)  functions;" denoted as x-aug-cc-pVXZ-33211. To investi-

SinceB}(w,T), and in particular its dispersion contribution,
make only a small correction to the dominant teB{f(w,T),

within the semiclassical approximation is given by gate the possible differences in basis set requirements with
N respect to the internuclear distance, we perform calculations
B,(Q,T)= _Axy(Q,T)’ (200  attwo distances using two of the above mentioned basis sets.
2 The results of the basis set study are summarized in Tables |
with and Il. The final calculations of the interaction-induced po-

X”(Q'T):47TJO Ay (Q,Rexd —V(R)/KT]JR?dR.  (21)  TABLE L Ar,. Basis set studin a.u) part | (R=7.10 a.u.

. . . . - Basis set Aage Ay,
Since in ESHG experiments the hyperpolarizability of a gas,

and thus its pressure dependence, can only be measured rela-d-aug-cc-pVDZ —0.0206 —54.5548

tive to that of a second reference gas, for comparison with 94-2U9-c¢-PVTZ 0.0001 ~38.4548
. ) ) w2 d-aug-cc-pvVQZ 0.0062 —33.8080

the experiment Eq(19) is rewritten a d-aug-cc-pV5Z 0.0087 —33.6102
Ya(2,pa,T) _ 7a(€2) [1+b(AB)pre] 22) d-aug-cc-pVDZ-33211 0.0039 —29.1446
ye(Q.ps.T)  78(Q) Pretl: d-aug-cc-pvTZ-33211 0.0058 ~325514
d-aug-cc-pVQz-33211 0.0081 —32.9991

with d-aug-cc-pV52-33211 0.0095 —33.6141
P\ PA t-aug-cc-pVDZ-33211 0.0037 —30.2349

b(AB)=| ba(Q,T)—bg(Q,T) —|—, (23 t-aug-cc-pVTZ-33211 0.0065 —38.3879

PA) Pref t-aug-cc-pvQZ-33211 0.0085 —35.3084

andp,e; being the density of the reference gas &r@Q,T), t-aug-cc-pv5Z-33211 0.0096 —33.6990
bE(Q,T) the second hyp.erpql'arlzablllty virial coefﬂments g-aug-ce-pvDZ-33211 0.0039 293794
divided by the hyperpolarizability of the isolated atoms, i.e.,  g.aug-cc-pvTz-33211 0.0067 —38.3496

B, A(2,T)/ya(€2). As for the interaction-induced polariz-
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TABLE Il. Ar,. Basis set studyin a.u) part Il. ! 1 ! 1
Basisset  R(al) Aage ASwd—4) Ay A(y%XA) 201
d-aug-cc-pvVTZ-33211 7.0 0.0009 —0.2141 —37.46 —409.0 = 10d
t-aug-cc-pVQz-33211 7.0 0.0040 —0.1785 —40.04 —592.1 A
i3
d-aug-cc-pVTZ-33211 10.0 0.0107  0.0877  10.99 6593 £ g0
t-aug-cc-pVQz-33211  10.0 0.0108  0.0858 7.98 50.37 &
5 104 Aa, (O,R) i
g | {fr | e Ao (@,R)
. . . . . H T =298.15K
larizabilities and hyperpolarizabilities as a function of the g 2.0 -
. . . . < Vi A =514.5 nm
interatomic distance as needed for the computation of the ] v
integrals in Egs.(12), (17), (18) and (21) are carried out 3.0 i : i : .
using the d-aug-cc-pVTZ-33211 basis set. The results for 5 10 15 20
Agye _Asavé__‘]')a AOfaniaAS_ani(_A]')v Ay, and A(yA) R(Ar-Ar)/ au
at 31 different internuclear distances between 5 and 30 a.u.
are collected in Table Il FIG. 1. Ar,. The functionA a,,d w,R)e” V(R'KTR? (a.u) against the inter-

The ground state potential of the argon dimer is takerf ™¢ distanc& (@.uj for T=298.15 K and\=514.5 nm.

from the recent work of Fermalez and Koch? This

CCSIO(T) potential was evaluated using a d-aug-cc-pV5Z ba-

sis set extended with a 63p2d1f1g) set of midbond func- integrands of the equations are then computed for each of the
tions (d-aug-cc-pV52Z-3321)] consisting in total of 372 basis interatomic distances listed in Table IlIl, cubic spline fitted,
functions for Ap. It was available for a total of 59 internu- separating the frequency-independent and frequency-
clear distances in the range between 3.8 and 20.0 a.u. anddépendent contribution to the integrals, and finally interpo-
is expected to be the most accurateinitio potential for A, lated at a total of 500 points between 5 and 30 a.u. The
available at present. To interpolate between the points of theunctions to be numerically integrated, computed for
potential we use a cubic spline fit. The other terms in thel =298.15 K, are shown in Figs. 1-4. Figure 1 displays the

TABLE IIl. Ar,. The dependence on the interatomic dista(RReof the relevant propertie@.u). d-aug-cc-
pVTZ-33211 basis set.

R Aagpe AS,d—4) Ay AS;(—4) Ay, A(y\\XA)
5.00 —0.348 22 —2.11081 3.876 21 16.683 33 21.5768 715.9981
5.10 —0.326 43 —2.100 09 3.71711 15.816 42 —8.7474 376.9389
5.25 —0.29000 —2.017 20 3.508 18 14.760 07 —41.9262 —1.8658
5.50 —0.226 32 —1.768 69 3.216 11 13.455 65 —73.3290 —389.4657
5.75 —0.166 26 —1.457 50 2.968 70 12.504 43 —84.7766 —578.5512
6.00 —-0.114 31 —1.13847 2.747 95 11.746 55 —83.8663 —644.3837
6.25 —0.07210 —0.84318 2.544 12 11.086 73 —75.6835 —633.8051
6.50 —0.039 57 —0.587 78 2.352 47 10.471 02 —63.7504 —577.9326
6.75 —-0.01572 —-0.378 27 217118 9.87252 —50.4854 —498.1287
7.00 0.000 87 —0.214 07 1.999 97 9.281 16 —37.4634 —408.9977
7.25 0.01171 —0.090 81 1.83921 8.696 36 —25.6280 —320.2296
7.50 0.018 20 —0.002 36 1.689 32 8.122 00 —15.4673 —237.8760
8.00 0.02271 0.096 02 1.42278 7.026 18 —0.6558 —104.0331
8.25 0.022 45 0.117 63 1.30583 6.514 65 41896 —54.1832
8.50 0.021 30 0.127 25 1.199 20 6.032 31 7.6076 —15.0949
8.60 0.020 68 0.128 59 1.159 30 5.848 05 8.6312 —2.2210
8.75 0.019 65 0.128 56 1.102 28 5.581 25 9.8482 14.3983
9.00 0.017 77 0.124 43 1.014 39 5.162 37 11.1561 35.6916
9.50 0.01398 0.107 70 0.862 76 4.419 85 11.8230 59.3076
10.00 0.010 68 0.087 67 0.738 57 3.795 65 10.9884 65.9264
10.50 0.008 05 0.069 12 0.636 58 3.27475 9.5349 63.1990
11.00 0.006 06 0.053 67 0.552 38 2.840 82 7.9552 56.1617
11.50 0.004 60 0.04150 0.482 40 2.478 66 6.4905 47.8076
12.00 0.003 53 0.032 19 0.423 82 217514 5.2339 39.7054
13.00 0.002 17 0.01990 0.33249 1.702 46 3.3744 26.5266
14.00 0.001 44 0.012 90 0.26578 1.358 40 2.2034 17.6289
16.00 0.000 71 0.006 05 0.177 68 0.906 05 0.9863 8.0461
18.00 0.000 34 0.002 85 0.124 55 0.634 27 0.4445 3.7224
20.00 0.000 16 0.00131 0.090 68 0.461 25 0.1962 1.6885
22.00 0.000 08 0.000 66 0.068 07 0.346 05 0.0878 0.7630

30.00 0.000 01 0.000 10 0.026 82 0.136 28 0.0091 0.0760
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2 200 1000 ' -
S A N Aa,(O,R) Ao,_(O,R)
f‘ Ao (&,R) A, (O,R) = 0
: T=298.15K ~
o 2007 %=514.5 um - ;‘ 1000 - i
~ g
€ %o —— ayOR)
& &2 -20004 T =29815K -
4 100 - g
—_ < A =514.5 nm
e o
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I
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R(Ar-Ar)/ au R(Ar-Ar)/ au

FIG. 2. Ar,. The functionA a,,(0,R) A aan{w,R)e"VIRKTR? (a.u) against  FIG. 3. Ar,. The functionA yx(w,R)e™V(R/*TR2 (a.u) against the inter-
the interatomic distancR (a.u), for T=298.15 K and\=514.5 nm. atomic distanceR (a.u) for T=298.15 K and\=514.5 nm.

behavior of the integrand in E412) in the 5-20 a.u. inter- nal correlation consistent basis sets, exemplified by the
nuclear distance range for the wavelength of 514.5 nm, i.ed-aug-cc-pVXZ series in Table |. The presence of the
the frequency of Donley and Shelton’s experimental wdrk. (3s3p2d1flig) midbond functions makes the convergence
Both the frequency-independent and frequency-dependeif the x-aug-cc-pVXZ basis sets smoother and faster for the
contribution to the integrand are shown. Figures 2, 3 and 4maller zetaXZ) levels, although the results obtained at a
show the behavior of the integrands in E@¢7), (18) and  double zetaDZ) level are still insufficient.

(21), respectively. The numerical integration, which covers  For Ay,, the d-aug-cc-pVXZ-33211 series converges
the 5-30 a.u. range, leads to the results shown in the neftom below to a value of approximately 33.6—33.7 a.u.,
sections. It is quite evident from Figs. 1-4 that the contribu-while the t-aug-cc-pVXZ-33211 results approach the same
tion to the integral over the interatomic distance is com-limit from above. ForA a,., the d-aug-cc-pVXZ-33211 and
pletely negligible below 5 a.u. This is true for the whole the t-aug-cc-pVXZ-33211 series approach both from below
range of temperatures chosen in this work. Afcreases, the small value 0f=0.01 a.u. As it is seen from the results in
the importance of regions at low interatomic distances and iTable IlI, the equilibrium distancé7.10 a.u). is accidentally
particular below 5 a.u. increases dramatically, to the pointlose to the point wherd a,, changes its sign.

where our set of data becomes insufficient to provide accu- The calculation of the interaction-induced properties as a
rate values of the integrals. However, this does not happefunction of the internuclear distance in the quadruple and
for temperatures up to a few thousands degrees. At largguintuple zeta basis sets would have been rather demanding.
interatomic distances the integrands go smoothly down t@herefore, for the subsequent distance-dependent calcula-
zero. With the integration limits taken between 5 and 25 a.u.tions we chose the d-aug-cc-pVTZ-33211 basis set as a com-

the integrals in Eq(12) change by about 1%, which shows promise between computational costs and accuracy. From
that the contribution to the integrals from regions beyond 30

a.u. can be neglected. These conclusions apply to all the
integrals over the interatomic distances considered in this
work. All the spline fits and numerical integrations needed in l
this work are performed usingATHEMATICA .56 1000+

2000 ; ' - '

IV. RESULTS AND DISCUSSION

Among the properties studied in the present paper, the -1000+

isotropic averages of the interaction-induced polarizability =, _2000_'
and hyperpolarizability are the most sensitive to the choice 2 ]
of the one-particle basis set. In the discussion of the basis set @; -3000
study we therefore focus on the convergenceé\ef,,, and 2
Ay, . The series of correlation consistent basis sets x-aug-cc- &
pVXZ converge for each fixed x-aug level to a valence basis

L o . -5000 . .
set limit, if the XZ level is increased successively. Rothe s 1o P 20
fastest convergence is usually obtained in the d-aug or t-aug
series**" higher augmentation levels give usually no further R(Ar-Ar)/au
improvements. The results for the interaction-induced seconflig. 4. Ar,. The functionA yesyd @, R)e VRKTR? (a.u) against the in-
hyperpolarizabilityA v, converge only slowly with the origi- teratomic distanc® (a.u) for T=298.15 K and\=514.5 nm.

R/KT 2
®AT %/ au

A @R) i
T=298.15K
A-=1514.5 nm

-4000
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the results listed in Table Il we expect that the basis set errofABLE IV. Argon. The second dielectric virial coefficie@(T), the dis-
made with this basis set leads fbl‘yu to a curve which in the persion contributiorB(Rz)(T) and the second refractivity virial coefficient
range 6-12 a.u. is shifted to values which are about 3 a LFR(w,T) at A\=632.8 nm(T in K, virial coefficients in crfi mol™2, with

. . . i fequencies in a.l.
too high compared to results obtained with larger basis sets.

For the interaction-induced polarizability, the basis set errors T B.(T) B@(T) Br(®,T)
—3 —

are rgther small, 310 a.u. atR=7.0 au, and .decrea.se 242,95 14598 5 4382 14882
ywth increasing distances. The errors in the interaction- 253 0o 1.4410 5.4351 1.4691
induced changes of the Cauchy momarg,,{ —4) and its 261.00 1.4268 5.3927 1.4548
counterpart for the second hyperpolarizabilityy, X A) are 273.15 1.4066 5.3281 1.4343
larger than the errors in the corresponding static properties, 274-00 1.4053 5.3236 1.4329
but since the dispersion contributions to the virial coeffi- 2.2 1.3852 22545 1.4125
) P X X 293.00 1.3765 5.2226 1.4035
cients calculated from these properties for the frequencies 29600 1.3722 5.2068 1.3992
considered here are about an order of magnitude smaller than 298.15 1.369%° 5.1954 1.39619"
the frequency-independent contributions, this does not lead 303.15 1-3623 5.1690 1.3890
to large errors in the final results. 305.00 1.359 51592 1.3864
Th for th . . lculated 315.00 1.3464 5.1067 1.3728

he curves for three st.atlc properties calculated as a 55, ¢ 13374000 50701 1.3637
function of the internuclear distanc&a,ye, Aag, andAvy, 340.00 1.3155 4.9768 1.3413
follow the typical shape for interaction-induced polarizabil-  370.00 1.2770 4.7991 1.3019
ities and hyperpolarizabilities for atomic diméfs>’-6”¢8For 407.60 1.2449 4.6383 1.2689

all three properues_the lowest order d|s_per3|on_ contrlbut!or;EXp_' 1.84-0.07, Ref. 1L,
parallels the behavior of the corresponding static propertie$Exp., 2.5234), A=594.096 nm—1.7®4), \=543.516 nm—1.8(B4),
Aa,,e and AS, {—4) start being negative for small dis- \=325.530 nmT=296.82 K, Ref. 13.
. C,

tances, reach a maximum at about 8.0 a.u. and decrease t EXI'DC-* ()1-75; Oaigoge*? SRef- 2.

. 6 . o . Ul . ) . .
with a 1R” behavior to zero. Th& a,n andAS,(—4) are  ecaic. 9.41, at 300 K, Ref. 72.
positive over the whole range 8&=5-30 a.u. and decrease 'Exp., 1.57:0.58, A=632.8 nm—1.558:0.74, A=514.5 nm—1.580.69,
monotonically with increasing; in the long range they fall A=488.0 nm—1.530.32,A=457.9 nm,T=298.2 K, Ref. 8.

. . . . g — —

off as 1R3. The interaction-induced second hyperpolariz- EXP- 2:16=0.34,T=298.2 K,\=632.8 nm, Ref. 4.

bility A dthe | der di . buti "Exp., 1.49-0.15, at 298.2 KA=632.8 nm, Ref. 6.
abi ity Ay, and the lowest or ler dispersion cpntn ution tofEXp” 1.22-0.09, Ref. 11.
this propertyA(y,X A) are positive for small distances, de- iExp., 1.23-0.05, Ref. 9.
crease to a negative minimum and increase again to a posExp., 1.0:2.1, T=306.15 K, Ref. 1.
'Calc.,(SCH 0.48, Ref. 37.

tive maximum before decreasing monotonically to zero, asﬁqEXp_‘ 0.32-0.20 Ref. 2.

: 6
ymptotically as 1R". _ _ . "0.726 from CIS measurements, Ref. 7.
Due to the shapes of the isotropic properties as a funcexp., 0.72-0.13, at 323 K, Ref. 3.

tion of the internuclear distance, the integralsXp , X}  PExp. 1.76:0.05,T=323 K, \=632.99 nm, Ref. 10.
L ave ... 9Exp., 0.1£0.3, Ref. 11.
andX, are very sensitive to the balance between the positive

and the negative regions in the integrafsise Figs. 1, 3 and

4). The accuracy of thab initio results for the corresponding

virial coefficients is thus determined by the accuracy withvery conservative error estimate, since the results in the three
which this balance is described. An example of how the canquintuple zeta basis sets are much closer to the d-aug-cc-
cellation between the regions of positive and negative arepVTZ-33211 value than to the t-aug-cc-pVQZ-33211 value
affects the accuracy of the results of a typical integral, andsee Table)l Note that the basis set effect on the balance of
how critically this depends on the choice of basis set, can bpositive and negative contributions to the interaction inte-
seen in the case of the, integral of Eq.(21), computed for  grals depends on the temperature, as the region of negative
instance aff =298.15 K and\ =514 nm(see Fig. 4. In this  area becomes of increasing importancé& asreases. Due to
case the contribution to the integral from the region of negathe faster convergence dfa . With respect to the extension
tive (~5-8 a.u) and positive(~8-30 a.u). areas is roughly of the basis set compared Aoy, we expect that the second
—83000 and+107 000 a.u., respectively, for a balance of dielectric and the second refractivity virial coefficieBg T)
~24000 a.u. To obtain an estimate of how the remainingand Br(w,T) are obtained with higher accuracy than the
basis set error might affect this balance, we scaled the curvgyperpolarizability virial coefficient8) andB,,. The results

of the Ay, (see Table Il by a factor of (~40.04)/ fortheB.T) andBg(w,T) are listed in Table IV and plotted
(—37.46) in the region of negative area, and by a factor oin Fig. 5. For the second dielectric virial coefficieB{(T)
7.98/10.99 in the region of positive area, to approximate thave obtain reasonably good agreement with the available ex-
effect of the changing basis set from the d-aug-cc-pVTZ-yerimental data for the temperature range 242T«< 303 K,
33211 to the t-aug-cc-pVQZ-3321%ee Table N. The con- in particular when taking into account the large variations of
tribution of the two regions changes te —86000 and the experimental results. For>303 K, however, the experi-
+84 000 a.u., respectively, with a resulting balance ofmental data decrease much faster than the CCSD results. For
~—2000 a.u. This corresponds to a change of sign and the second refractivity virial coefficient experimental results
decrease of about an order in absolute magnitud, (i, T) are available foif =296.82 K* andT=298.2 K*®8at a few
andb(A=514.5 nm,T=298.15 K. We expect this to be a frequencies and for 323 R at \=632.99 nm. The CCSD
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FIG. 5. Argon. Temperature dependence of the second dielectric virial co- T/K
efficient B(T) of the dispersion contributioanf)(T) and of the second
refractivity virial coefficientBg(w,T) computed fora =632.8 nm. FIG. 6. Argon. The second Kerr virial coefficiefy(w,T)=Bg(w,T)

+B}(w,T) as a function of temperature.B¢(w,T)=B*(T)
o _ +2w?B@(T); BY(w,T)=BX(T)+20?BE¥(T).
value forBg(w,T) at 298.15 K is in good agreement with the

experimental results of Refs. 8 and 6; the result of Ref. 4 is

about 50% higher. The experimental data at 296.82 and 328ntribution. Forh=458 nm, our CCSD results for the total

K are both larger than that predicted by CCSD. second virial Kerr coefficienBk(w,T) are about 25%—
Comparison with the MP2 second dielectric virial coef- 45%—twice the experimental error bar—larger than experi-

ficient results of Josliret al*® shows that CCSD predicts mental results from Dunmet al** We obtain however bet-

values which are about one order of magnitude larger thater agreement with a recent, very accurate Kerr measurement

MP2, and about twice as large as the predictions of the speby Shelton and Palubinskd$who obtained for the ratio

tral model which reproduces the experimental CILSby,/as; in the virial expansior’ygﬁ= ag + brp + crrp? a value

spectrun.®® of (8.9+0.3)x10° > m® mol™! at A=632.8 nm andT
Table V and Fig. 6 show the results for the second Kerr=296.15 K. The ratidy; /as; measured by Shelton and Palu-
virial coefficient Bx(w,T). As anticipated in Sec. Il, binskas can be directy compared to the ratio

Bk(w,T) is dominated by the polarizability contribution By(w,T)/Ax(w,T) of the second and the first Kerr virial
Bk (w,T) which originates from the interaction-induced po- coefficients defined in the expansipBg. (14)]. Using the
larizability anisotropyA «,,;. For argon, the hyperpolariz- experimental result of Ref. 17 for the dc Kerr hyperpolariz-
ability contributionB}(w,T) makes only a small correction ability at 632.8 nm (77.8x10°% C*m*J"%) and our
of about 1%; for the experimentally important frequency CCSD results foBk(w,T) we obtain for the ratidBy /Ax
range, >450 nm, it is however larger than the dispersion=bg/ag a value of 9.2%10°° m®mol™?, in very good

TABLE V. Argon. The second Kerr virial coefficiey(w,T)=Bg(w,T)+B}(w,T). The two contributions
are further expanded & (w,T) =B *(T) +2w?B@(T) andB}(w,T)=B¥(T) + 20?B@(T). The last
two columns giveBy(w,T) for A=458 nm, as computed here and the literature experimental véluesk,
virial coefficients in V'2 m® mol~2, with frequencies in a.j1.

BTy  B@(T)  BOYT)  B@(T)  Bk(458 nmT)  By(458 nmT)?

T X 10% X 10% X 10% X 10% X 10% X 10%
242.95 7.2289 34.8792 6.4058 —29.5492 7.9776 o
253.00 6.8724 33.1552 6.4760 —27.7828 7.5879 540.9
261.00 6.6134 31.9027 6.5234 —26.5227 7.3049 490.9
273.15 6.2564 30.1757 6.5831 —24.8213 6.9147 o
274.00 6.2330 30.0621 6.5868 —24.7110 6.8890 4807
287.00 5.8951 28.4276 6.6360 —23.1477 6.5196 4807
293.00 5.7517 27.7333 6.6547 —22.4984 6.3627 390.7
296.00 5.6827 27.3992 6.6632 —22.1892 6.2872 s
298.15 5.6342 27.1648 6.6689 —21.9737 6.2343
303.15 5.5248 26.6354 6.6813 —21.4911 6.1146 o
305.00 5.4855 26.4449 6.6855 —21.3190 6.0716 380.7
315.00 5.2824 25.4620 6.7052 —20.4438 5.8494 380.7
322.00 5.1494 24.8178 6.7163 —19.8828 5.7039 o
340.00 4.8373 23.3066 6.7356 —18.6100 5.3623
375.00 4.3310 20.8549 6.7444  —16.6952 4.8080
407.60 3.9499 19.0089 6.7285 —15.4031 4.3904

8Experimental data from Ref. 14.
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TABLE VI. Argon. The second hyperpolarizability virial coefficient.

82— T
B{(T), B?(T) andb(w,T) for an ESHG processa(;= w,= w, w3=0, 1] [ 72
w?=6w?%) at\=514.5 nm as a function of temperaty#€). To computeb, 8.0
we assumedy;(—2w;w,w,0)=1577 a.u., as obtained using a t-aug-cc- 3 794 L 0.70
pV5Z basis set in the recent CCSD study of the hyperpolarizability of the g 7.8
argon atom(Ref. 43. B, is given in C'm’ J-3mol~*x 10" ® andb is in = 17 P 068 B
cn® mol™ . Frequencies are assumed to be given in a.u. g 7.6 % —+—b (o,T) A=514.5 nm n:
o 752
o) T / -0.66 O
T BYA(T) BYU(T) b(w,T) g 20 //A/‘ =
© s A L 064 S
242.95 7.6288 —35.1908 0.6074 a /‘,‘A :;»
253.00 7.7124 —33.0872 0.6260 S -30- A ——B’M [0
261.00 7.7688 —31.5865 0.6389 o 5. B (2)(T)
273.15 7.8400 ~20.5603 0.6558 . v 00
274.00 7.8443 —29.4289 0.6569 220 240 260 280 300 320 340 360 380 400 420
287.00 7.9030 —27.5671 0.6718 T/K
293.00 7.9252 —26.7939 0.6777
296.00 7.9353 —26.4257 0.6805 FIG. 7. Argon. Temperature dependence of the second hyperpolarizability
298.15 7.9422 —26.1690 0.6825 virial coefficient, B{(T), B*X(T) andb(w,T), for an ESHG processuf;
303.15 7.9569 ~25.5943 0.6867 0= 0, 03=0, 0= 60?) at\=514.5 nm.
305.00 7.9619 —25.3892 0.6882
315.00 7.9854 —24.3470 0.6956
322.00 7.9985 —23.6789 0.7001
340.00 8.0216 —22.1631 0.7097 _ Par PHe
375.00 8.0321 ~19.8827 0.7217 b(ArH2) +b(H;He)= bAfa bHeE : (26)
407.60 8.0131 —18.3439 0.7271 2 2

The stafic valuo 15 0.8074 which 5 o e octimatod vl Donley and Sheltof measured foh=514.5 nm the ra-

e static value Is 0. , Which can be compared (0 the estimated value .

—29.8+10.8 (Ref. 34 obtained from theab initio result of He and the ?fos Y(Ar)/ Y(HZ) a”‘_’ V(HZ)_/V(He) as a function of the gas

experimental density ratios of Ref. 12. density. The density ratiopy, /pa=1.36 and pue/py,
=14.57 from this experiment may be combined with byr

: . . and Bishop and Dupuiby. to obtain b(ArH,)+b(H,He
agreement with the experiment. Using the CCSD result ,; ¢ cnp? ol pUsiEE the expérimeertal (vzilué)%

vk(632.8 nm=1165 a.u’? which has been calculated with b(ArH,)= —7.0+5.0 cnmol ™t and b(H,He)= +5.6
the same basis set as used in the present study for the caICJ,J-6 2 Zcrr? moli‘l_ .one obtains a value f)f—l 4+8.0
lation of the interaction induced properti@aug-cc-pVTZ, crm®mol~1 for b(ArH,) + b(H,He). Taking into account that

we obtaLnS for3 the ,rlat'OBK/AK a slightly larger result of o experimental estimate carries a large error (e un-
9-89<10° * m“mol . Other reference Va,';‘esg'” th,el litera- cortainties are treated as single standard devigtams even
tuie for Be/Ag are the (7.51.2)x10">m"mol™ at considering the remaining error sources in #ieinitio cal-
ﬁ(}%?%rig mgpl a?;:ge?f'g nr1n60f 22? 14the (6:31.2) culations, there seems to be a reasonable agreement with the
s . o mixed MP4/CCSD estimate. Note that even with a change of

The second virial cqeffICIerBK is related (té)) the zgroth b, as roughly estimated above upon basis set improvement,
moment of the depolarized CILS spectiUMyepq Which, e requit for b(ArH,)+b(H,He) changes only by
wgh the definitions of _Ref. :;’? coincides W|th(0;ntggral 0.55 cnfmol~%, which does not significantly affect the
Xi(@,T), [Eq. (17)]. Joslinet al.™ have computed gepoi N comparison with experiment. However, further experimental
the Hartree—Fock and MP2 approximations. Our results arg.y theoretical investigation of the hyperpolarizability dis-
very close to their MP2 estimates, and are thus 15%-20%g,jqn coefficients would be useful to resolve the remaining
smaller than both experiment and those;oderlved from thejeviation between thab initio results and experiment.
empirical spectral model of Meinandet al.

In Table VI and Fig. 7 we have summarized the result
for the second virial coefficients of the ESHG hyperpolariz-sv' CONCLUSIONS
ability. As can be expected from the expansion in @, the We report the first CCSD study of the pair interaction-
dispersion contribution for the virial coefficients of the induced static and dynamic electric properties of the argon
ESHG process is much more important than By(w,T) gas, including the pair contribution to the ESHG and Kerr
andBg(w,T): for ESHG the lowest order dispersion contri- hyperpolarizabilities. A systematic basis set study shows that
bution wa(yz)(T) accounts atn=514.5 nm for approxi- the isotropic interaction-induced properties, and in particular
mately 15% of the total second virial coefficieBt(w,T). Ay, converge only slowly with the one-particle basis sets.
No experimental data are available that can be comparefihe remaining basis set error is therefore expected to be the
directly with the present results f@,(w,T). We can, how- largest source of inaccuracy in our results. The errors intro-
ever, combine our CCSD results for argoy(\ duced by the approximate treatment of the dispersion contri-
=514.5 nm, T=298.15 K)=0.68 cnimol™!, with the butions and neglect of correlation contributions beyond con-
static MP4 results for helium from Bishop and Duptfis, nected double excitation€CCSD are expected to be of
b(0,T)=—1.41cnimol 1, to obtain a crude estimate for the minor importance. We can provide for the first time high
sum of the coefficientd(ArH,) and b(H,He) defined in level ab initio results for the second refractivity virial coef-
Egs.(22) and(23). From Eq.(23) we obtain ficient Bg(w, T) [including the static limitB (T)], the sec-
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ond Kerr virial coefficientBx(w,T) and the second hyper-
polarizability virial coefficient ({2, T) for a broad range of

temperatures and frequencies. We find reasonably good

agreement with the experimental data By and By for
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M. H. Proffitt, J. W. Keto, and L. Frommhold, Can. J. Ph$9, 1459
(198])

8R. C. Burns, C. Graham, and A. R. M. Weller, Mol. Phg$, 41 (1986.

T. K. Bose, K. Boudjarane, J. Huot, and J. M. St-Arnaud, J. Chem. Phys.
89, 7435(1988.

T=242-303 K. For higher temperatures our calculations pret®H. J. Achtermann, G. Magmus, and T. K. Bose, J. Chem. P9%s5669

dict a much slower decrease Bf with T than that experi-

mentally reported. Good agreement is also found between

the CCSD result for the second Kerr virial coeffici@yt and

(199)).

1J. Huot and T. K. Bose, J. Chem. Phg&, 2683(1991).

E. A. Donley and D. P. Shelton, Chem. Phys. L&tt5 156 (1993.
13U. Hohm, Mol. Phys81, 157 (1994.

the results of a recent, very accurate Kerr measurement. OMD. A. Dunmur, D. C. Hunt, and N. E. Jessup, Mol. Ph§3, 713(1979.

calculations confirm thaB(w,T) is dominated by the static
polarizability contr|but|onB(°) "#(T); the hyperpolarizability

15D, A. Dunmur, M. R. Manterfield, and D. J. Robinson, Mol. PH§8,573
(1983.
18A. D. Buckingham and D. A. Dunmur, Trans. Faraday S64, 1776

termB)(w,T) and the lowest-order dispersion correction ac- (19eg.

count only for a few percent of the total value B§(w,T).

Combining our CCSD results for the second virial coeﬁicientizD-
for the ESHG process in Ar with a recent MP4 result for the,,

static limit of the coefficienb(w,T) of helium, we obtain an
estimate for the sum of coefficients(ArH,)+b(H,He)

which is in reasonable agreement with the experimental datéjD-
although the large error bars associated with the experime@;D'

and the remaining sources of error of calp initio study
suggest that further efforts are needed in both fields.
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APPENDIX: CONVERSION FACTORS:

Conversion factors from atomic units to 8l

i) 1lau. opra53m0I56.748 33<10°*® m3mol;

(i) 1au. ofo= hag m, '=4.13414<10'6 s %,

(i) 1a.u.ofa=e?ajmh ?=1. 64878<10*4lczm23*

(iv) 1 au. of y= ea1° 3 6=6.23538<10" % ct
m*J 3

(v) 1 a.u. of Ag(w,T), b=a3mol *=1.48135¢10 %
m° mol™?;

(vi) 1 au. of Bg(w,T)=ajmol ?=2.1958% 10 ©2
mé mol~?;

(vii) 1 au. of yK(w,T), AK(w T)=e?agm?mol 7%
=5.604 08< 10 >°V?m°>mol%;

(vii) 1 au. of BK(w,T) ezagzmzmol—zh-4ss.3o439
X 1078V 2m®mol~%

(ix) 1 au. ofB (wo,wl,wz,w3,T) e*a’®m3mol 146

=9. 239885<10’%C4m J3mol L.
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