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The dielectric, refractivity, Kerr, and hyperpolarizability second virial coefficients for the helium
and argon gases are evaluated for a wide range of temperatures using a semiclassical approach and
the high quality frequency-dependent interaction induced electric polarizabilities and second
hyperpolarizabilities of the previous paper. For helium and argon we obtain satisfactory agreement
with most of the experimental data for the dielectric and the refractivity second virial coefficients.
Our results confirm that the helium gas second Kerr virial coefficient is very small at temperatures
beyond 70 K. For argon we obtain a very good agreement with a recent experimental determination
at 632.8 nm, whereas we suggest that previous experimental results for 458 nm might be inaccurate.
The ESHG results indicate a possible disagreement between a recent experimental determination
and the semiclassical ansatz for the second hyperpolarizability virial coefficientsl99©@
American Institute of Physic§S0021-96009)31046-]

I. INTRODUCTION sion contribution to these frequency-dependent properties
has not been considered.
In a recent study,which in the following is referred to A detailed review of previous investigations on the ar-

as “Part I,” we calculated the frequency-dependent interac-gon virial coefficients was given in Ref. 3, where the dielec-
tion induced polarizabilities and second hyperpolarizabilitiegric, refractivity, Kerr, and hyperpolarizability second virial
for the He and Ar, van der Waals complexes using the coefficients were evaluated and reasonable agreement with
coupled cluster singles and doublé8CSD and, for He, experiment was obtained. A rather extensive analysis of the
also the full configuration interactiofFCl) method. A FC|  effects of basis set size, electron correlation, and frequency

potential energy curve for Havas obtained. Fefmalez and dependence of the properties suggested that the observables
Koch? determined a CCSD including connected triples cor-Vere especially sensitive to the basis set and that new calcu-
rections(CCSD(T)) potential energy curve for the Adimer lations with more extended and diffuse basis sets would be
All the calculations were carried out with extended basisneecjed to improve th? agreement with e.xperlment. The re-
sets. We exploit here these accuraleinitio data to evaluate sults Of such calcy!atlons are reportgd in Part |, and the
the dielectric, the refractivity, the Kerr, and the hyperpolar-evaluatlon of the virial coefficients is discussed here.

izability second virial coefficients of the helium and argon The dielectric virial coefficient of helium has been de-
y ) 99N termined both by direét” and indirect-2* methods at tem-
gases in a wide range of temperatures.

h Kh . h o eratures ranging from as low as 4.22 K up to 323.15 K.
Much work has been carried out on the determination Obata are also available at 3.799'KThe low temperature

these virial coefficients, both from an experimental and &ja¢4 are highly scattered. The refractivity virial coefficients
theoretical point of view. However, the accuracy of the cal-\yore measured at 303 and 323 K by Achtermanal. using
culations for the virial coefficients has been hampered, iy differential-interferometric techniqde! The comparison
particular for argon, by the limited accuracy with which in- with theoretical values—based on a classical dipole-induced-
teraction induced changes of polarizabilities and hyperpolardipole (DID) model—gave rather poor results, whereas a
izabilities could be computed and by the fact that the dispermore refined semiclassical approach, using both a DID
model and estimates taken from tlad initio results of

3 . o
dPresent address: Forschungszentrum Karlsruhe, Institute of Nanotechnc!-_ilac_ré for the trace of the polarizability tensor, was shown
ogy, P.O. Box 3640, D-76021 Karlsruhe, Germany. to give much better agreement. Orcutt and €allso mea-
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sured the refractive coefficient of helium at 323 K. mental data at low temperatures, and to suggest new experi-
Buckingham and Dunmur measured the Kerr electroimental measurements.
optic effect of rare gases at=632.8nm in 1967 They In the next section, we summarize the formulas used to

determined the dependence of the Kerr constant on the degsvaluate the virial coefficients semiclassically. In Sec. Il we
sity and found no deviations from a linear law for both he-briefly describe the computational approach. The results are
lium and neon, whereas a quadratic behavior was evident f@iven and discussed in Sec. IV. The last section contains
argon. Tammeet al!® studied the dc-Kerr effect of helium some concluding remarks.

at 632.8 nm again some 25 years later. Their experiment,

made at a temperature of 303.7 K and in a range of pressurds THEORY

between 76 and 97 bar, confirmed that virial coefficients of | part | we have discussed the evaluation of the

order higher than firstthus includingBy ,) are so small that  frequency-dependent interaction induced polarizabilities and
they could not be determined af(.") the present stage of hyperpolarizabilitieS. Here we only summarize the relations
experimental accuracy.” between these properties and the different virial coefficients.
Previous theoretical studies have shown that the deteas in Part |, we denote the interaction induced electric dipole
mination of the virial coefficients for linear and nonlinear average polarizability, polarizability anisotropy, second dc-
optical properties is a challenging task. Coupled Hartree-Kerr hyperpolarizability, and isotropic parallel second hyper-
Fock results for the second dielectric virial coefficient of polarizability with Aagd w,R), Aagn(w,R), Ay(w,R),
helium were obtained by Forturet al'®!’ Dacre has studied and A y,(wg,w1,®,,03,R), respectively. Allab initio data
the second dielectric virial coefficients of both helifiat the  for the interaction induced properties are counterpoise cor-
SCF and correlated—configuration interaction singles andected results and their frequency dependence is described
doubles(CISD)—levelg*® and argon(at the SCF level*®*  through dispersion relationships involving the static values
Hohm determined the frequency- and temperatureand the Cauchy momentsS(—4) or the hyperpolarizability
dependencies of the second refractivity virial coefficients fordispersion coefficients, see Part I.
several atoms and small molecufédle used a DID based The second dielectric and the second refractivity virial
theoretical model and observed significant deviations wittcoefficients are obtained from the expansion of the generali-
respect to the available experimental results. Hatral?®  zation of the Clausius—Mossotti function in orders of the
studied also in detail the temperature dependence of the se@olar densityp (the inverse molar volumeof the gas’® For
ond dielectric virial coefficients of rare gases, and found thatemperatured for which the thermal energlyT—with k in-
it could not be reproduced with then existing theories. dicating the Boltzmann constant—is large compared to the
In their experimental study of the hyperpolarizabilities dissociation energy of the van der Waals dimer the second
of interacting molecular pairs, Donley and Shelton estimatedéfractivity virial coefficient can be calculated from the clas-
the second virial coefficients of the ESHG hyperpolarizabil-Sical statistical mechanics expression,
ity ratios using a Lennard-Jones 6-12 potential and the DID N2

.. A
model. The procedure was not sufficiently adequate to pro-  Br(®,T)=g—X, (,T)
vide good accuracy of the propertigs’? 0
Using quantum statistical mechanics, Bruehal. de- NZ %
rived the second dielectric and upper and lower bounds to = 6_6047Tj0 Aagdo,R)
the second Kerr virial coefficients for heliufd.For the
former, at 4 K, they obtained an agreement with respect to X exp — V(R)/KT)R?dR, 1)

experiment only on the order of magnitude. This reflects gyhere\/(R) is the interatomic potentiaN, is Avogadro’s
lack of precision in the gstlmated interaction p0|aI’I2a.bI|It)./.' number, ande, the vacuum permittivity. For very low tem-
The second dielectric and the second hyperpolarlzab|Il%eratures, guantum corrections, which account for the dis-
virial coefficients of helium were evaluated by Bishop andcrete rovibrational levels of the van der Waals molecule,
Dupuis from fourth-order Miter—Plesset perturbation theory muyst be included, see, for instance, Refs. 27—29. Here we
(MP4).2* For the former, good agreement was obtained withassume that the classical approximation can be used. Thus
the experimental data and with a previous theoretical CISRye restrict our study to the determination of the zeroth-order
result. No experimental data are available for the latter.  expansion in powers df>>?%32as given by the semiclassical
Moszynski et al. used symmetry-adapted perturbation expression in Eq(1). We approximate the frequency depen-
theory (SAPT) (Refs. 25, 26 results for the potential curve dence of the refractivity virial coefficient by expanding it in
and for the interaction property rt% ggmpute the dielectrica power series i up to second order,
second virial coefficient of heliuf.”= First and second
quantum corrections to the semiclassical results were Br(w,T)=BR(T)+ &BK(T) +, 2
calculatec® A considerable discrepancy was then foundwhere the static limiB{?)(T) is identical to the second di-
with respect to experiment at low temperatures, where thelectric virial coefficientB (T).3 The coeﬁicientstqo)(T)
semiclassical expansion is divergent. Full quantum-statisticaind B&)(T) are calculated analogous Bx(w,T), Eq. (1),
calculation$’ allow to correct these discrepancies, and thebut with Aa,,dw,R) replaced by the interaction-induced
divergence vanishes. The quality of the results allowed thstatic polarizability and the Cauchy momefty,,{0,R) and
authors to get some understanding of the scattering of experiS,,{ —4,R), respectively.
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The interaction-induced polarizability —anisotropy induced polarizabilities, we treat the frequency dependence
Aagy(o,R) is related to the pressure-dependence of the doef y and Ay, approximately by using a power series
Kerr or electro-optical effect! The latter is conveniently through second-order in the frequencies,
expressed by an expansion of the molar Kerr constinas ©) 20(2)

a power series in the densityThe second Kerr virial coef- B,(Q,T)=B,(T)+w{By(T)+-, 9
ficient B (w, T) can be calculated &5

BOT)+ w?B@(T)+---
2< b(Q,T)=7()wL7()

Y(0)(1+ wfA+--)

(10

1
AT e y
162¢, | 5kT k(@ D Xk(@,T)

=Bk(0, T)+Bi(w,T), )

BK((,(),T) =
and

wEZ wg=w§+ w§+ w%.
with the integralsXg (o, T) andX}(w,T) given by

o I1l. COMPUTATIONAL DETAILS
Xﬁ(w,T)=4ﬂ'J’ Ao @, R)Aa,,(0R)
0

For the evaluation of the helium and argon dielectric,
X exp( — V(R)/kT)RR, (4) rgfractivity, Kerr, and second hyperpolarizabilit_y virial f:oef_—
ficients we employ the frequency-dependent interaction in-
y o ) duced polarizabilities and second hyperpolarizabilities re-
XK(“”T):A”TL Ayk(w,R)exp(—V(R)/KT)R7R. ported in Part | and in Ref. 3 for the dimers Hand A,
(5) For He, this includes FCI results for Dunning’s
d-aug-cc-pVTZ-3321 basis set at 25 internuclear distances in
Bruch et al™ have determined an expression for the uppefne range of 3.00-13.00 a.u. As discussed in Part I, we added
and lower bounds to the classical expression,@g.within  {he difference between the CCSD results evaluated with the
a quantum statistical approach, and they have discussed tﬁeaug-cc-pVTZ-3321 and thel-aug-cc-pV52-3321 basis
implications in the calculation of the second Kerr virial co- sets to the FCI results for the interaction induced properties
efficient of helium at very low temperatures. to account for remaining basis set errors. In the following we
Since in particular the dispersion contribution 10 refer to results obtained using these “adjusted” properties as
BX(w,T) makes only a small correction to the dominant Con-extrapolated FCIf-aug-cc-pV52Z” data.
tribution By(w,T), we have assumed here—as in Ref. |y part | we determined for the helium dimer both
3—that Kleinman symmetry is valid in the calculation of CCSOT) and FCI potential energy curves which were
Xi(@,T) (see Sec. I Thus 5¢= ¥;,:5t 4¥xx22T 8¥xxyy  shown to be very close to the reference curve determined by
andA yx(o,R)~Ay(—,0,0w,R). Kleinman symmetry is  aAziz et al®® in the 3.00-13.00 a.u. internuclear distance
exact in the static limit, and eoften very goodlapproxima-  range. Nevertheless, in order to reduce the possible sources
tion for the frequency-dependent part. Again we expanchf jnaccuracy, we employed Aziz's potentfias V(R) to
Xk(w,T) and Xg(w,T) as power series i up to second optain the results for the virial coefficients of jgiven and
order using the corresponding expansion of the propertiegiscussed in the next section. The dependence of the final
Aagy(w,R) andA y¢(w,R). results on the choice of the potential energy curve is quite
Following the general treatment by Buckingham andnegligible except for the integral of E¢l) at low tempera-
Pople?® in Ref. 3 a virial expansion for the second hyperpo-tyres. As an example, the second dielectric virial coefficients
larizability was introduced, of helium as obtained semiclassically employing our FCI
_ . potential energy curve are on the average 1%—2% smialler
Ve D= +B,(QDpt- o, © absolute valueat temperatures below 100 K than those ob-
where () is a shorthand notation for the usual sequence ofained employing the Aziet al. potential*® The differences
frequency arguments,, w1, w,, andws. Within the semi- are on the order of fractions of a percent at higher tempera-
classical approximation the coefficieBt,({2,T) is given by tures, or for other integrals.
For the Ap complex, ad-aug-cc-pV5Z-33211 CCSD)

|23

N
B,(Q,T)= A X, (Q,T), (7) potential was availabfeand the interaction induced polariz-
8meg o R
abilities and second hyperpolarizabilities have been com-
with puted at the CCSD level with thd-aug-cc-pvVQZ-33211
o (static contributionsand thed-aug-cc-pVTZ-33211disper-
Xy(QiT):4WfO Ay (Q,R)exp(— V(R)/KT)RZR. sion coefficientsbasis sets.The basis set errors in the dis-

persion coefficients are larger than in the static part. How-
(8) . T . )
ever, this has a negligible influence on the final results, since
In ESHG experiments the hyperpolarizability of a gas, andhe dispersion contributions were found in Ref. 3 to be about
thus its pressure-dependence, can only be measured relatige order of magnitude smaller than the static tefriihe
to that of a second reference gas. Thus, for comparison wittCSO(T) potential for Ap, taken from Ref. 2, is available
experiment we report in the tables and figures of Sec. IV Jor a total of 59 internuclear distances in the range between
the quantityb,(Q,T) =B, A(Q,T)/ya(2), where the sub- 3.8 and 20.0 a.u. The static interaction properties were com-
script “A” identifies the system. As for the interaction- puted for 12 distances between 5.5 and 30.00 a.u.
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FIG. 1. He. The functionA a,,{ w,R)e V(R/KTIR? (3.u) against the inter-
atomic distanceR (a.u) for T=323.15K andT=7.199K, and for\

FIG. 2. He. The functionA y,(o,R)e VR/KTIRZ (3,u) against the inter-
atomic distanceR (a.u) for T=298.15 K and\ =632.8 nm.

=632.8 nm.

In Ref. 3 we proceeded by a determination of the valuesnore and more important for the description of the property
of the integrands in Eqg1), (4), (5), and(8) for each tem- asT increases.
perature at the internuclear distances of @heinitio calcu- The “effective” region of integration becomes more
lated interaction properties, followed by a cubic spline inter-narrow at low temperatures, and the minimum moves toward
polation and a numerical integration. Whereas interchanginthe equilibrium distance of the dimé¢b.61 a.u). This, to-
the first (calculation of the integrand functipmnd the sec- gether with the previously mentioned fact that the property
ond (spline interpolatioh steps did not lead to appreciable seems to be more sensitive to the choice of the internuclear
changes in the final results in the case of argon, for the hepotential asT decreases, is an indication that even if mini-
lium dimer the integrand calculation-spline interpolation se-mal, the differences between our FCI potential and the one
quence led to an inaccurate interpolation of the integrandietermined by AziZand effectively employed in the calcu-
function at the lower end of the integration range. We foundation of the virial coefficient are important in the region
that reversing the sequence, i.e., first obtaining cubic splinaround equilibrium.
fits of the interaction induced properti¢separately for the The integrand in the evaluation of the polarizability con-
static and the frequency-dependent contributicersd then  tribution to the second KeffiEgs. (4)] closely resembles the
determining the integrand functions in a grid of 500 points incorresponding function seen for argon in Ref. 3. The value of
the integration range led to a much more stable numericahe integrand is far smaller; the maximum, which ir, Aras
integration. larger than 300 a.u., reduces to about 0.15 a.u. for Hee-

The behavior of the integrands involved in the semiclas-quency dispersion is very small, practically undetectable be-
sical determination of the virial coefficients of argon waslow 4 a.u. or beyond 8 a.u. An effect of frequency depen-
discussed in some detail in Ref. 3. The changes induced byence is instead observable in Fig. 2, where the integrands
the use of a larger basis set are not such as to deserve furtt@rresponding to the polarizability contribution to the second
discussion. The functions were integrated between 5.00 anderr virial coefficient and to the ESHG second virial coeffi-
30.00 a.u., an interval which was found to be suitable andient are displayed. Note that—as for Fig. 1—the negative
guaranteed good convergence of the results already in Ref. 8rea largely overcomes the positive area lying beysiids

The functions which appear as integrands in the evaluaa.u., and that there is no sign of a quasicancellation effect as
tion of the second refractivitfEq. (1)] and the hyperpolar- seen for the argon dimér.
izability [Egs. (4) and (8)] virial coefficients of helium are In order to ascertain the importance of long range effects
displayed in Figs. 1 and 2, respectively. on the virial coefficients of helium, the 25 extrapolated

Figure 1 shows the integrand in E(l) in the 3.00— FCl/d-aug-cc-pV5Z frequency-dependent interaction in-
13.00 a.u. internuclear distance range for both the temperaluced polarizabilities and second hyperpolarizabilities were
tures of 7.199 K and 323.15 K and far=632.8nm. The supplemented with a set of points computed using the ana-
balance between the positive and negative regions of the inytic fits determined in Part (see Tables VII, VIIl and IX in
tegrands is not as critical as it was found to be for the Ar Ref. 1). Twenty three extra points, equally spaced in the
dimer2 The region below~6 a.u. largely dominates, and itis 13.0-36.0 a.u. interval were added, and the integration was
apparent that the behavior of the function at short rahge  then extended first from 3.0 a.u. to 27.0 a.u. and then up to
low 3 a.u) has no influence on the calculation of the second36.0 a.u.
dielectric and refractivity virial coefficients of helium. As the The differences between results obtained with an inte-
temperature increases, the integrand is displaced towards tlgeation range extended to 27.0 a.u. and 36.0 a.u. are totally
short internuclear distance region, which makes this regiomegligible. Extending the upper limit of to 36.0 a.u. modifies
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TABLE I. Helium. Extrapolated FC#-aug-cc-pV5Z results for the second dielectric virial coefficiBpT),
the dispersion contributioB&)(T) and the second refractivity virial coefficieBg(w,T) atA =632.8 nm. The
potential used is that of Aziet al. (Ref. 36. Temperatures are in K, virial coefficients in &mol~2 with
frequencies assumed to be given in a.u. We also lisathiaitio results of Moszynsket al. (Ref. 27 for B, and
experimental data, where available.

T B(T) B(T)? B(T) (exph Ref.  B@(T) Br(632.8 nmT)
3.799 —00731 —0.0081 —0.023 12 —0.6271 -0.0763
4220 —0.0549 —0.0081 0.083:0.026 4 —0.4840 —0.0575
7199 —0.0187 —0.0092 —0.036+0.026 4 -0.1892 -0.0197

13.804 —0.0106 —0.0104 —0.010+0.026 4 01112 —0.0112

20271 —0.0105 —0.0123 —0.062:0.010 4 -0.1006 -0.0110

27.098 —0.0116 —0.0144 —0.088+0.026 4 —0.1001 -0.0121

77.400 —0.0220 —0.0265 —0.02+0.02 10 -0.1324 —0.0226
10000  —0.0262 -0.1471 —0.0269
130.00  —0.0313 —0.1651 -0.0322
160.00  —0.0361 -0.1814 —0.0370
180.00  —0.0390 ~0.1916 ~0.0400
200.00  —0.0419 -0.2012 —0.0429
22000  —0.0446 -0.2104 —0.0456
24295 —0.0475 —0.0522 —0.07+0.01 10 —0.2203 —0.0487
253.00  —0.0488 —0.2245 —0.0499
261.00  —0.0497 -0.2278 —0.0509
27400  —0.0513 -0.2330 —0.0525
287.00  —0.0528 ~0.2380 —0.0540
29300 —0.0535 —0.2403 —0.0547
296.00  —0.0538 ~0.2415 —0.0551
298.15  —0.0541 —0.0587 —0.11+0.02-0.08 6, 7 —0.2423 —0.0553

+0.01
303.00 —0.0546 —0.0592 —0.053-0.009-0.06 8,11 —0.2441 —0.0559
+0.01

315.00  —0.0560 ~0.2485 ~0.0573
32215  —0.0567 —0.0613 —0.06=0.04 5 —0.2511 —0.0580
323.00 —0.0568 —0.0614 —0.068-0.01 9 -0.2514 —0.058F
32325 —0.0569 —0.0614 —0.07=0.01 10 -0.2514 —0.0582
340.00  —0.0587 -0.2573 —0.0600
375.00 —0.0622 ~0.2691 —0.0636
407.60  —0.0654 -0.2794 —0.0669

®Reference 27.

PAlso —0.030+0.004, Ref. 12 foPHe at 4 K.

°Cf. —0.0614, calculated at the MP4 level by Bishop and DugRisf. 24.
dDetermined as-0.068+0.010 by Achtermanet al. (Ref. 11).
®Determined as-0.068+0.010 by Achtermanet al. (Ref. 9.

the results for the second dielectric and refractivity virial Mathematica’ The conversion factors between a.u., Sl and
coefficients discussed in Sec. IV A with respect to those obesu units are given in the Appendix.

tained integrating to 13.0 a.u. by an average~#.5% at
temperatures greater than 100 K. At low temperatures, where

the virial coefficients become small in absolute value, theIV' RESULTS AND DISCUSSION

percentage changes are more substati@0% at 27.098 The results are presented in Tables |-VI and in Figs.

K). The variation is of about 4%-4.5% for the polarizability 3—6. In the following, we discuss each property separately
contribution and of 1%-1.5% for the hyperpolarizability for both rare gases.

contribution to the second Kerr virial coefficients of Sec. ) i o
IVB (both static and dispersianDue to the near cancella- - The second dielectric and refractivity virial
. N coefficients
tion of the two contributions, the percentage effects becomes
large in the sumBg(w,T) where this coefficient is small. Table | displays the temperature dependence of our ex-
Finally, for the second hyperpolarizability coefficient, Sec.trapolated FCid-aug-cc-pV5Z results for the second dielec-
IV C, the average change is of about 1%—1.5% both for thdric virial coefficient, B., the dispersion contributioB(Rz)
static and the dispersion contributions. The helium virial co-and the second refractivity virial coefficie®g in helium.
efficients in the tables and figures in Sec. IV are those obBy is evaluated at the wavelength of 632.8 nm. The available
tained extending the upper limit of integration in all integrals experimental data are included in Table |. Barcomparison
over the internuclear coordinates up to 36.0 a.u., with a cubits made with the fully quantum statistical results of Moszyn-
spline grid of 1000 points. ski et al,?’ see also Fig. 1. The range of temperatures ex-
All numerical integrations were carried out with tends from 3.799 K up to 407.60 K. In the low temperature
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Helium TABLE II. Argon. The second dielectric viral coefficieBt.(T), the disper-
] : . s . . . . sion contribution B&(T) and the second refractivity viral coefficient
0.104 —e— This work (Semi-classical) Br(w,T) atA=632.8 nm. Results with two different basis sedsaug-cc-
A Moszynski et. al., Ref. 27 (Quantum-statistical) pVTZ-33221—dTZ below—vsd-aug-cc-pVQZ-33221-dQZ in the Tables
= Exp. heading are shown foB (T). The dispersiofiBZ)(T)] it obtained with the
0.05 - - dTZ set. The viral refractivity coefficients at the wavelength of 632.8 nm is
e, )l | computed fromdQZ dielectric contributions plus théTZ dispersion.T is
g 0.00 given in K, and the virial coefficients in dhmol~2 with frequencies as-
“’E b \E B sumed to be given in a.u.
[ @
= e, B.(T B(T B@(T
& -0.05 Reeo gyl , L «(T) (T & (T) Bgr(632.8 nmT)
= | [ o T dTZ dQz dTz dQz+dTZ
-0.10- L 242.95 1.4598 1.4926 5.4882 1.5211
| 253.00 1.4410 1.4738 5.4351 1.5020
0.15 261.00 1.4268 1.4597 5.3927 1.4877
e j T j T j T i T 273.15 1.4066 1.4397 5.3281 1.4673
0 100 200 300 400 27400  1.4053 14384 53236 1.4660
T/K 287.00 1.3852 1.4186 5.2545 1.4458
_ , 29300  1.3765 1.4100  5.2226 1.4371
FIG. .3.. Helium. Tempergture c_iependence of the s_econd dielectric virial »9g oo 1.3722 1.4058 5.2068 1.4828
coe_fflc_lentBE(T). Comparison y\nth experiment and with the fully quantum 298.15 1.369%¢ 1.4028 5.195% 1.429Fgh
statistical results of Moszynslt al. (Ref. 27. 303.15 1.3629 1.3961 5.1690 1.42%9
305.00 1.3597 1.3936 5.1592 1.4203
315.00 1.3464 1.3807 5.1067 1.4072
region the semiclassical result, obtained from &g, corre- 322.00 1.3372"°P  1.3720 5.0701 1.3983
sponds to the zero-order term in a perturbative expansion in340.00 ~ 1.3155 1.3509  4.9768 1.3767

23,28,32 . 370.00  1.2770 1.3143  4.7991 1.3392
prdgrs off. It has been shown that such an expansion 407 60 12449 15842 46383 15082
is divergent for very low temperatures, whereas quantum ef-
fects altogether are negligible for temperatures greater thaifxpt, 1.84-0.07. Ref. 10.
70 K, as Fig. 3 clearly confirm@ Comparison with the(?)  "Expt, 2.5234), \=594.096 nm-1.73(34),A = 543.516 nm-1.81(34) A
; ; =325.530 nm,T=296.82 K, Ref. 42.
results of Moszynski and co-workers is reasonable at temg_
C0(0) i alc 1.53, at 300 K, Ref. 19.
peratures beyond 100 £ At 3.799 K theirB{® is —0.0961 dExpt 0.79+0.10, Ref. 6.
cmPmol ™2, compared to our-0.0731 crfimol 2 (cf. quan-  ©Calc 9.41, at 300 K, Ref. 19.
tum statistical result in Table 1-0.0081 crfimol ?). Taking ~ 'Expt, 1.57-0.58, A=632.8 nm—1.55+0.74, A =514.5 nm—1.58+0.69,
into account the level of sophistication of thb initio analy- ) ~488.0nm-1.53£0.32,1 =457.9 nm. T =298.2 K, Ref. 43.
. : Xpt, 2.16-0.34, T=298.2 K, A\=632.99 nm, Ref. 44
sis, the conclusion of Ref. 27 that the measures at some GEXPL 1.49-0.15, at 298.2 K\ = 632.99 nm, Ref. 45.
the low temperature data should be repeated seems plausiblexpt, 1.22-0.09, Ref. 10.
This recommendation may be extended also to the experiEXpt, 1.23-0.05, Ref. 46.
mental points at higher temperature, which carry error bars$EXPt 1.7570.05,A =632.99 nm, Ref. 11.
that do not enclose thab initio results Expt, 1.0-2.1, T=306.15 K, Ref.47.
X : ) MCalc, (SCP 0.48, Ref. 18.
Our result at 296 K is more than 10% less negative thamgypt 0.39-0.20, Ref. 5.
that obtained at the MP4 level by Bishop and Dugdis. ©.726 from CIS measurements, Ref. 48.
Around that temperature, our result is with#8% of that of ZEXPL 0.72£0.13, at 323 K, Ref. 49.
Moszynski et al, which, incidentally, are instead in very ,=XPt 1.7620.05,T=323K, A=632.99nm, Ref. 9.
. . . Expt, 0.1-0.3, Ref. 10.
good agreement with resulfeot shown hereobtained with
FCIl/d-aug-cc-pVTZ-33221 data. These differences between
the ab initio results are a measure of the dependence of the
second dielectric virial coefficients on different treatments of3. Thed-aug-cc-pVQZ-33211 (‘dQZ’ in Table Il and Fig.
electron correlation and on the basis set. 5) basis set correction increases the second dielectric coeffi-
For the second refractivity virial coefficient an experi- cients (on the average by 2%—-3%The comparison with
mental value of—0.068+0.010cnimol 2 has been ob- experiment is difficult due to the large uncertainty of some of
tained by Achtermanet al®! at the wavelength of 632.99 the experimental data. In Ref. 3 we discussed the particular
nm and for temperatures of 303 and 323 K. Our correspondsensitivity of the classical integrals to the balance between
ing results are—0.0559 and—0.0582 crimol 2, respec- positive and negative regions of the integrands in argon, a
tively, and compare reasonably well with experiment. Usingfeature that depends on the temperature and which is practi-
a more refined semiclassical approach, see above, Achterally absent in the case of helium. The changes introduced
mann et al. obtained a coefficient of-0.059 cnimol 2 at by the change of basis set are not such as to alter signifi-
303 K. cantly this ratio. This, on the other hand, was shown to be
The results for the second dielectric and second refradess critical for these properties than for the polarizability
tivity virial coefficients of argon are displayed in Table Il. As contribution to the Kerr constant and for the hyperpolariz-
clearly stated above, in this paper we are not concerned withbility coefficients® As an example, af =298.15 K the ratio
the frequency dependence of the properties for argon, and weetween the positive and the negative regions in the integral
assume the same dispersion contribution as computed in Rdar B, of argon is of about 4:1.
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TABLE Ill. Helium. The second Kerr viral coefficientBy(w,T) also at low temperature, and observed that—as it could be
— a Y 1 1 . g . .

~Bi(@.D)+Bi(w T). The two contributions are further expanded as gypected—the polarizability contributioBy becomes rap-
Bi(w, 1) =B (M) T’ BE(T) ~ and Bl N=B"(T) gy dominant, being at 3.799 K two order of magnitude
+2w?B@Y(T). Bx(w,T) is also given for the wavelength of 632.8 nifn. | han th ' ' )

is given in Kelvin, and virial coefficients in V2 m® mol~2x10~%¢ with fre- arger than the one C(?mp.Uted at77.4 K, and_abOUt 509 times
quencies assumed to be given in a.u. larger than the contribution at 303 K. The increase is one
order of magnitude “slower” for the hyperpolarizability

contribution. Due to near cancellation of the two contribu-

T BO«T) B@(T) BOYT) BE(T) B(632.8nm)

77.400 10.5336  21.3451 —2.0979 —8.6081 8.4572 tions (Bx andB(), the ratio for the actual Kerr virial coef-
100.000 82653  16.6453 —2.2240 —8.9982 6.0343 ficient By at 3.799 K and 303 K is if=10 000. Bructet al?®
130.000  6.4822  12.9635 ~2.3794  —9.4879 4.0716 estimated from their quantum statistical analysis that the ra-
160.000 5.3644  10.6643 —2.5204 —9.9347 2.7963 i of BY(4.2 4B hould be of
180.000  4.8230  9.5541 —2.6070 —10.2096 21506 10 0f Bi(4.2K) andBy (300 K) should be of=39. At 300 K
200.000  4.3874 8.6630 —2.6885 —10.4678 1.6353 the authors obtain, through a coupled perturbed Hartree—
220000 4.0288  7.9311 —2.7653 —10.7110 1.1936 Fock approach, a value of 2.580 3V ~2m®mol 2 for
;gg-ggg g-gg;g Z-S?g *g-gggs *i(l)-gggg g-gggg their B¢, which includes however only the polarizability
261.000 3.4602  6.7742 —2.9098 —11.1681 0.4697 term._36 O_uzr 8resu1t2 at 300 K lies arou_nd 2.7
274000 3.3141  6.4779 —2.9525 —11.3027 0.2780 X10"°V T m mol 2,3|n reasonaple agreement with the es-
287.000 3.1808  6.2077 —2.9938 —11.4329 0.1006 timate by Bruchet al=° In conclusion, the frequency depen-
293.000  3.1230 6.0909 —-3.0124 -11.4915 0.0230 dence ofBi for helium is quite negligible in the whole range
296.000  3.0950  6.0342 -3.0216 -11.5205  -0.0148 of temperatures, and the near cancellation of the polarizabil-
298.150 30752 59942 ~3.0282 ~115412  —0.0415 ity contribution with the hyperpolarizability contribution
303.000 3.0317 59061 —3.0420 —11.5874  —0.1007 Yy _ 1YPErp y cor :
315000 2.9293 56993 —3.0785 -11.6994  —0.2409 leads to predict that there is a temperat(mar estimate is
322150 2.8718 5.5833 —3.0993 -11.7646  —0.3205 around 295 K where the second Kerr virial coefficient of
323.000 2.8652  5.5698 -3.1017 -11.7723  -0.3297 helium goes to zero. There is thus a striking difference with
823.150  2.8640 55674 —3.1021 —11.7736  —0.3314 respect to what is seen for argon, whé&g is two orders of
340.000 2.7383  5.3141 —3.1496 -11.9228 —0.5074 tude | haix? and clearly domi 8
375.000 2.5118  4.8583 —3.2430 -12.2153  —0.8327 magnitude larger thaXg and clearly dominate8y up to
407.600  2.3341  4.5019 —3.3242 —12.4690  —1.0960 very high temperatures.

In Table IV we list the results, both the different contri-
butions and the overall coefficient, for the second Kerr virial
coefficient of argon evaluated at a wavelength of 458.0 nm.
The comparison with experimefiis central to the scope of

As discussed in Sec. |, in experimental studies even akig. 5. Improving the basis set has minor effects on the po-
recent as 1992 no appreciable deviations from the linear didarizability anisotropy contribution, whereas the hyperpolar-
persion law with the density has been detected for the Kerizability term changes substantially. Since the total coeffi-
constant of heliunt**>The contributions to the second Kerr cient is dominated by the polarizability contribution, the
virial coefficient of helium are reported in Table Il and overall variation is in the order of about a 3%. The experi-
shown in Fig. 4. The coefficienBx are evaluated for the mental second Kerr virial coefficients by Dunmetral ® at
wavelength of 632.8 nm. The range of temperatures extendss8 nm for several temperatures carry large error bars, which
from 77.40 K to 407.60 K. We computed the coefficientsnevertheless do not include either of our res(ifs Fig. 5).
The currentdQZ results are only slightly closer to these
experimental values than the previod$Z estimates. On

B. The second Kerr virial coefficients

Heli -A=632.8 . .
A R P B, (1) | the other hand, if we consider the much more recent Kerr
20 - \ —e—B2m | T study of Shelton and Palubinsk¥sand as in Ref. 3 compute
16 —a— By i the ratioby; /ag; of the virial expansionygcf:aﬁtwL bsip from
8 1 \, oy - the dc-Kerr hyperpolarizability ah=632.8 nm which is
° 12 "~ —v—B, M| —63(~4 4 13
= ] N . B"(w b taken from Ref. 39 (77810 *>°C*m*J °~1248a.u.) and
8 8, .\.\‘ﬁo‘k - - from our new value of By at 632.8 nm (5.57
g al o\‘:.\_\_\.\“H_:»..-.\.\.'_ X103V 2memol %), we obtain a value of 8.70
B 0l e SV X 10 °m®mol™! at 296 K. This compares very favorably
E NN TITe—e— with the experimental measurement(by;/a;=8.9
a4 A £0.3x10°m®mol ! at A =632.8 nm andl =296.15K).
E 8 4 L The neat dominance of the contribution arising from the
-] o '\V\v~v—v~v‘7vv_v_m<"_' integration in Eq.(4) with respect to that arising from the
A A f Kerr interaction hyperpolarizability and which is related to
100 150 200 250 300 350 400 the integral in Eq(5), rules out possible causes of inaccura-
T/K cies in our numbers due to the critical balance of positive and

FIG. 4. Helium. Temperature dependence of the second Kerr virial coefﬁ-nega:lve COHFI’IbUEOHE to thiryperr[]:)olarlz?blllty fCIIaSSICal In-
cient  By(0,T)=BX (@, T)+Bl(0,T). Also, B(w,T)=BO(T) tegrals 'mentlon.e above. Also, the neg ept of long range
+w?B@(T) and BY(w,T)=BO(T) +20?B@(T). The second kerr  €ffects[i.e., having limited the integration in E¢4) to 30

virial coefficient is shown for a wavelength=632.8 nm. a.u] is of no consequence for our conclusions; at 298.15 K,
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TABLE IV. Argon. The second Kerr viral coefficiey(w,T)=Bg(w,T)+Bk(w,T). The two contributions
are further expanded aBg(w,T)=BQ%(T)+w?B@%T) and B}(w,T)=BO(T)+2?B@*(T). The
static contributions are computed with t@ug-cc-pVQZ-33221dQ2) set, whereas the dispersion is obtained
with the smallerd-aug-cc-pVTZ-33221(dT2) basis setBy(w,T) as obtained from the results for the two
contributions is given fol =458 nm.T is given in Kelvin, and the virial coefficients in ¥ m® mol~2 with
frequencies assumed to be given in a.u.

BO«T) B@«T) BT B@YT) By (458.0 nmT)
x10%3 x10%3 X 10%° X103 X103 x10%8
T dQz dTZ dQz dTz dQz+dTZ  Expt. from Ref. 38
242.95 7.0613 34.8792 2.1983 —29.5492 7.7678
253.00 6.7123 33.1552 2.2944 —27.7828 7.3860 540.9
261.00 6.4588 31.9027 2.3611 —26.5227 7.1086 490.9
273.15 6.1093 30.1757 24482 —24.8213 6.7262
274.00 6.0863 30.0621 24537 —24.7110 6.7010 480.7
287.00 5.7555 28.4276 25299 —23.1477 6.3389 460.7
293.00 5.6151 27.7333 2.5603 —22.4984 6.1852 3907
296.00 5.5474 27.3992 25745 —22.1892 6.1111
298.15 5.5000 27.1648 2.5843 —21.9737 6.0592
303.15 5.3929 26.6354 2.6058 —21.4911 5.9419
305.00 5.3543 26.4449 2.6134 —21.3190 5.8997 380.7
315.00 5.1555 25.4620 2.6506 —20.4438 5.6819 380.7
322.00 5.0251 24.8178 2.6733 —19.8828 5.5392
340.00 4.7194 23.3066 2.7210 —18.6100 5.2042
375.00 4.2233 20.8549 2.7787 —16.6952 4.6606
407.60 3.8497 19.0089 2.8027 —15.4031 4.2509

when we carry out the integration fofg in a interval re- discussing them at this stage. The dispersion contribution is
duced by 10%i.e., up to 28.8 a.u. instead of 30 g,uhe  far more important here than for the former coefficients. At
integral is reduced by=0.08%. 296 K Bishop and Dupuf§ determined the statib [Eq.

In conclusion the experimental Kerr data of Dunmur(10)] at the MP4 level as-1.41 cnimol™t. This compares
et al*® are most likely inaccurate, and should therefore bereasonably well with our corresponding static result of
re-examined.

TABLE V. Helium. The second hyperpolarizability virial coefficient.
B(T), BY(T), and b(Q,T) for an ESHG process uf= w,=,w3
The results for the helium hyperpolarizability virial co- =0.0f=60?) at 632.8 nm as a function of temperatielvin). To com-
efficients are given in Table V and Fig. 6. Once again, the?uteb, we assumedy(~2w;0,©,0)=43.104 au,, as obtained by Bishop
range of temperatures goes from 77.4 K to 407.60 K, but w@”d Pipin (Ref. 50. B, is given in C'm’J *mol *x10°*% and b in

m mol L. Frequencies are assumed to be given in a.u.
have results also for lower temperatures. Due to the absence

C. The second hyperpolarizability virial coefficients

of a proper quantum statistical treatment, we refrain from T B{)(T) BY(T) b(632.8 nmT)
77.40 —0.2498 —1.0252 —1.0482
100.00 —0.2649 —-1.0716 —-1.1095
 Amgon-A=4582m 130.00 —0.2834 ~1.1299 ~1.1851
160.00 —0.3002 —1.1831 —1.2537
8':§_\. - :;z © VT2 disp i 180.00 ~0.3105 ~1.2159 ~1.2959
. ” _ = A Exp. (Dunmaur et al., Ref. 38) _ 200.00 —0.3202 —1.2466 —1.3356
A \.\ 220.00 —0.3293 —1.2756 -1.3729
i \=:==\ I 242.95 —0.3392 —1.3068 —1.4133
Q“ 6 - \=§=\. r 253.00 —0.3433 —1.3199 —1.4302
‘S 5 1 \.kl r 261.00 —0.3465 —1.3300 —1.4433
wa \'\ [ 274.00 _0.3516 _1.3461 _1.4640
o \, 287.00 0.3565 1.3616 1.4841
i 4- } r 293.00 —0.3588 —1.3686 —1.4932
o { 296.00 —0.3599 -1.3720 —1.4977
g 34 298.15 —0.3606 —1.3745 —1.5009
;'5‘ 303.00 —0.3624 —1.3800 —1.5080
2 F 315.00 —0.3666 —1.3933 —1.5253
— T T T T T T 322.15 —0.3691 —1.4011 —1.5354
240 260 280 300 320 340 360 380 400 323.00 —0.3694 —1.4020 —1.5366
T/K 323.15 —0.3694 —1.4021 —1.5368
340.00 —-0.3751 —-1.4199 —1.5599
FIG. 5. Argon. Temperature dependence of the second Kerr virial coeffi-  375.00 —0.3862 —1.4547 —1.6053
cient Bx(w,T) for A=458 nm. Comparison of results of Ref. 3—obtained 407.60 —0.3959 —1.4850 —1.6448

with the d-aug-cc-pVTZ @TZ) basis set—and of experimetRef. 38 with
the currentd-aug-cc-pVQZ(statio + d-aug-cc-pVTZ(dispersion results. 3Bishop and Dupui¢Ref. 24 determined MP4 statib=—1.41 cn? mol™™.
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Helium - A = 632.8 nm mate the quantitpp(ArH,) +b(H,He). At A=514.5nm and
02— ' ' ' ' ' T 1o at T=298K we obtainb=0.188 cnimol~* for argon and
" e 5om b=—1.58cnimol™! for helium. The ratiosy(Ar)/y(H,)
32 0.3 \i'\_\_ e B:(z)(,r) 11 andy(H,)/y(He) as a function of the gas density were mea-
» N ey F12 1 sured by Donley and Sheltdh.Combining these data, we
3 ~ — 5 computeb(ArH,) +b(H,He)=23.20 cnimol™?, in contrast
»,E T AN 1 § to the experimental value 1.4+8.0 cn¥ mol~1.%%
i T, v . EREI In Ref. 3 we made a conservative estimate of the
° 127 \'\o\,\. ‘»,.,N |15 f changes expected in the integd&, for argon at 298.15 K
g 1.4 1'*--.,:\ based upon improving the basis set from triple-zeta to
S Ty --1.6 . . .. . .
S quadruple-zeta quality. We made this prediction considering
-1.6 -1.7 the balance of negative and positive regions and its effect on

100 180 200 T/Zio 800 330 400 the result in Eq(8). We predicted a possible change of sign
and a decrease of about one order of magnitudg,fw,T)

FIG. 6. Helium. Temperature dependence of the second hyperpolarizabilitand b. The integral (which at T=298.15K and \

virial coefficients B(YO)(;'), BY(T), and b(w,T) for an ESHG process — 514 5nm was~24 000 a.u., and was predicted to change

(01= 0= 0 ©3=0, 0{=607) atA=632.8nm. to ~ —2000 a.u. becomes insteag-11000 a.u. Thus, our

prediction was certainly conservative, but the effect remains

—1.3349 cmimol ™. The lack of experimental data prevents impressive.

a further discussion of our results for of the individual
gases. The behavior of the integrand in Fig. 2 is—at al\, concLUSIONS
temperatures—very smooth, with the negative contribution
to the integral in Eq(8) largely dominating the positive con- We have carried out a detailed study of the second di-
tribution. electric, refractive, Kerr, and hyperpolarizability virial coef-
In Table VI we summarize the results for the secondficients of helium and argon. Our study, which assumes the
hyperpolarizability virial coefficient of argon. The static con- validity of a semiclassical approach, is extended to a wide
tribution changes considerably going from tlbeaug-cc- range of temperatures and employs the FCI and CCSD re-
pVTZ-33211 to thed-aug-cc-pVQZ-33211 basis set. As a sults for the frequency-dependent interaction induced polar-
consequence a significant change is seen irb(ag T) re-  izabilities and hyperpolarizabilities for Hand Ap, respec-
sults. No experimental data are available By, but using tively, which were reported in Refs. 1 and 3. We compare
the same procedure as in our previous pdpee can esti- our virial coefficients with those obtained in other recaht
initio calculations and with the available experimental data.
The present results for the second dielectric virial coef-
TABLE VI.2 Argon. The second hyperpolarizability virial coefficient. ficient of helium are in reasonable agreement with a recent
BYAT), BY )Z(T)' B,(T), andb(w,T) for the ESHG processeb=w, g antym perturbation study of Moszynskd al,?® and the
o ws=00 =607 at A=5145nm as a function of temperature fully quantum statistical results of Ref. 27 in the range of
(Kelvin). To computeb, we usedy,(—2w;»,w,0)=1577 a.u.(Ref. 51. :
Static results are obtained with tdeaug-cc-pvVQZ-33221dQZ) basis set,  temperatures between 70 and 410 K. For the second refrac-
whereas the frequency dispersion was that computed usidguag-cc-  tivity virial coefficient of helium our study is the first report
PVTZ-33221 (IT2) basis setB, is given in C'm’J*molx10"®andb  of g theoretical determination based ah initio results for
in o mol ", Frequencies are assumed to be given in a.u. the frequency-dependence of the interaction induced polariz-

BO(T) BO(T) B(T) b(514.5 nmT) ability of He,. For temperatures higher than 70 K the agree-

T dQz dTZ dQz+dTZ dQzZ+dTZ ment with most of the experimental data is satisfactory. This
242.95 26179 —35.1908 0.9620 0.0978 is also_ t_he case for t.h(.e very few experimental data for the
25300 27324 -33.0872 11755 0.1195 refractivity virial coefficient.
261.00 2.8119 —31.5865 1.3256 0.1348 For the second dielectric virial coefficients for argon we
273.15 2.9156  —29.5603 1.5247 0.1551 obtain results which are about 3% larger than the values
274.00 29222 —29.4289 1.5374 0.1564 obtained in a previous stutlyvhere we employed a smaller
;g;:gg g:gigg :;;:?g;g 1%2; 8:1?113 _basi_s_ set in the galcula_tio_n of the interaction induced polar-
296.00 3.0661 —26.4257 1.8226 0.1853 izability of Ar,. Since this is a small change compared to the
298.15 3.0777 —26.1690 1.8463 0.1878 error bar and the scattering of the experiment results, it
303.15 3.1033  —25.5943 1.8990 0.1931 makes no significant effect on the agreement between the
222-88 21222 _gigi% ;-gﬂg 8-;822 theoretical and experimental results, which is reasonably
322 00 31837 —23.6789 2 0695 0.2105 good for the tempe_rature range between 242 and 303 K, but
340.00 3.2405 —22.1631 21976 0.2235 unsatisfactory for higher temperatures.
375.00 3.3092 —19.8827 2.3736 0.2414 For the Kerr constant of helium the very weak quadratic
407.60 3.3378  —18.3439 24747 0.2517 dependence on the gas density is confirmed; in fact, around

#The static value is 0.8074, which can be compared to the estimated value rpom temperature the second Kerr virial coefficient—whose

~29.8-10.8, Ref. 24, obtained from theb initio result of He and the ?re_quency dependence is negligible—practically vanishes.
experimental density ratios of Ref. 21. This explains the difficulties the experimentalists still en-



J. Chem. Phys., Vol. 111, No. 22, 8 December 1999

Properties of He, and Ar,. Il 10117

counter in detecting any deviations from the linear pressur¢3d) 1 a.u. of a=e?agm.i 2=1.6487810 * C?m?J !

dependence ofK.

For the second Kerr virial coefficient of argon, the im-
proved calculations for the interaction induced polarizability

and hyperpolarizability of Arreduced the theoretical results
for Bk by about 3%. Our results of 8. %010~ > m®mol~? for

Bk /Ak at 632.8 nm and 296.15 K is in favorable agreement6)
with the recent accurate experimental Kerr result of (8.9

+0.3)x 10> m®*mol~! which was obtained by Shelton and

Palubinskas? The present calculations substantiate the sig{7)
nificant disagreement with earlier experimental results for

458 nm by Dunmuret al® found in Ref. 3. We suggest

therefore an experimental reinvestigation of the latter results.
As anticipated in Ref. 3, the reevaluation of the interac-(9)

tion induced second hyperpolarizability of Ateads to a

significant change in the theoretical results for the relative

hyperpolarizability second virial coefficienb(w,T) of
argon—at 298 K and 514.5 nm from 0.6822 %mmwl ! to
0.1878 cmimol .

Combining the present results foffor argon and helium

3
with the pressure ratios employed in the experimental deter—B'9

mination of b(ArH,) andb(HeH,), we obtain a theoretical
estimate foib(ArH,) + b(HeH,) of 23.2 cni mol™%, which is

=1.48186<10 25 cm® (esu);

1 au. of y=e*a}’m3% 6=6.2353810 % C'm*J3
=5.03669<10 “° esu:

1 au. of Ag(w,T), b=a]mol *=1.48135¢10"3*
m°mol 1=1.48135¢10 2> cm® mol ™ (esy);

1 au. of Bg(w T)=aSmol ?=2.1958710
m®mol 2

=2.19587% 10 °° cm® mol~? (esu);

1 au. of K(w,T), Ax(w,T)=e?agmimol % *
=5.60408<10 %° V" ?m°>mol 1=5.0367210 “° esu:;
1 au. of Bg(w,T)=e?a3’m2mol % 4=8.30439
X108V 2memol ?=7.46365<10 % esu;

1 au. of B(wg,w;,w,, 0z, T)=e*ad’m3mol % °
=0.23988<10 %  C*m’J ®mol 1=7.46361x10 ®°
esu.

4
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