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The results of an investigation of the electric-field-gradient-induced birefringence of the noble gases
He, Ne, Ar and of the octahedral systemgSife presented. For all these systems the induced
anisotropy of the refractive index is related to the sole temperature-independent contiiifut)on

a combination of quadratic response functions. These hyperpolarizabilities, as well as their
dispersion coefficients to seventh order, are calculated at the optical experimental frequency by the
CCSD response approach. The dispersion coefficients are used to determine the b(w)eothe

normal dispersion region. We show that for atoms the dipole—dipole—quadrupole and the dipole—
dipole—magnetic dipole contributions to the dispersion coefficientg @) have intimate relations

to the Cauchy moments and to the dispersion coefficients for the Verdet and the Cotton—Mouton
constants. ©1999 American Institute of Physid$§0021-96069)30441-4

I. INTRODUCTION the EFGB arises from a temperature dependent, orientational
. . S s term, which in this case is mainly due to the interaction of
An isotropic substance exhibits linear birefringence ) . )

the external field gradient with the molecular quadrupole

when plane polarized light propagates through it at ”ghtmoment?'f’

angles with respect to an external perturbation. The focus . S

. e . . S A secondary, temperature-independent, contribution
here is on the electric-field-gradient-induced birefringence_ . f the ch in the effecti larizability i
(EFGB—that is, the linear birefringence induced by a uni- arses from the changes in the €efiective polarizabiity in-

form electric field gradient. The effect has been known forduced by the EFG, and is given by a combination of dipole—

quite a long time, having been predicted by Debye in thedipole—quadrupole and dipole—dipole—magnetic dipole hy-

1920s* and it started to become of some importance in theoerpolari;abilities. This is known ds(“’);zll ::or highl{] dral
sixties, when Buckingham proposed its application to the?YMMetric systems, e.g., atoms, tetrahedral or octahedra
experimental determination of molecular quadrupolemmecmes’ the orientational contribution vanishes, and the

moments Basically, a phase difference is induced betweerfeSUIting birefringence is thus related only to the hyperpolar-

i ahili 4,11
the two coherent resolved components of the light beam linizability termb(w). o o
early polarized in the and'Y directions, and the phase dif- We have recently presented a systematic investigation of

11,12
ference is proportional to the difference of the refractive in-N€ EFGB of B, N;, C;H,, and CH,™ " where accurate
dicesnyx—nyy. This anisotropy is interpretable in terms of values for both the orientational term and the temperature-

microscopic properties, such as dipole and quadrupole mdhdependent hyperpolarizability contributitiw) to the ob-
ments, polarizabilities, and hyperpolarizabilities. The equaServed anisotropy were calculated at the coupled cluster
tions connecting the anisotropy to these microscopic proper§ingles and double§CCSD level of approximation, and at
ties have been first derived by Buckingham andthe experimental optical wavelength 632.8 nm. The study
Longuet-Higgins** and re-derived using different ap- @also pointed out a misuse of calculated results for an aver-
proaches by Imrie and Raahnd more recently by Dumitru aged static dipole—dipole—quadrupole hyperpolarizability
and Woolley®’ Special interest has been raised by the stillB—erroneously identified with(w)—in the derivation of
open question of origin dependence of the equations, in cormolecular quadrupole moments from EFGB measurements
nection with the use of a traced or traceless form for than some experimental work, which can compromise the ac-
quadrupole moment. The subject is of relevance for dipolaturacy of the experimentally derived valugs34
species, whereas agreement between different derivations of In the following we present an investigation of the
the expression of the birefringence exists for nonpolar sysEFGB dispersion for He, Ne, Ar, and the octahedral mol-
tems. ecule Sk. For all these systems the EFGB effect is related
In analogy to other optical effects as K&fror  only to the hyperpolarizability contribution(w). Dated ex-
Cotton—Moutort, the (generally dominant contribution to  perimental measures at 632.8 nm are available only for Ar
and SE,'° and they bear a very large uncertainty, such that
A0n leave to Forschungszentrum Karlsruhe, Institute for Nanotechnology®Ven the sign of the measured effect is undetermird.
P. O. Box 3640, D-76021 Karlsruhe, Germany. initio results—in particular for atoms, where there are no
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TABLE I. Helium. Hyperpolarizability contributions and tota(w) at 632.8 nm(a.u); FCI.

Basis B B2 J B-B -4/ w b
d-aug-cc-pvVQZ  —7.448 88 —7.406 71 0.056 1430 —0.042172 —3.11893 —-3.16111
aug-cc-pVv5Z —6.428 21 —6.379 24 0.0557900 —0.048963 —3.099 33 —3.148 29
d-aug-cc-pV5Z —7.477 02 —7.43478 0.056 0434 —0.042 239 —3.113 40 —3.155 64
t-aug-cc-pV5Z —7.47543 —7.43310 0.056 0285 —0.042336 —3.11257 —3.154 91

d-aug-cc-pVeZ —7.45715 —7.41457 0.0559698 —0.042582 —3.10931 —3.15189

B=B(— w,0,w).

vibrational corrections—are thus of great value to direct &his last cas® refers then to the so-called “effective quad-
revised experimental determination. Using the CCSD rerupole center,” as discussed in detail in Refs. 3 and 5. In a
sponse approach, we calculated the dispersion coefficiengsarallel study, the analysis of the EFGB in a polar species
for the various hyperpolarizabilities enteriifw) analyti-  (carbon monoxidealong these lines has been undertaien.
cally up to seventh order in the frequency argument. TheNote that Dumitru and Woolley’s approach to EF&B,
coefficients allow us to obtain a power series expansion opased on the quantum theory of light scattering at finite tem-
the dispersion curve df(w) in the normal region, i.e., below peratures and relying on the use of the density current opera-
the first excitation pole. The expansion is in principle corrector, leads to an expression which, analogouslipincludes
in the frequency to the order to which the dispersion coeffitoth a temperature independent term and a main contribution
cients were computed. Its convergence is investigated bjnversely proportional to the temperature. Their definition of
comparison with the results of a direct calculation for thethe birefringence is independent of the polarity of the mol-
typical experimental wavelength of 632.8 nm. It is shownecyles.
that for atoms the dipole—dipole—magnetic dipole hyperpo-  For systems of cubic or higher point group symmetry,
larizability J(— ;w,0), which contributes td(w), is re-  the orientational contribution @,z ,s(w)/15kT vanishes,
lated in a simple way to the frequency-dependent polarizabiland the observed anisotropy reduces to
ity a(w). Moreover, the dispersion coefficients of the
contributions] andB to b(w) are related closely to those for An=2aNgb(w). @
the Farada¥'’ (Verdet constant and Cotton—-Mouton The contribution b(w)—the temperature-independent
effects™® term—is a combination of three hyperpolarizabilitiés

We do not enter here into the details of response theory
for a coupled cluster parametrization of the wave function.
The reader is referred to Ref. 18 for a general description and
to Ref. 19 for the derivation of CCSD quadratic response 2
theory equations. The implementation of the dispersion co- -
efficients for linear and quadratic response properties in
coupled cluster response theory is described in Refs. 20 angheree

b(w)= 1_5[Ba,,8,aﬂ( —0;0,0)=B, g op(— ©;0,0)]

3—w€a/37\]a57(—w;w,0), (3)

is the Levi—Civita tensor and

21 aBy
. Ba,B,y&(_wo;wl!wZ)
Il. THEORY - = A
3 (gl palm)(m|ugn)(n|®,s9) @
The electric-field-gradient induced anisotropy of the re- — 4% g (Omg— 0g)(@ng— @3) '
fractive index in an ideal gas is given lgg.u)
J - ; 1
A poal by s 228%s@) w0
n:nxx_ nYY: aa q w e —— ~ T~ ~
15T :iE E <g|Ma|m><m|mB|n><n|/—Ly|g> (5)
wheren is the refractive indexiN the number densityq the P rg irg  (@mgT @g)(0ng @2)
laboratory uniform electric field gradientjgx=—dyy,dzz  Of, in terms of response functiofs,
=0), O the permanent quadrupole moment tensor, @fwl) _ TR
the electric dipole polarizability tensor. Einstein's summa- Bagysl ~0oi01,02) = ((Laittp ©55)) 0 0y 6)
tion over repeated indices is assumed here and throughout. _ A A A
Equation(1) applies to both polar and non-polar species. In Jap— 05 01,02) =1 ((Kai Mg 1hy)) 0y 0y @)

TABLE Il. Neon. Hyperpolarizability contributions and tota{w) at 632.8 nm(a.u); CCSD/frozen core.

Basis B B J B-B —4J/w b
d-aug-cc-pVTZ —14.9751 —14.8987 0.106 468 —0.076 4548 —5.914 65 —5.991 10
d-aug-cc-pvVQZ -16.2037 —16.1221 0.105243 -—0.0815674 —5.84660 —5.92816
d-aug-cc-pV5Z —17.4306 —17.3561 0.104590 -0.0745212 -5.81031 —5.884 83
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TABLE IIl. Argon. Hyperpolarizability contributions and totél(w) at 632.8 nm(a.u); CCSD/frozen core.

Basis B B J B-B —4J/w b

d-aug-cc-pVTZ —151.9051 —150.0022 1.031221 -1.902916 —57.28787 —59.19078
d-aug-cc-pvVQzZ  —154.6215 —152.8371 1.013666 —1.784401 —56.31260 —58.097 00
d-aug-cc-pV5Z —159.0246 —157.3704  1.014477 -1.654158 -56.35765 —58.01181

In the above equationa, ® andm are the electric dipole, The odd-order expansion fdris due to the imaginary nature
electric quadrupole, and magnetic dipole operators, respe@f the magnetic dipole operator. At zero frequency the two
tively, g is the ground state, and, = w;+ w,. Sp indicates  dipole—dipole—quadrupole contributions cancel each other.
summation over all permutations of the pair,&a(/—wg), The rgsulting dispersion formula fin w), Eq. (3), can thus
(rplwy), and @,5/w,) for B, and of the pairs £,/ be written as
—w,), (Mg/w,), and (., /w,) for J. The “reduced” opera- )
tors in Egs.(4) and(A_S) areA_defined agL=u— (9| 1|9), b(w)= ©2'b(2n) (12)
and analogously fom and®. n=0

The frequency dependence b{w) can be obtained
through the dispersion coefficients for the individual hyper-yith

polarizability contributions. As discussed in Ref. 21, qua-
dratic response functions for a finite molecular or atomic

system in its electronic ground state are meromorphic in their — %Eaﬁy‘]aﬁy(l) for n=0,

frequency arguments, the poles occurring when a frequency )

or a sum of frequencies becomes equal to an excitation en- b(2n)=1 15[Ba.p.as(2M) = Baapp(2N)]

ergy. Thus, for frequencies below the first pole, a quadratic - %EaﬁyJaﬁy(2n+ 1) for n>0.
response function can be expanded iftanvergent power (13)

series in its(independentfrequency arguments ds

o0

<<A;B’C>>wsiwc:n;:0 ®% 0T Dagc(n,m). (8) lll. A SPECIAL CASE: ATOMS

For atoms the tensoi® andJ are determined each by a

Note that only two of the three frequency arguments argingle constast(frequency dependence impligit
independent due to the matching condition between the fre-

guencies of the response functidhiw;=0. In Ref. 21 ana-
lytical expressions for the expansitispersion coefficients Ba.gyo=B[— %5a3575+ 3 OayOpsTt 0asdpy) ],
D agc(n,m) were derived for a general coupled cluster qua-
dratic response function. It was shown that the coefficients
with even total ordem+m are real, while those with odd Japy=J€apy
total ordern+m are pure imaginary. Thus when tlieer-
mitian) operatorsA, B, andC are real, the expansion contains andb(w) reduces to
only terms of even total order, whereas if exactly one of the
operators is pure imaginary, only odd terms are present. For
the hyperpolarizabilitie8 and J enteringb(w) one of the b(w)=B(—w;®,0)—B(— ;0,0)— iJ(_ 0, 0,0).
two frequencies is zero, and the expansion is analogous to ®
that of the first electric dipole hyperpolarizability (15
Bapy(—w,,0) describing the electro-optical Pockels effect
[see Eq.(44) in Ref. 21 For ease of notation we will use in the following the symbol
B for the B(— w;0,0) hyperpolarizability of atoms and its
0 dispersion coefficients, reserviri§ to B(— w;w,0) and its
dispersion coefficients.
For atoms—similar as the paramagnetic hypermagnetiz-

(14

Bupyol ~0,0,0= 2 0By g 5(20),

B gys(— @,00)=B, 54— 0,0,0) ability contribution to the Cotton—Mouton const&it*—the
o hyperpolarizability J(— o, ;®;,w,) can be expanded in
_ 2 ®?"B,, J5.5(20), (10) terms of_the Cauch_y moments. This is most easily seen if the
n=0 e electronic part of] in the sum-over-state expression in Eq.

. (5) is rewritten in terms of the position operator — x and

the angular momentum operaiot —2m. For an atom in
Ja,gy(—w,w,o):E w2n+1‘]a,8'y(2n+l)' (11) e angular momentum operatce _ or an ato B
n=o state the sum-over-states expression then reduces to
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TABLE V. Neon. Hyperpolarizability contributions and totb(w) at 632.8 nm(a.u). Comparison of CC

models.
Method B B J B-B -4l b
d-aug-cc-pV5Z/frozen-core
CCs —13.527 4 —13.4834 0.077498 —0.0439551 —4.305 25 —4.34921
CC2 —17.2335 —17.152 4 0.105492 —-0.0810671  —5.86041 —5.941 48
CCsSD —17.4306 —17.356 1 0.104590 —0.0745212 -5.81031 —5.884 83
d-aug-cc-pCVQZ/all electrons correlated

CCs —12.5858 —12.5371 0.077362 —0.0487237 —-4.29771 —4.346 43
CcC2 —15.866 8 —15.7804 0.104962 —0.0863210 —5.83099 —5.917 31
CCsD —16.0258 —15.9456 0.103999 —0.0801983 —5.777 51 -5.85771

‘]:‘]Xyz(_w(r;wl!wZ)

~ nyz(_wyoyw):% 2 (1)2n+1(2n+2)s(—2n_4)
iy | (gl Jm)|?

2 mzg (wmg_ wa’)(wmg_ w3) . 1 da(w)
- ) "2 do @D
~ Kglrgm)| 16
(wmg+ wa)(wmg+ w3) 7N da(w)
V(iw)=—— o - ;0,0) < ° do (22

Using the sum-over-states expression for the Cauchy mo-

t L . . .
ments The dispersion expansion for the Verdet constant can thus be
written as
S(= 2, 2 wng (gl m)(mif]g). (17
. . . V(w)=2, «®"V(2n) (23)
the right-hand side of Eq16) can be expanded in a power n=1
series in the frequencies; andw, as
with
1 o]
Joyd = wpi01,02)=5 2 S(—2n—4) 2naN
n=0 V(2n)= TS(—Zn—Z). (24

2n+2

2n+1 m m
XE wz( m

2n+1 )

For atoms, one can also compute the Cotton—Mouton
constant,,C(w)?%?*from the Cauchy moment(k) and the
(18) dipole—dipole—quadrupole hyperpolarizabilBy

For the dipole—dipole—magnetic dipole hyperpolariz-
ability J(— w; w,0), which enters the dominant contributions mC(w)=
to the temperature-independent term in EFGB, @®) re-
duces to

2’7TNA

27Ny
An(w)——(An"(w)+A77d(w))
(25

27

[

2 2r‘|+lS(_2n_4)

Jyd —o0;0,0)=

I\)II—‘

1
= 5-la(0)~a(0)] 19

and the dispersion coefficients for the expansiot@b) in
Eq. (12) for atoms simply become

b(2n)=B(2n)—B(2n)—2S(—2n—4). (20 7]
Similarly, for the dipole—dipole—magnetic dipole hyper- 64 L L L L L L L
polarizability J(— w;0,0), which appears in the expression 0 0.002 0.004 0.006 0;008 0.01 0012 0.014 0.016
of the Verdet constan¥(w), the expansion in Eq18) re- e
duces to the well-known Becquerel for: FIG. 1. EFGB dispersion curve for Ar.
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TABLE V. Argon. Hyperpolarizability contributions and tothlw) at 632.8 nm(a.u). Comparison of CC
models for the d-aug-cc-pV5Z basis set.

Method B B J B-B -4 w b
CCSs —154.4617 —153.0497 0.935435 —1.411928 —51.966 63 —53.378 56
Cc2 —158.5563 —156.8985 0.999051 —1.657829 —55.500 66 —57.158 49
CCSsD —159.0246 —157.3704 1.014477 —1.654158 —56.357 65 —58.011 81

IV. COMPUTATIONAL DETAILS

1
ApP(w)=—z{r it ) . . . I
(@) 2<< hobold)woo For the three atomic systems a basis set investigation

1 was performed at the experimental frequency using the dou-
+ Uil ) w00 bly augmented correlation consistent $&f8 d-aug-cc-

2 o pVXZ, with X=Q, 5 and 6 for He and ¥T, Q and 5 for Ne
and Ar. For Ne calculations were also carried out with the

2 RN
__ lda(-oww) core-valence correlation consistent set d-aug-cc-pC¥37.
4 dw? Only the d-aug-cc-pVDZ set was employed for the calcula-
o tions on sulphurhexafluoride.
- 2 The dispersion coefficients were calculated for each sys-
=— > > (2n+1)(2n+2) 0?"S(—2n—4), p , y
n=0 tem for the largestvalence only basis set. Note that the

(26) CCSD results for He are full configuration interactigrCl)

1 results. For Ar and Sfonly the valence electrons were cor-
ApY(w)=— _< < Fyify, 5 (3r2— r2)> > related, while for Ne the d-aug-cc-pCVQZ calculations were
4 2 0,0 performed with all electrons correlated. ForgSES—F bond

1 distance of 1.564 A was employed.
= - -B(— ;0,0 All calculations have been carried out with a local ver-
4 sion of the DALTON program packatfewhich includes an

integral-direct coupled cluster response program>9-2

= —% > ?"B(2n), 27
n=0 V. DISCUSSION OF RESULTS
whereN, is the Avogadro numben % indicates the anisot-
ropy of the hypermagnetizability, and the superscripnd
d distinguish the paramagnetic and diamagnetic contribu- In Tables I-Ill we report the results for the unique com-
tions (see Ref. 27 for a review of the subjecthe dispersion Ponents of the hyperpolarizabiliti€s 5, andJ, the relative
expansion of the Cotton—Mouton constant thus becomes ~contributions to the EFGEB 5 and —4J/w and the total

A. Noble gases

o b(w) at the wavelength 632.8 nm. For helium, all quantities
WClw)=> w?,C(2n) (28)  in Table I show a monotonic convergence trend when in-
n=0 creasing the polarization level X of the basis set, except for
with the individual contributionsB and B. Due to cancellation,
27N, however, the net effect of the anisotroBy- B is monotonic.
mC(2n)= TA 7(2n) The non-monotonic behavior & and B of helium with in-

creasing zeta level, which is opposite to that for neon and

27N, argon, might be an effect of the different construction
=~ 08 {(2n+1)(2n+2) S(—2n—4) schemes for the diffuse functions of helium in the aug-cc-
PVXZ basis seté® For neon the convergence of the two

+B(2n)} (290  dipole—dipole—quadrupole hyperpolarizabilities is mono-

TABLE VI. Helium. Frequency dispersion coefficien@.u). FCl/d-aug-cc-pV6Z.

n B(2n) B(2n)? S(—2n-4) b(2n) v(2n)/c® An(2n)°

0 —-7.3384271 —7.3384271  1.543971 —3.087 948 1.062 621
1 —-22.614128 —14.546605  2.045 665 —-12.158 85 3.087942 —0.483 463
2 —-54.647301 —26.885345  2.927773 —33.617 50 8.182660 —8.296 472
3  —120.77373  —-48.228122  4.376 326 -81.29826  17.566 64 —31.075133
4 35.010 61

33(2n) are the dispersion coefficients fB(— w,0,w).
PC=0.912 74% 107"

°For the relation between 7(2n) and,,C(2n), see Eq(29).
dCfr. Ref. 4:b(0)=—3.06 a.u.
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TABLE VII. Ne. Frequency dispersion coefficienfa.u). CCSD/d-aug-cc-pV5Z/frozen core.

n B(2n) B(2n) S(—2n—4)? b(2n) V(2n)/C An(2n)

0 —17.121356 —17.121 356 2.878 909 —5.757 818 2.840 885
1 —58.725587 —44.635 636 5.006 371 —24.102 69 5.757 818 —0.337 716
2 —175.01492 —121.03206 10.689 49 —75.361 84 20.02548 —36.417 445
3 —495.687 49 —337.917 27 25.128 57 —208.0274 64.136 94 —227.87811
4 201.0286

&Cfr. CCSD/g-aug-cc-pV5Z/all electrons correlatéRlef. 20: 2.857, 4.949, 10.54, 24.73. DOS®Ref. 49:
2.886, 5.063, 10.86, 25.53.
bCfr. Ref. 4:b(0)=—5.75 a.u.

tonic, while the total anisotropB— B is not. This does not, order of magnitude. As no core-valence basis sets are avail-

however, affect the convergence trend fiw). Deviation  able for argon, we cannot easily determine the effect of core
from a monotonic behavior is observed also Joof argon, ~ correlation. However, as hyperpolarizabilities are in general
but again without effect on the findl( ). not particularly sensitive to the description of the core re-
The variation between d-aug-cc-pV5Z and d-aug-cc-gion, we expect core effects di{w) of Ar to be small.
pV6Z results forb(w) of helium is ca. 0.004 a.u. To assess  Thus, with a conservative estimate of all uncertainties,
the inaccuracy of the calculatéqw) due to basis set incom- the results of the calculations suggest that the true values for
pleteness we have also analyzed the effect of multiple aud(w) of Ne and Ar at 632.8 nm are-5.9+0.1 a.u. and
mentation for the X5 polarization level. As expected, —58+*2 a.u., respectively. This expectation is also supported
double augmentation is found to give the largest variationpy the good agreement we obtain between the CCSD values
ca. 0.007 a.u., while the effect of triple augmentation is arfor the Verdet constant and the experimental results for this
order of magnitude smaller. These results suggest that thgroperty (vide infra). Experimental results for the EFGB of
true value forb(w) at 632.8 nm is—3.15+0.01 a.u., where helium and neon are not available in the literature. The
the uncertainty is conservative. EFGB of Ar at 632.8 nm was measured in 1968 by Buck-
In order to estimate correlation effects beyond CCSD foringham, Dish, and Dunmu?, and b(w) was found to be 0
both Ne and Ar, we carried out calculations for the d-aug-+109 a.u.
cc-pV5Z basis set in the hierarchy CCS, CC2, and CCSD. As shown in Sec. lll, the dipole—dipole—magnetic dipole
The results are shown in Tables IV and V. For Ne, corehyperpolarizabilityd for atoms is related to the difference
correlation effects were also investigated performing similaibetween the frequency dependent and the static dipole polar-
calculations for the d-aug-cc-pVCQZ basis set with all elec4zability. This means that the dispersion coefficiehis) are
trons correlated. For Ne the CC2 results fifw) are, in  simple multiples of the Cauchy moments. The latter are
absolute value, larger than the CCSD ones, the differenctherefore collected in Tables VI, VII, and VIII, together with
being ca. 0.06 a.u. at both d-aug-cc-pV5Z/frozen-core anthe dispersion coefficients for the two hyperpolarizabiliies
d-aug-cc-pCVQZ/all electrons correlated levels. Higher ex-and B, and those for the derived propertie&w), V(w), and
citation effects are expected to be smaller, also in view of thé\ (w). The quality of the dispersion expansion can be
results obtained for the static polarizability of Ne by Chris-tested against the finite frequency results at 632.8 nm in
tiansenet al,*® and the connection betweéfw) anda(w)  Tables I-Ill. For both He and Ne, the dispersion formula
of atoms discussed in Sec. lll. From a comparison of d-augresults forb(w) coincide with the finite frequency results for
cc-pCVQZ/all electrons correlated and d-aug-cc-pVQZ/the number of digits given in Tables | and Il. For argon, the
frozen-core results at the CCSD level, core correlation apexpansion-derived value at 632.8 nmhiss —58.0117 a.u.,
pears to reducb(w) by ca. 0.07 a.u. The difference between againstb= —58.0118 a.u. from the finite frequency calcula-
d-aug-cc-pCVvVQZ/all electrons correlated and d-aug-cction. As an example, the EFGB dispersion curve for Ar is
pV5Z/frozen-core is ca. 0.03 a.u. For argon, the behavior oplotted in Fig. 1. The EFGB dispersion curves for the other
the calculated(w) in the CC hierarchy is completely mono- two atomic systems—as well as &Fshow similar features
tonic, with a variation from CC2 to CCSD of 0.85 a.u. and can easily be reproduced from the tabulated coefficients.
Higher excitations are expected to be at most of the samBuckingham and Jamiesbwere the first to establish the

TABLE VIII. Argon. Frequency dispersion coefficienta.u). CCSD/d-aug-cc-pV5Z/frozen core.

n B(2n) B(2n) S(—2n—-4)*? b(2n) V(2n)/C A7(2n)

0 —152.982 20 —152.982 20 27.687 977 —55.375 954 24.401 562

1 —1128.7193 —828.108 53 92.690 288 —485.991 35 55.375 954 4.108 961
2 —6884.1565 —4372.9709 374.428 61 —3260.0428 370.761 15 —1087.175 45

3 —38331.593 —23631.673 1688.3217 —18076.563 2246.5717 —14 053.6055

4 13506.574

aCfr. DOSD: (Ref. 44: 27.91, 95.06, 391.5, 1802.
bCfr. Ref. 4:b(0)=—54.90 a.u.
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TABLE IX. Comparison of results for the Verdet constaM({) X 10° a.u) at different frequencies.

He Ne Ar
) This worlkd Ref. 43 This worl® Ref. 20 Ref. 44 Ref. 43 This work® Ref. 3¢ Ref. 44 Ref. 43

0.125 35 4.6194 4.533 8.7327 8.67 8.76 8.429 88.643 89.54 89.14
0.11391 3.7865 3.656 7.1402 7.09 7.16 7.071 71.764 73.51 72.46 71.55
0.104 50 3.1691 2.976 5.9649 5.92 5.98 5.968 59.515 60.08 59.68
0.101 25 2.9697 2.893 5.5862 5.54 5.60 5.579 55.606 56.94 56.12 55.78
0.091 13 2.3931 2.307 4.4939 4.46 4.51 4.435 44.432 45.49 44.83 44.62
0.083 45 1.9995 1.919 3.7505 3.72 3.76 3.667 36.912 37.24 37.06
0.082 84 1.9699 1.890 3.6945 3.67 3.70 3.608 36.348 37.21 36.67 36.53
0.078 83 1.7807 1.715 3.3378 3.31 3.35 3.242 32.767 33.05 33.03
0.077 32 1.7120 1.653 3.2085 3.18 3.22 3.106 31.472 31.75 31.71
0.075 594 1.6505 1.595 3.0927 3.07 3.10 2.983 30.314 31.03 30.58 30.45
0.070 510 1.4032 1.362 2.6274 2.61 2.63 2.435 25.680 26.28 25.90 25.53
0.065 09 1.2076 1.175 2.2598 2.24 2.27 1.965 22.037 22.55 22.23 21.80
0.060 75 1.0504 1.022 1.9647 1.95 1.97 1.621 19.125 19.57 19.29 18.96
0.056 95 0.9220 0.890 1.7239 1.71 1.73 1.384 16.756 17.15 16.90 16.68
0.053 60 0.8159 0.799 1.5251 1.51 1.53 1.216 14.805 15.15 14.93 14.73
0.050 63 0.7274 0.734 1.3593 1.35 1.36 1.118 13.182 13.29 13.24
0.046 614 0.6034 1.1272 1.12 1.13 1.018 10.916 11.01 11.20

#Cl/d-aug-cc-pVeZ.

bCCSD/d-aug-cc-pV5Z/frozen core.

‘CCSD/g-aug-cc-pV5Z/all electrons correlated.

dvalues derived from the DOSD Cauchy moments of Ref. 44.
*MCSCF.

Experiment.

connection between the zero-frequency limib¢t) and the  mates werd(0)= —3.06 a.u. for Hep(0)= —5.75 a.u. for

Verdet constant for atoms Ne, andb(0)= —54.90 a.u. for Ar, in rather good agreement
' V() with our b(0)=—3.088 a.u. for Hep(0)=—5.758 a.u. for
I|m0b(w): —-C’ I|m0 R (300 Ne, andb(0)= —55.376 a.u. for Ar, respectively.

In Tables IX and X we have collected the results for

whereC' is the appropriate dimensional constant. AccordingV(w) and the hypermagnetizability anisotropyy, obtained

to our expansion fob andV, Eq. (30) becomes from the tabulated dispersion coefficienté(2n) and
b(0)=-C"V(2). (3)  Ax(2n) at different frequencies. Other theoretfCei"3%-4

From this relationship, Buckingham and Jamidsestimated ~and experiment&f " values are included for comparison.

b(0) for the three rare gases considered here from values figure 2 shows the dispersion curves for the Verdet con-
the zero frequency limit of/(w)/w?. For He the latter were stants of helium, neon, and argon. For all three atoms we
taken from a variational calculation of Victor, Dalgarno, andobtain a very good agreement between our Verdet CCSD
Taylor3” For Ne and Ar, they were derived from the expres-response results and the experimental values from Ref. 43
sions forV of Dalgarno and Kingstoff The resulting esti- and also the DOSD derived results from Ref. 44. The largest

TABLE X. Comparison of results for the hypermagnetizability anisotrdpy at different frequencieg.u).

) This work?® Others Experiment

Helium 0.0 1.0626 1.060 612

0.072 00 1.0599 1.057 88 1.1+1.1°

0.088 56 1.0583 0.800.16'
Neon 0.0 2.841 2.86¢° 2.6874C 3.0174

0.072 00 2.838 2.868° 3.024* 4.1+3.0F

0.088 56 2.836 2.866° 2.670+*C 3.034% 1.25+0.07*
Argon 0.0 24.40

0.072 00 24.39 25.68" 26.0+1.5

0.088 556 24.36 25. 78, 24.143° 30.0+4.5"

#FCl/d-aug-cc-pV6Z for He, CCSD/d-aug-cc-pV5Z/frozen-core for Ne and Ar.
PExplicitly correlated wave function.

°W. Hittner. Results cited in Refs. 27, 40, and 42 as private communication.
dCcCSD/g-aug-cc-pV5Z/all electrons correlated.

*MCSCF.

'Pseudo-energy MP2.
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FIG. 2. Verdet constant dispersion curves for tdg Ne (b), and Ar(c).

deviations are observed for neon for small frequencie$
(A> 600 nm), where obviously the experiment encounters

EFG birefringence of He, Ne, Ar, SFq 7835

TABLE XI. SFg. Symmetry-unique hyperpolarizability contributions and
total b(w) at 632.8 nm(a.u). CCSD/d-aug-cc-pVDZ/frozen core.

By2zz —231.4842
Byzxz —230.6594
By.szz —229.5050
Byxzz —229.5207
Jeyz 1.680 05
p2b —95.03517

2 -
ab(w) = 5[ Bz,z,zz_ Bz,zz.z+ 2(Bx,z,xz_ Bx,xz,z)] —4dw l‘nyz .
PExperiment(Ref. 19: b=0+109 a.u.

Verdet constan¥V(w) is calculated, one can expect similar
accuracy for the CCSD response results of both properties
V(w) andb(w).

The hypermagnetizabilities of Table X are essentially in
line with previousab initio results. That for argon is appar-
ently more or less within the experimental bounds. The num-
bers for helium are very close to the explicitly correlated
wave function estimates of Ref. 42, which can be considered
as a benchmark reference for Cotton—Mouton measurements
in gases’ Those for neon provide further confirmation that
the error bars associated to the experiment discussed in Ref.
46 are too small.

B. Sulphurhexafluoride SF ¢

The results for the symmetry unique components of the
hyperpolarizabilities entering the EFGB and of the final
b(w) at the experimental frequency are collected in Table
XI. The corresponding dispersion coefficients are collected
in Table XlI. From the tabulated dispersion coefficients, the
dispersion curve fob(w) in the frequency region below the
first pole can readily be obtained according to ErR). At
632.8 the value ob(w) derived from the dispersion expan-
sion is —95.0350 a.u., to be compared with95.0352 a.u.
from the finite frequency calculation. The quality of the only
experimental result available in the literature is rather poor:
0£109 a.u. Even though the calculated results were obtained
with a relatively small basis set and do not include vibra-
tional correction, they can serve as indication for a new ex-
erimental determination of the electric-field-induced bire-
ringence of SE.

problems as the experimental curve does not follow th

asymptotic quadratic dependency an predicted by the %I' CONCLUSIONS
theory for ideal gases, and which is also observed for helium  We have presented an investigation of the EFGB disper-
and argon. Since—at least for the systems studied here-sion of the first three rare gases and ofsSFor all these
b(w) is dominated by the contribution from(— w;w,0),
which apart from a permutation of the frequency argumentgontributionb(w), which has been expanded analytically up
is the same response property as the one from which th® sixth order in the frequency argument, for the frequency

systems the EFGB is related to the sole hyperpolarizability

TABLE XII. SFg. Frequency dispersion coefficierisu). CCSD/d-aug-cc-pVDZ/frozen core.

n BZ.Z,ZZ(2n) BX,Z,XZ(zn) BZ,ZZ,Z(Zn) BX,XZ,Z(Zn) ny2(2n+ 1) b(zn)

0  —224.75255 —224.24344 —224.75255 —22424344  22.877043 —91.508172
1 -1266.6758 —1208.2538 —897.10408 —994.09689  84.454650 —656.97282
2 -5978.6227 —5518.9203 —3695.5921 —4484.0315  650.09410 —4341.4997
3 —-27963.924 —24701.274 -15154.425 —20781.642  5364.3440 —29716.881
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