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The Cotton-Mouton effectmagnetic field induced linear birefringendeas been studied for neon

and argon using state-of-the-art coupled cluster techniques. The coupled cluster singles, doubles and
triples (CCSDT) approach has been used to obtain static benchmark results and the CC3 model with
an approximate treatment of triple excitations to obtain frequency-dependent results. In the case of
neon the effect of excitations beyond triples has also been estimated via coupled cluster calculations
including quadruple excitationdCCSDTQ, pentuple excitationsCCSDTQB, etc. up to the full
configuration-interaction level. The results obtained for the anisotropy of the hypermagnetizability
An(w), the molecular property that determines the magnetic field induced birefringence of
spherically symmetric systems, afep=2.89 a.u. for neon and »=24.7 a.u. for argon, with a
negligible effect of frequency dispersion. For neon we could estimate an absolute eAxgrodd.1

a.u. The accuracy of these results surpasses that of recently reported experimental daéd ©
American Institute of Physics[DOI: 10.1063/1.1805491

I. INTRODUCTION multiconfigurational self-consistent-fie(lMCSCPH response,
calculated an effect more than twice as large as the one ob-
When linearly polarized electromagnetic radiation served by Cameron and co-workers. The CME of argon has
traverses a region of space where a magnetic induction fieldeen measured by Carusotto and co-workeasd it is in
perpendicular to its direction of propagation exists, it ac-good agreement with both the MP2 calculation of Bishop
quires an ellipticity. This is the result of a linear birefrin- and Cybulski® and the MCSCF response estimate of Jaszun
gence, or anisotropy of the refractive indexn=n;,—n,, ski, Jargensen, and Riz2d.
wheren; andn, refer to the refractive indices parallel and Recently Muroo and co-workers have performed a new
perpendicular to the applied magnetic field. The effect wagxperimental investigation of the CME for helium, neon, and
first observed in fluids almost a century ago, and has beeargon!* Previous data for helium and argon were confirmed.
given the name Cotton-Mouton effe@@ME), after the sci- For neon the discrepancy between calculations and experi-
entists who first performed a systematic detailedment was only partly resolved as the reported experimental
investigation:—® A fundamental contribution to the theoreti- results still had large error bars. The large difference between
cal understanding of the effect was given by Buckinghamthe experimental and the calculated CME for neon has thus
and Poplé. A comprehensive discussion of the theoreticalbeen present for the last thirteen years, a rather unique oc-
foundations and practical aspects, including a thorough acurrence in a field where theory and experiment have other-
count of the literature from the discovery of the effect to thewise reached reasonable agreement.
end of last century can be found in Ref. 5. In the last two decades noticeable advancements have
During the last ten to fifteen years there has been @een made imb initio methods for studying higher-order
growing interest in the CME, both theoretically and experi-nonlinear optical response properties. Coupled clust€)
mentally. The CME of helium was calculated in 1991 by theory?®~° in particular, nowadays represents an accurate
Bishop and Pipirf;” using explicitly correlated wave func- and powerful tool for predicting the properties for systems of
tions, giving an accuracy that exceeded by several orders dficreasing complexity. The development of hierarchies of
magnitude that of an experiment performed the same year bglectronic structure models and basis sets has allowed to ef-
Cameron and co-workefsThe CME of neon was measured ficiently monitor the effect of multiple excitations in the
in 1991 also by the same grodfThe following year Bishop cluster amplitudes, and coupled cluster response th&bag
and Cybulskit® using second-order Mgller-Plesset perturba-evolved to become an extremely appealing and accurate
tion theory (MP2), and Jasziski and co-worker$! using  method to account for electron correlation effects in the cal-
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culation of frequency-dependent higher-order propertiesis proportional to the anisotropy of the refractive inder
Furthermore, CC models which consider triple excitations=n;,—n, , wheren; andn, refer, respectively, to the refrac-
have been demonstrated to be the methods of choice for oltive indices parallel and perpendicular to the external applied
taining quantitative accuracy. Among these, CC singles anthagnetic induction fieldB.

doubles(CCSD (Ref. 21) with a noniterative correction for Buckingham and Popteshowed that the anisotropy of
triple excitations—CCS[I) (Ref. 22—is currently the the refractive index in a diamagnetic system can be ex-
most popular choice for structural studies and prediction opressed as

static properties. For frequency-dependent properties, how- 1 27B2

ever, iterative approximations such as the CC3 nfodél An= ~— Clw), 1)
have been proven an adequate approximation to the full 4meg 2V

treatment of triple excitations at the CCSD tripl@CSDT)  if v, is the molar volumeg the laser frequency, ane) the
level 2% vacuum permittivity. For closed shell atoms the so-called

Successful efforts have been made to provide analyticatotton-Mouton constantC(w) becomes (z arbitrary)
derivatives for models beyond the CCSD and CCBDevel

8-30 ; ; 27N}y 21Ny
of theory? Eor gxample, in Ref. 30 hlghly accurate. Clw)= > Ap(w)= > [ sk )= Typr @)1,
nuclear magnetic shieldings have been obtained for a series
of diatomic and triatomic molecules by means of analytic 2

second derivatives for the full CCSDT model. Extension towhereN, is Avogadro’s number and 7 is the anisotropy of
first and second analytic derivatives for general coupled clusthe hypermagnetizabilityy. The tensory can be defined
ter schemeS within the framework of a string-based through a perturbative expansion of the frequency-dependent
many-body formalisri represents the most recent progress.electric dipole polarizability «(—w:w) in the external

In the present contribution, we report a determination of(statig magnetic induction field.*® The second-order term
the CME of neon and argon using the Hartree-Fock selfin the expansion oa(—w;w)gﬁ—a(—w;w)gﬂ determines
consistent-field(HF-SCH, MP2, CCSD, CCSDI), CC3, the hypermagnetizability:
and CCSDT electronic structure models by finjadectrig
field techniques based on the analytic determination of
magnetizabilitieS* The use of various hierarchies of

correlation-consistent basis sets up to quintuplevel en- |+ -ontains two contribution°a paramagneticf” 5 and
sures the benchmark quality of the results. The effect of exy diamagnetic 4,5 term, which, in the notat?gg of ana-
citation levels beyond triples is analyzed in some detall forlytic response th‘éﬂgﬂg,sl can be written as
neon, where for basis sets of d-aug-cc-pVDZ quality static
CME results with full inclusion of quadrupl|gCCSDT qua- Mgyl — @ 0,0,00=—((ug g m5  45))w00: 4
druples (CCSDTQ] and quintuple excitationgCCSDTQ d ] . e. e .d
pentuples CCSDTQR] in the cluster operator as well as at Tapysl = 0300 =((tai kg €550 w0, ®)
the full configuration-interactioi=Cl) level were obtained. Napys ©)= ngﬁy(s(—w;w,o,O)ﬁL ngﬁyﬁ(—w;w,O), (6)
For the d-aug-cc-pVTZ basis, results of corresponding CCS- o ) )
DTQ calculations are also given. It should be noted that-®~ @ & combination of a quadratic and a cubic response
these are the first calculations where fourth derivatives ofunction. The electric dipole operatg;, is given as
higher-order CC as well as FCI energies are computed.

CC3 first-order propertie€:3>®excitation energie’~3° pe=—22 12, 0
transition moment&’ linear*®=*? and quadratit**~*° re- '
sponse properties have been calculated at several instanwbererfa is the @ component of the position operator for
where a proper account of electron correlation effects haelectroni, and the superscrigs denotes the choice of the
proven to be of importance. Very recently the firstimplemen-gauge originrfa= I «—Re .« if Rg . is thea component of
tation of CC3 cubic response functions has beerthe gauge origin. The magnetic dipole operatg}t is given
completed’®4’In the present work CC3 quadratic and cubic as
response theory is used for a detailed study of the dispersion
of the CME. Calculations have been carried out for a wave- = — %2 Iﬁa, (8)
length of 632.8 nm, employing basis sets of up to t-aug-cc- :
PV5Z quality for neon and d-aug-cc-pV5Z quality for argon. wherel 2, = €5, 40 , is the a component of the angular
As a result, we obtain estimates for the CME of neon anqnomentum operator for electran €apy is the Levi-Civita
argon gas where electron correlation and dispersion effecigternating tensor ang, ,, is the y component of the linear
are accounted with an accuracy higher than currently promomentum operator. Finallyt5,, denotes the diamagnetic
vided by experiment. magnetizability operator

&Za(—w;w)alg

JB,B s @

77( —w; wvovo)aﬁy(?:

Il THEORY £op=— A2 [(1)?8,5=1ar ). ©

In a Cotton-Mouton experiment the observable is the '
ellipticity acquired by a linear polarized light beam in the The change of the anisotrogyn(w) when the origin changes
birefringent medium. For weak field strengths, the ellipticity from Rg to R;=Rg+Og has been discussed, for example,
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by Cybulski and Bishop? The CME can easily be seen to be B(2n).*®’ This technique is not used here, as the Cauchy
gauge-origin independent following the procedure outlinedVlomentsS(—2n) and the dipole-dipole-quadrupole disper-
in Ref. 53 and discussed in detail in Ref. 54. The interestedion coefficientB(2n), are currently only available for the
reader will find a discussion of this aspect in the Appendix.CC2 and CCSD modef§:%°

The dependence on the gauge origin is nonphysical and
\E/lanlshgs for exact s'tates, Wherea.ls. it occurs in general 1'1'_ COMPUTATIONAL DETAILS

pproximate calculations, where finite basis sets are used.

The gauge-origin dependence can be removed in finite basis- As described above, the calculations of the static hyper-
set calculations by the use of gauge-including atomic orbitalenagnetizabilities of neon and argon have been carried out at
(GIAO’s), also known as London atomic orbitals the HF-SCF, MP2, CCSD, CCSD), CC3, and CCSDT lev-
(LAOs).>>*" For atoms, choosing the gauge-origin at theels using analytically evaluated magnetizabilitfe¥:66-68
nucleus is equivalent to the use of GIAO’s. together with a finite electric field approach. In these calcu-

Equation 3 provides a first clue on a possible pathway tdations, the molecular orbitals are allowed to relax with re-
the ab initio study of the CME in isolated systems. The spect to both the electric and the magnetic field. Particular
frequency-dependent electric dipole polarizability can becare has been taken to ensure numerical stability. While in
computed in the presence of the perturbation due to a magprevious studies of hypermagnetizabilité®°an electrical
netic induction field, and the hypermagnetizability is ob-field strength of 0.01 a.u. was used and derivatives were
tained by finite difference. This approach, applied by Cybul-obtained using a simple three-point procedure, field strengths
ski and Bishop in Ref. 52, unfortunately resorts to complexof 0.0001 a.u. together with sufficiently tight convergence
algebra, as the perturbation is purely imaginary, and is nothresholds both in the HF-SCF and the coupled cluster cal-
available in a more general context of standard electroniculations are employed in the present wétk.
structure codes where wave functions are usually constrained As a result the calculated hypermagnetizabilities are nu-
to be real. We therefore use a different finite-field approactmerically stable to at least four decimal digits for neon, and
introduced in the CME studies in Ref. 34, where the magneat least three decimal digits for argon. The finite-field calcu-
tizability ¢ is calculated in the presence of the external eleciations were carried out using a local version of #@&esI
tric field F. The static hypermagnetizability,z,s is then  program packag& while the CCSDTQ, CCSDTQP, and

obtained using numerical differentiation as FCI calculations were performed using a string-based many-
ey body codé1‘33in§erfaced tOACESII. '

Neapys= ( ﬁ) ) (10) _ _B_oth the static and frequency-dependent hypermagnetlz-

a%T Bl IF=9 abilities were also calculated from analytic quadratic and cu-

This technique is exploited in the present work to obtain theb?C response functionfor CC methods with unr_elaxed or-
static hypermagnetizabilities from magnetizabilities obtaineqb'tal_s) for HF-SCF, CC2, C%ED' and CC3 using a local
as analytical second derivatives for HF-SCF, MP2, CCSDVersion of thebALToN package™ . .
CCSOT), CC3, CCSDT, CCSDTQ, and higher excitation A wide range of correlation consistent basis sets, ranging

wave functions. In these calculations the derivatives are—from double{ to quintupleZ and from singly augmented to

H 75
unless noted differently—obtained with orbital relaxation ef—trlply augmented, was employéliFor neon and argon, we

fects included, i.e., the Hartree-Fock orbitals are allowed tcpresent results obtained also with the t-aug-cc-pCVXZ (X

_ =77 P
relax to the applied fields. This approach is used in the fol- T.Q) core-valence sefs™"" Unless otherwise stated, no

lowing to obtain benchmark values for the static limit of the frozen-core approximation has been used, i.e., all electrons
birefringence. were correlated.

The magnetic field induced birefringence may also be
obtained from analytic calculations of the frequency-|v. RESULTS AND DISCUSSION
dependent quadratic and cubic response functions in(ggs. A Neon
and (4). The analytic evaluation of the quadratic response
function has been available since the beginning of the 1990s In Tables I-IV the results for the static hypermagnetiz-
at the HF-SCF and MCSCF lev&,and later at the CC2, ability componentsy,,,,and7,,«and the anisotropy 7 are
CCSD?® CC3* and DFT (Ref. 60 levels, whereas cubic given for neon. In Table | static MP2, CCSD, CCQD,
response was first coded at HF-SCF and MCSCF féwel CC3, and CCSDT results are given using the orbital-relaxed
1996, and is nowadays available at the CC2, CESBnd finite field approach. Table Il gives CCSD, CCSDT, CCS-
DFT levels®® In the present work, we employ a newly imple- DTQ, CCSDTQP, and FClI results using the same finite-field
mented analytical quadratic and cubic response €ddéor approach and the d-aug-cc-pVDZ aridp to CCSDTQ
CC3 to obtain the frequency-dependent hypermagnetizabilitd-aug-cc-pVTZ basis sets. In the latter set of calculations the
anisotropies. In these calculations, orbital relaxation is nobccupation of the 4% core has been kept frozen. For com-
included to avoid artifacts from the uncorrelated frequencyparison, orbital-unrelaxed results are also given for the
dependence of the Hartree-Fock orbitals. d-aug-cc-pVDZ basis set in Table II.

For atoms the evaluation of the CME in terms of qua-  Tables Il and IV report results using the CCS, CC2,
dratic and cubic response functions may be reduced to th€CSD, and CC3 coupled cluster hierarchy based on analyti-
calculation of the Cauchy momen®—2n) and the dipole- cal calculations of the quadratic and cubic response function
dipole-quadrupole hyperpolarizability dispersion coefficientstogether with the corresponding analytic HF-SCF values.
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1.7113
2.8100
2.8506

—5.6190
—5.8633
—5.7748

—3.9077
—3.0533
—2.9242

1.7312
2.8524
2.8978

—5.7421
—6.0033
—5.9179

—4.0109
—3.1508
—3.0201

1.7068
2.8091
2.8522
2.8887

—5.5927
—5.8561
—5.7755
—5.8006

—3.8860
—3.0470
—2.9232
—2.9119

1.6543
2.6864
2.7189
2.7533

—5.3463
—5.5272
—5.4376
—5.4607

—3.6920
—2.8408
—2.7187
—2.7074

1.7285
2.8568
2.9210
2.9639

—5.6555
—5.9727
—5.9383
—5.9749

—3.9270
—3.1159
—3.0174
—3.0110

t-aug-cc-pvVDZ
t-aug-cc-pVTZ
t-aug-cc-pvQZ
t-aug-cc-pV5Z

. Chem. Phys., Vol. 121, No. 19, 15 November 2004

Rizzo et al.

Table 1l gives the static and Table IV the corresponding
frequency-dependent results for a wavelength of 632.8 nm.

1. Basis-set convergence

Since basis-set convergence is similar in the orbital-
relaxed and the orbital-unrelaxed calculations and basically
independent of the frequency argumentpfve will discuss
this aspect only for the static orbital-relaxed results. In Figs.
1 and 2 the basis-set convergence of the,, and 7,,.x
components is shown for the electronic structure methods
HF-SCF, MP2, CCSD, CCSD), CC3, and CCSDT. For
both hyperpolarizability components and for all augmenta-
tion levels the convergence is basically monotonic with in-
creasing cardinal number.

For 7,,,,the singly augmented basis sets converge from
above, whereas the doubly and triply augmented basis sets
converge from below. In particular the triply augmented ba-
sis sets converge fast. From the results in Table | the
CCSOT)/t-aug-cc-pV5Z result may be estimated to be
<0.01 a.u. away from the basis-set limit res{jltdged and
estimated by the corresponding difference between the X
=Q and X=5 resul}. The basis-set convergence s, ,is
similar to that of»,,,, except that the convergence for all
augmentation levels is from above. It appears that the
CCSOT)/t-aug-cc-pV5Z result is<0.03 a.u. away from the
basis-set limit(again judged by the difference between the
X=Q and X=5 resul}. For A we may expect the
CCSOT)/t-aug-cc-pV5Z result to not differ more than
~0.05 a.u. from the basis-set saturated value.

2. Convergence in the electron-correlation treatment

In Table Il CCSD, CCSDT, CCSDTQ, CCSDTQP, and
FCI results are given for the doubly augmented basis sets
with cardinal numbers %D, T. They clearly show that
electron-correlation effects beyond CCSDT can be neglected
for the orbital-relaxed approach. For bafh,,,and n,,,the
difference between the CCSDT/d-aug-cc-pVDZ and FCI/d-
aug-cc-pVDZ results is<0.01 a.u. and therefore of no im-
portance for the accuracy we are aiming at in this investiga-
tion. The CCSDT results may thus be viewed as basically
identical to the fully correlated hypermagnetizability results
for neon. Comparison of the CCSDT and CCSD results
shows that including triples leads to an increase of the an-
isotropy by 3%-5%, slightly increasing with the cardinal
number X and the augmentation level.

3. Orbital-relaxed vs orbital-unrelaxed results

Of particular interest in this study is a comparison of
orbital-relaxed(Table ) and orbital-unrelaxedTable Il) re-
sults. The CCSD orbital-unrelaxed results for both the paral-
lel and perpendicular component of the hypermagnetizability
are about 5%-10% larger in absolute terms than their re-
laxed counterparts. These percentages are approximately five
times smaller at the CC3 level.

A further reduction by a factor of 2 appears when triple
excitations are rigorously included at the CCSDT level, cf.
CCSDT/d-aug-cc-pVDZ results in the orbital-relaxed and
orbital-unrelaxed approximations in Table Il. Inclusion of
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TABLE II. Neon. The static hypermagnetizabilities,,£0;0,0,0) andyp,,,,(0;0,0,0), and the anisotropyz(0)= 7,,,40;0,0,0)— 7,,4(0;0,0,0) computed
using a finite electric field approach, analytically evaluated magnetizabilities, and the frozen core approximation.

d-aug-cc-pvVDZ d-aug-cc-pVTZ
Orbital-relaxed Orbital-unrelaxed Relaxed
Mzz22 Mzzxx An MNzz22 Tzzxx A"? Mzz222 Mzzxx An

CCSD —3.4666 —5.0121 1.5455 —3.8068 —5.4205 1.6137 —3.1481 —5.2679 2.1198
CCSDT —3.6642 —5.2582 1.5939 —3.6944 —5.2942 1.5997 —3.3743 —5.5786 2.2043
CCSDTQ —3.6604 —5.2536 1.5932 —3.6598 —5.2531 1.5932 —3.3739 —5.5782 2.2043
CCSDTQP —3.6571 —5.2499 1.5928 —3.6566 —5.2493 1.5927

FCI —3.6568 —5.2496 1.5927

higher excitations leadss expectedto a further decrease in 6. Best estimates for An
the differences between the orbital-relaxed and-unrelaxed re-

: We will now derive “best estimates” for the hypermag-
sults, see again Table f.

netizability anisotropy aiming at a total accuracy of 0.1 a.u.
The CCSDT results were shown to reproduce the FCI results
to within 0.01 a.u. for both components of the hypermagne-
4. All-electron calculation in valence basis sets tizability. Our starting point will thus be the CCSDT/d-aug-
The results reported in Table | have been obtained Witr?c'pVSZ result in Table |, 1.eA#n(0)=2.8375a.u. To th's
valence basis sets in the all-electron calculations. This mavalue we add the d|fferenqe between the CCBDesults in
(he same table obtained with the t-aug-cc-pM28887 a.u.

lead to an unbalanced description of the core effect. For e dthe d basi his lead
ample in all-electron calculations of equilibrium geometries"d the d-aug-cc-pV5E2.8403 a.u. basis sets. This leads to
a value of A7(0)=2.8859 a.u. Basis set effects beyond

using a cc-pVTZ basis artificially large core effects have

been observetf. For higher cardinal numbers this artificial t—aug—cc—pvgz, the ,largf?St TOL:)rCIe OfO gncerta}llrr:ty n th?
large core effect tends to vanish as the description of th@resent study, are signi _|c§mty eow ©.1 aU. The same IS
core-valence region improves. To investigate the conseQXpeCtec.j for the relativistic effects which have been ne-
guences of using valence basis sets in all-electron caIcuI@-Iec'[Td_'n thif presebnt wodrk. Alll the other sourcesfof el;r_rolr,
tions we report in Table Il also all-electron results obtained®©'"® ation effects beyond triples, convergence of orbital-
using the t-aug-cc-pCVTZ and t-aug-cc-pCVQZ Core_relaxed and orbital-unrelaxed approaches, the fact that va-
valence basis sets. Foy the difference between all- lence basis sets were used in all-electron calculations, each
: 2222

electron CCSD values using the t-aug-cc-pCVTZ and th&stimated to be lower thar0.01 a.u., have no significant
t-aug-cc-pVTZ basis sets is only=0.032a.u. For the effect and the final estimate of the static anisotrapy0) is

quadruplez basis sets (t-aug-cc-pCVQZ and t-aug-cc- thus~2.89 a.u. with an absolute error that can be conserva-

pVQ2) the difference lowers te=0.014 a.u., i.e. about half tively estimated to be of 0.1 a.u. This value should be com-
of the difference for % T. For the quintuple: basis sets we pared to the CC3/t-aug-cc-pV5Z values.91 a.u. in Table

expect the differences to become again smaller. 1, giving a correlation error in CCs3 _0#0.02 au.
As discussed above, the dispersion of the anisotropy can

be neglected and our final estimate of the; is thus
~2.89 a.u.(with an absolute error of 0.1 a)uior both the
wavelengths of 514.5 and 790 nm.

The frequency dispersion of the hypermagnetizability =~ With the exception of relativistic effect, not considered
tensor components and of the anisotropy can be determinei this stage, these best estimates should account for all pos-
by comparing the data of Table IV computed for a wave-sible contributions to the observable in the CME of neon,
length of 632.8 nm with the corresponding static results ofand should then be as accurate as it is possible to obtain with
Table lII. Both 7,,,,and 7,,4 have for this wavelength a current available state-of-the-art techniques.
similar and very small frequency dependence. At the CC3/t-
aug-cc-pV5Z level the difference between 632.8 nm and th
static limit is for #,,,,and 7, respectively, only 0.0634
a.u. and 0.0651 a.u. For the anisotrdpg., the difference The hypermagnetizability results for argon are given in
between these two componentise dispersion thus basically Tables V-VII. Parallel to Table | for neon, Table V includes
vanishes. The same trend is seen also for the lower-levehe static hypermagnetizabilities7,,,{0;0,0,0) and
models in the coupled cluster hierarchy. 7,2x(0;0,0,0) and the anisotropy 7(0)= 7,,,{0;0,0,0)

The two measurements of the CME of neon reported in- 7,,4,(0;0,0,0), obtained using a finite-field approach in
the literature have been performed at wavelengths of 514.the MP2, CCSD, CCS(@), CC3, and CCSDT models.
nm (Ref. 9 and 790 nnt? respectively. Due to the small Tables VI and VII include the hypermagnetizabilities
effect of dispersion seen at 632.8 nm, the frequency depeny,,,{ — w;®,0,0), 7,,{(— w;®,0,0), and the anisotropy
dence may be also safely neglected for these frequencies. A n(w) = 7,,,4 — ®;®,0,0)— 7,4 — ®;®,0,0) obtained for

5. Dispersion

%. Argon
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-14 . . results in core-valence and valence basis sets decrease when
.16 |d-augce-pVXZ | t-aug-ccpVXZ increasing the cardinal number from T to Q. At the CC3
18] ] ] level, the difference between the t-aug-cc-pCVTZ results and
20] 1 t-aug-cc-pVTZ is=~0.38 a.u. forA». For the corresponding
. quadruple¢ basis sets the difference lowers slightly to
§ 221 ) ~0.32 a.u. For all wave function models, the use of core-
| 24+ . valence correlation consistent sets leads to a decrease in the
< 26 . absolute value of the hypermagnetizability anisotropy.
-28 { aug-cc-pvxXzZ
30 ] 4. Dispersion
.32 ] The frequency dispersion of the hypermagnetizability
— tensor components and of the anisotropy can be discussed by

DT@S? DTQS D TQ 5§ comparing the analytic response data of Table VII, computed

FIG. 3. Argon. The dependence of the hypermagnetizability tensor compo?‘t a wavelength of 632.8 nm, with those of Table VI. The

nent ,,,40) (in a.u) on the basis set. Cardinal number on the abscissa. paral!el component changes by at me§5%, and the per-
pendicular component by 2.5% for basis sets of reasonable

good quality and are rather independent of the electronic
yond triple excitations. As the effect of triple excitations for structure model. Once again, the anisotropy, due to a cancel-
the anisotropy of the hypermagnetizability is of the saméation of the contributions to dispersion, is basically unaf-
relative size for argon and neon, it is probably justified tofected. Thus for the d-aug-cc-pV5Z basis set, at the CC3
assume that for argon the effect of excitations higher thamevel, the increase of the anisotropy of the hypermagnetiz-

triples is also small and may be neglected. ability when going from\ = to A =632.8 nm is only 0.016
a.u., corresponding to about 0.065%.
2. Orbital-relaxed vs orbital-unrelaxed results For argon, as for neon, two measurements have been

As for neon, an analysis can be made for argon concerrf—epormdljor the CME, one at 514.5 riRef. 12 and one at
ing the relationships between orbital-relaxed and orbital-790 nm:" Using the same arguments as for neon, the fre-

unrelaxed results by comparing the CCSD and CC3 column@Uency dispersion can be neglected when comparing the
of Tables V and VI. CCSD orbital-unrelaxed results for the Présent results with experiment.
tensor components are on the average 4% to 5% larger than ,
their orbital-relaxed results. Negligible differences, at most>- Best estimates
0.2%-0.3%, appear for the CC3 values corresponding to ab- Our best estimate for the static hypermagnetizability an-
solute differences not greater than 0.02—0.03 a.u. These algotropy is obtained by adding to the CCSDT/t-aug-cc-pVQZ
far smaller than the uncertainties resulting from the basis sg€sult(25.005 a.u.the difference between the CC3/t-aug-cc-
and correlation treatment. It is thus reasonable to expect thfdCVQZ (24.776 a.u.and CC3/t-aug-cc-pVQZ25.097 a.u.
for all practical purposes, CCSDT orbital-relaxed andvalues, thus considering explicitly the correction due to the
orbital-unrelaxed results are essentially identical. use of core-valence sets in all-electron calculations. The
“best static estimate” thus obtained 4s(0)~24.7 a.u. The
frequency dispersion can be neglected. In the case of argon
we do not specify an absolute error, as done for neon, since
bove we could only speculate on the quantitative effect of
fhe limitations in our approximations. For example and in
%articular, we miss in this case information on the effect of
excitations beyond triples in the cluster expansions, which
we can only expect as being small. A precise value for the

3. All-electron calculation in valence basis sets

For argon we have, as for neon, performed all-electro
calculations with triply augmented valence and core-valenc
sets, see Tables VI and VII. The differences between th

-16 J 4
20 {d-aug-cc-pVXZ t-aug-cc-pvxzZ absolute error cannot in our view be substantiated.
241 ] i C. Comparison with previous calculations
g 28 ] A ok and with experiment
S -s2. | ] o ocenm Table VIII contains our best estimates for the hyperma-
. : -6 CC3 gnetizability anisotropyA» and, for comparison, previous
s -36- . . o CCSDT . .
< | \ ] \ theoretical results and experimental results.
401 1 T ] 1. Ne
'44" conviz 1 EiE2 ] @\AA The CME of neon has been studied by Jaskirand
agTET - ' ] Tt co-workers using MCSCF response methbdsnd their es-
T T T T T T T T T timate, for a wavelength of 514.5 nm, is of 2.670
brgs DT@Ss DTGS +0.145 a.u. Bishop and Cybulski, using MP2 perturbation

FIG. 4. Argon. The dependence of the hypermagnetizability tensor compothe_or% determined a value of 3.029 a.u. Nﬁ: 632.-8 nm,
nent 7,,,,(0) (in a.u) on the basis set. Cardinal number on the abscissa. Which becomes 3.034 a.u. at 514.5 HhiTheir static limit
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TABLE VIII. Comparison of present results for the hypermagnetizability anisottopyvith previousab initio
estimates and with experiment.

A This work? Otherab initio Expt.

Neon ® 2.8910) 2.841° 2.869° 2.687¢ 3.017

790 nm 3.201.7

632.8 nm 2.838,2.868°¢ 3.029

514.5 nm 2.8386,2.866° 2.670+0.145% 3.034 1.25+0.07
Argon © 24.7 24.40

790 nm 275

632.8 nm 24.39,25.68 ,

514.5 nm 24.36,25.70° 24.14 30.0+4.5

#The number in parentheses, when present, indicates the estimated absolute error on the last digit. Frequency
dependence negligible, see text.

PReference 80, orbital-unrelaxed CCSD/d-aug-cc-pV5Z with frozeorbital.

‘Reference 79, orbital-unrelaxed CCSD/g-aug-cc-pV5Z with all electrons correlated.

YReference 11, MCSCF response.

®Reference 10, pseudoenergy MP2.

'Reference 14, pressure of 13620° Pa, temperatures in the range 285-293 K. The value is estimated for an
average of 289 K.

9Reference 9, temperature of 298.15 K and extrapolated at a pressure of 1 atm.

_hReference 80, orbital-unrelaxed CCSD/d-aug-cc-pV5Z with frozen core.

'Reference 13. MCSCF response.

IReference 12.

estimate was\ 7(0)=3.017 a.ut® Hattig and co-workerd?  ployed MCSCF response A(p=24.15a.u., at \

using CCSD with a g-aug-cc-pV5Z basis set and with all=514.5 nm) (Ref. 13 and by Coriani, Htig, and Rizzo

electrons correlated obtained valuesAaf§ of 2.869 a.u. § (Ap=24.40a.u., \=», Ap=24.39a.u, A\=632.8 nm,

=), 2.868 a.u. £=632.8nm) and 2.866 a.u.\( A7n=24.36a.u.\x=514.5nm)%°

=514.5nm). Coriani, Hgig, and Rizz8° have published Carusotto and co-workers have measured %»=30.0

values of Ap=2.841a.u. k=), Ap=2.838au. k¥ =*4.5a.u., forn=514.5 nm'? Muroo and co-workers very

=632.8 nm), and\ =2.836 a.u. {=514.5 nm), obtained recently measured a value &fp=27+5a.u., at a wave-

again using a CCSD response approach and a d-aug-clengthh =790 nm, a pressure of 1.52L0° Pa, and tempera-

pV5Z basis set with the d electrons frozen. tures in the range 285-293 'R As for neon, the value is
The analysis of the results of measurements of the CMEstimated for an average of 289 K.

of neon at\=514.5 nm, a temperature of 298.15 K, and The presengb initio estimate, 24.7 a.u., including the

extrapolated at a pressure of 1 atm leads to an experimentaffect of triple excitations, corrects upward by a fraction of

estimate ofA »=1.25+0.07 a.l? Very recent measurements, an atomic unit the previous CCSD values of Ref. 80, thus

employing different experimental conditions €790 nm, a  placing the CC value in between the MCSCF respbhaed

pressure of 1.52 10° Pa and temperatures in the range 285-the pseudoenergy MP@ef. 10 estimates. Agreement be-

293 K) yield an estimate oA# of 3.2+1.2 a.u., see Ref. 14, tween theory and experiment for the CME of argon has never

as a value estimated for an average of 289 K. been apparently a problem, and this study is no exception.
Our currentab initio result, A »=2.89(10) a.u., con-

firms and sets a precise and reliable interval of confidence for

the previous CCSD estimates of Refs. 79 and 80. Th®. Digression. Change of the origin of the magnetic

MCSCF response result of Ref. 11 underestimatg,  induction field

Where_as MP2 t_heo?ﬁ}overestimates it Conceff‘if‘g compari- When the origin of the gauge for the magnetic induction

son with experiment, the current benchmaikinitio value e\ js changed, the anisotropy of the hypermagnetizability

is quite close to the center of the distribution of the measuréznanges as discussed in the Appendix, see (B). The

ments of Ref. 14. Agreement with experiment is on the othegehendence on the vector describing the change of origin can
hand guaranteed by the huge error bars in the experimentgl \itten explicitly as a function of the coordinates of the
results. As far as the experimental results in Ref. 9 is CONgisplacement and of two response functions, i.E,

l Ly

cerned, the current study confirms that the estimate thesg«lue.,ue uP uP)) with i=z and i=x. These response
. . z Mz M M .
authors obtain is probably flawed due to some undetectegions vanish for complete one-electron basis sets, when

systematic error. the hypervirial relationship holds. The extent to which these
responses are different from zero and approach zero as the
2. Ar quality of the basis set improves can be used as an indicator

Previous theoretical values fdr» of argon were com- of the degree of completeness of the one-electron basis set.
puted by Bishop and Cybulski, using a pseudoenergy MP2n Table IX these response functions are listed for the range
approach A »=25.68 a.u. ah =632.8 nm,A»=25.70 a.u.  of correlation-consistent basis sets employed throughout this
at A\=514.5 nm)'° by Jaszuski and co-workers, who em- study.
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TABLE IX. Dependence of the hypermagnetizability anisotrgmsponse functionk;=({us;us,uP,uP)) with i=z andi=x; see the Appendjxon the
change of origin of the magnetic gauge.

Neon Argon
CCsD ccs3 ccsD cc3
Basis set Iy r, Iy r, ry r, Iy r,
aug-cc-pvDZ  —1.5760 —0.9420 —1.6207 —0.9313 —25.9216 —6.0506 —26.4575 —6.0407
aug-cc-pVTZ  —3.3526 —1.4104 —3.4932 -1.5137 —23.9340 —10.7063 —25.3344 —11.5164
aug-cc-pvQZ  —3.4075 —1.1984 —3.6684 —1.4128 —16.3580 —2.6349 —18.0929 -3.6218
aug-cc-pV5Z  —1.9414 —0.4680 —2.2667 —0.7428 -6.5109 —1.7477 -8.0154 —2.6843
d-aug-cc-pvDZ  —7.0890 -0.8201 —7.2565 -1.1331 —45.2861 —10.3237 —46.5400 —10.9706
d-aug-cc-pvVTZ  —2.7177 —0.4982 —3.0566 -0.8250 —-6.7734 -0.9979 —8.3438 —2.1474
d-aug-cc-pvQz  —1.0103 -0.1421 —1.3545 —0.4540 —2.0054 0.8912 —3.3642 —0.6462
d-aug-cc-pV5Z 0.1565 0.1941  —0.1820 —0.1100 0.6643 1.0434 —0.5482 0.1477
t-aug-cc-pVDZ  —7.4263 —1.6757 —7.5861 —1.9632 —45.5828 —11.4102 —46.8420 —12.0695
t-aug-cc-pvVTZ  —0.6398 0.4388 —0.3681 0.9686 0.5231 22251  —0.8064 1.1726
t-aug-cc-pVQZ 0.2764 0.3902  —0.6241 0.7809 1.5871 2.2980 0.3834 1.4106
t-aug-cc-pV5Z 0.2671 02431  —0.6864 —0.5967 1.2159 1.2554
From the data in the table it can be seen thatlthend The best estimates obtainefi;(0)=2.89(10) a.u. for

I', response functions do indeed become smaller and smalleeon andA %(0)=24.7 a.u. for argon, with negligible fre-
as the basis-set quality increases. The observed trend is slayuency dependence, allow to set precise, benchmark quality

but quite smooth. references for the CME for these two gases. The accuracy
exceeds that of experiment, and the results may be used as
V. CONCLUSIONS reference values in further measurements of the CME. The

We have performed a detailed study of the hypermagne(—:u"ent estimates confirm that the value measured in Ref. 9
robably is flawed due to an undetected systematic error.

tizability anisotropy of neon and argon. To this end we have’
used the most recent state-of-the-art wave functions and
property models, and a wide range of correlation-consistent
basis sets. The static hypermagnetizability has been calcACKNOWLEDGMENTS

lated, using a finitgelectrig field procedure from analyti- . .

cally obtained magnetizabilities using approaches rangin% This work was supported by the EU tr§|n|ng and re-
from HF-SCF, MP2, CCSD, CCSID), CC3, CCSDT, CCS- earch netwqu MOLPRORMolecular Properties and Mo-
DTQ, CCSDTQP up to FCI. Frequency dependence has beéﬁcular Materials, Contract No. HPRN-CT-2000-00pA8d

analyzed through analytical response-function calculationd'® Fonds der Chemischen Industi#éK and JG. F.P. and
by employing a hierarchy of coupled-cluster models ranging -J- @cknowledge support from Carlsbergfondet, the Danish
from CCS to CC2, CCSD, and CC3. atural Science Research Council, and the Danish Center for

We have established the convergence toward FCI resultédemifiC Computing.

for Ne and have shown that excitations beyond triples yield

negligible contributions to the hypermagnetizability tensor

components. For both neon and argon, a comparison GAPPENDIX: MAGNETIC GAUGE DEPENDENCE

CCSDT and CCSD results shows that inclusion of triple ex- o )

citations increases the anisotropy by roughly 3%—5%. As for ~ FOr & change of magnetic origin described by the vector

neon, the effect of excitations beyond triples is expected t&c the following changes apply to the expressions in Egs.

have only a rather small effect on the CME of argon. (4) and (5)—A°®P below indicateg P(Rg) — P(Rg)]—
Basis-set completeness has been studied in depth, angs

. . ngﬂ'yﬁ(_w!waovo)
the use of core-valence sets in all-electron calculations has

allowed to determine the effect of core correlation which has =+ 3e,,,,06 ((ug; 15,15, 45)) 000

been found to be small. An interesting part of this study has

bgen the c_omparison of results obtai_ned at correlated level + %engOG,T«,ui;,uz,,u?,,uﬁ))wvoyo

with and without relaxation of the orbitals to the externally ) e e

applied electric field. The differences of the two approaches, — 1€500€5:506,006, Ao 1z 10 1)) w0, (AD)

which go to zero at the FCI limit, are still sizable at CCSD 6. d L e e e
level, but the difference reduces quite rapidly as soon a& Zagysl~@;@.0)=+ 206 (e kg 1s)) w0
higher excitations are considered. The frqugncy dispersion 120G (1 1% 1))
was analyzed, and it was found to be negligible. The only 4XGMNMar g Pyl /w0
foreseeable source of uncertainty left out of our analysis is 1 e. e e

the effect of relativity, which has so far not been studied for 206,edysl(1a "“B"“f»‘"'o’ (A2)
mixed electric and magnetic birefringences. where we have introduced the operator
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