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A series of electric and magnetic properties of hexafluorobenzene have been calculated, including
the electric dipole polarizability, magnetizability, electric quadrupole moment, and nonlinear mixed
electric dipole-magnetic dipole-electric quadrupole hyperpolarizabilities needed to obtain estimates
of the Kerr, Cotton-Mouton, Buckingham, Jones, and magnetoelectric birefringences in the vapor
phase. Time-dependent density-functional theory was employed for the calculation of linear-,
quadratic, and cubic response functions. A number of density functionals have been considered,
along with Sadlej’s triple-z basis set and the augmented correlation-consistent polarized valence
double zeta and augmented correlation-consistent polarized valence triple zeta basis sets.
Comparisons have been made with experiment where possible. The analysis of results allows for an
assessment of the capability of time-dependent density-functional theory for high-order
electromagnetic properties of an electron-rich system such as hexafluorobenzene.
© 2005 American Institute of Physics. fDOI: 10.1063/1.1935513g

I. INTRODUCTION

In a recent paper,1 the authors presented the results of an
extended computational study, carried out by employing
density-functional and coupled-cluster theories up to cubic
response of five linear birefringences,2 namely, Kerr, Cotton-
Mouton, Buckingham, Jones, and magnetoelectric in vapors
of benzene. The analysis yielded values for electric dipole
polarizability, magnetizability, and electric quadrupole mo-
ment in excellent agreement with the available experimental
data. The experimental reference was a recent study of the
temperature dependence of the Buckingham effect in ben-
zene and hexafluorobenzene carried out by Ritchie and
Watson,3 who derived, compiled, and discussed several elec-
tric and magnetic properties of C6H6 and C6F6.

The magnetic and electric properties of benzene have
been widely studied, largely due to the relationship existing
between benzene and the chemical concept of aromaticity.
The perfluorinated benzene species have also attracted sig-
nificant experimental4,5,3 and theoretical6–8 attention. These

studies have highlighted the differences in molecular mag-
netic and electric properties between C6H6 and C6F6. For
example, from birefringence studies Ritchie and Vrbancich5

found that the derived magnetizability anisotropies of C6F6

and C6Cl6 were far larger than may be expected, since halo-
genation of benzene shouldreducethe magnetizability aniso-
tropy. Traditionally, it was assumed that the temperature-
dependent contribution to the measured birefringence of the
halogenated benzenes was negligible.9,10 However, Ritchie
and Vrbancich5 concluded that this assumption was invalid
for halogenated benzenes. This observation led to a re-
evaluation of some of the basic postulates made in the analy-
sis of the measured birefringences.5

Hernández-Trujillo and Vela8 have carried out a Hartree-
Fock study of the electric quadrupole moment of the series
of fluoro- and chlorobenzenes. While the quadrupole mo-
ment of C6H6 is converged within 1 a.u.s15%d with a mod-
est double-z basis set, successive fluorination significantly
reduces the basis set convergence to the point that it is not
apparent, if the Hartree-Fock quadrupole moment might be
considered converged within the same 1-a.u. accuracysagain
15%d with a triple-z basis set. Successive fluorination of ben-
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zene distorts the electron density, thus it might be expected
that the response of the density to the applied electric and
magnetic fields and electric field gradients would also be
more complicated compared to that of benzene.

The challenges faced in calculating the magnetic proper-
ties of fluorine-containing molecules are well known.11,7,12–14

For example, it was demonstrated by Ruudet al.12,13 that the
additivity of magnetizabilitiessknown as Pascal’s ruled actu-
ally breaks down for fluorine-containing species. To calcu-
late experimentally accurate results, extensive basis sets are
required. Moreover, where applicable, the gauge dependence
of magnetic properties must be taken into account.13

In this work we extend the detailed analysis of C6H6

given in Ref. 1, presenting and discussing the results of a
computational study of the optical Kerr, Cotton-Mouton,
Buckingham, Jones, and magnetoelectric linear birefrin-
gences of C6F6. In light of the significant challenges that this
large and electron-rich species poses to theory, we have
taken a different approach from that exploited for C6H6.
While for benzene we could employ coupled-cluster theory,
it is not yet feasible to carry out routine coupled-cluster cal-
culations of higher-order properties for such a system as
C6F6, with more than twice the number of electrons as ben-
zene. However, with the availability of experimental data for
comparison, C6F6 is an ideal choice to test the efficacy and
accuracy of density-functional theorysDFTd for such higher-
order properties. Moreover, the system is a good test for the
recently implemented code allowing the calculation of DFT
magnetizabilities with London atomic orbitalsfi.e., gauge-
invariant atomic orbitalsGIAOdg.15 In Ref. 1 the effect of
employing different functionals for the energy and property
calculations was investigated for C6H6. This approach was
based on the hypothesis of van Gisbergenet al.16 that the
functional requirements for ground-state energies and other
properties may be different. However, it was concluded that
the “standard” single-functional approach in general yields
more satisfactory results than does the dual-functional
approach.1 As a result we employ the usual single-functional
approach in this work, with only one exception; we have
included in our choice of functionals a combination of the
local density approximationsLDA d functional17 and the van
Leeuwen–Baerends exchange-correlation potentialsLB94d,18

where the LB94 correction is only employed to the LDA
potential and not to the higher-order kernelsslabeled LB94/
LDA as in Ref. 1d.

II. DEFINITIONS

Linear birefringences—that is, differences in the refrac-
tive index for linearly polarized light along two optical axes
perpendicular to each other and to the direction of
propagation—are most commonly induced by applying static
electric and/or magnetic fields perpendicular to the direction
of propagation of the beam. They provide a route to the
experimental determination of some important molecular
properties and constitute a sensitive probe of the response of
matter to an external electromagnetic perturbation.2

The anisotropy of the refractive indexDnsv ,Td at a
circular frequency v sthe corresponding wavelength is

l=2pc/v, c is the speed of light in the mediumd, tempera-
tureT, and for an optical path lengthl is related to the retar-
dancef sthe observabled by

f =
2pl

l
Dnsv,Td. s1d

The general expression forDnsv ,Td as a function of molecu-
lar properties and of the parameters characterizing the elec-
tromagnetic radiation can be expressed as

Dnsv,Td = nu − nu+90° = kiF1
n1F2

n2
mWsv,Td, s2d

where F1 and F2 identify the field strengths raised to the
corresponding powersn1 andn2. u is the angle formed by the
direction of the primary optical axis and that of the fieldF1.
The quantityki is a combination of fundamental constants,
which depends on the specific process, as does the molar
quantity mWsv ,Td. The latter is usually identified as the
“constant” for the particular birefringence in questionsKerr,
Cotton-Mouton, Buckingham, or Jonesd. At a fixed pressure
and in the absence of permanent magnetic dipole moments,

mWsv ,Td can be written as

mWsv,Td = A0svd +
A1svd

T
. s3d

In Table I we listsfor D6h symmetry moleculesd the specific
field dependence of the birefringences of interest in this
work—that is, the identity of the various parameters in Eqs.
s2d and s3d. The angleu dependence detailed in Table I re-
lates to the specific birefringence phenomenon considered. In
the Kerr sKEd and Cotton-MoutonsCMEd effects, the bire-
fringences are quadratic in the electric- and magnetic-
induction field strengths, respectively. The JonessJBd and
magnetoelectricsMEBd birefringences are both bilinear in
the two fields—they share the molar constant expression,

mJsvd, but differ in the direction of the optical axes. Buck-
ingham’s effectsBEd is linear in the strength of the electric-
field gradient.

The molecular properties mediating theA1svd contribu-
tion to the birefringences studied here are the anisotropies of
the static and frequency-dependent electric dipole polariz-
abilities aabs0d and aabsvd as sz is the principal symmetry
axis in this sectiond

aanisvd = azzsvd − axxsvd; s4d

the anisotropy of the magnetizability,jab, defined as

jani = jzz− jxx s5d

and the permanent traceless electric quadrupole moment
ssymmetry-unique componentd Q=Qzz. The A0svd coeffi-
cient relates to specific combinations of higher-order
frequency-dependent properties such as the dynamic second
electric dipole hyperpolarizabilitygabgds−v ;v ,0 ,0d sRefs.
19–21d fthe wavelength arguments are sometimes omitted
below for brevityg,
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gKsvd =
1

5
sgxxyy− gxxzz+ 7gxyyx+ 6gzxxz− gzzxx+ gzzzzd,

s6d

the anisotropy of the hypermagnetizability,
hab,gds−v ;v ,0 ,0d,22,23

Dhsvd =
1

15
s7hxx,xx − 5hxx,yy + 2hzz,zz− 2hxx,zz− 2hzz,xx

+ 12hxz,xzd, s7d

and24–26

bsvd = SBsvd − SBsvd − SJ8svd, s8d

wherebsvd is a linear combination of electric dipole-electric
dipole-electric quadrupole Bab,gds−v ;v ,0 ,0d, electric
dipole-electric quadrupole-electric dipole
Ba,bg,ds−v ;v ,0 ,0d, and electric dipole-magnetic dipole-
electric dipoleJa,b,g8 s−v ;v ,0d mixed hypersusceptibilities,

SBsvd =
2

15
sBzz,zz− Bxx,yy + 3Bxx,xx + 4Bxz,xzd, s9d

SBsvd =
2

15
sBz,zz,z + 2Bx,xx,x + 2Bx,xy,y + 2Bz,xz,x

+ 2Bx,xz,zd, s10d

SJ8svd =
4

3v
sJx,y,z8 + Jz,x,y8 + Jy,z,x8 d. s11d

Finally, in the Jones and magnetoelectric birefringences,27–30

the “Jones constant”1
mJsvd has, to the lowest order in per-

turbation theory, only aT-independent contributionA0,
which is proportional toLsvd,

Lsvd = GLsvd + vaL8 svd, s12d

which is a combination of mixed electric dipole, electric
quadrupole, and magnetic dipole hypersusceptibilities,
Ga,bg,d andaa,bg,d,e8 ,

GLsvd = 8Gx,xx,x + 6Gx,yx,y + 6Gz,xz,x + 6Gx,zx,z + 6Gx,yy,x

+ 6Gz,xx,z + 6Gx,zz,x − 4Gx,xy,y − 4Gz,zx,x

− 4Gx,xz,z + 4Gz,zz,z, s13d

aL8 svd = ax,xz,y,x8 − ax,yy,y,z8 + 2ax,xz,y,y8 + ax,zz,y,z8 + ay,xx,z,x8

+ ay,xy,y,z8 + ay,xy,z,y8 + 2ay,xz,z,z8 − ay,yz,y,x8 − ay,zz,z,x8

− az,xx,x,y8 + 2az,xy,x,x8 − az,xz,z,y8 + az,yy,x,y8 + az,yz,x,z8 .

s14d

The nonlinear optical properties introduced above may
conveniently be expressed in terms of quadratic and cubic
response functions31,23,32,33ssee Ref. 1 for more detailsd. As a
result, all properties discussed here can be computed with
high efficiency using analytical response theory with a vari-
ety of electronic structure models.34

III. COMPUTATIONAL DETAILS

Development versions of theDALTON program,35 which
include DFT modules up to cubic response theory36,37 and
magnetizabilities with London orbitals,15 are employed for
all calculations. These were carried out at the experimental
geometry.38

The following DFT functionals were employed: LDA,17

Becke–Lee–Yang–ParrsBLYPd,39–41 Becke-3-parameter–
Lee–Yang–ParrsB3LYPd,42,40,39and LB94/LDAssee Ref. 1d.
Note that our implementation of LDA and B3LYP corre-

TABLE I. The birefringences studied here.W indicates the symbol commonly used to indicate the molar
constant,e0 is the vacuum permittivity,m0 is the vacuum permeability,Vm is the molar volume,k is the
Boltzmann constant,NA is Avogadro’s number, andE, B, and ¹E are the strengths of the electric field, the
magnetic induction field, and the electric field gradient, respectively.

u F1 n1 F2 n2 ki W A0svd A1svd

Kerr 0° E 2 ¯ ¯ 27

2Vm

K NA

81e0
gKsvd

NA

405ke0
aanisvdaanis0d

Cotton-Mouton 0° B 2 ¯ ¯ 27

2Vms4pe0d

C 2pNA

27
Dhsvd

4pNA

405k
aanisvdjani

Buckingham 0° ¹E 1 ¯ ¯ 3

2Vm

Q NA

3e0
bsvd

2NA

45ke0
Qaanisvd

Jonesa −45° E 1 B 1 Îe0m0

Vm

J NA

30e0
Lsvd

0

Magnetoelectricb 0° E 1 B 1 Îe0m0

Vm

J NA

30e0
Lsvd

0

aThe two fieldsselectric and magneticd are parallel to each other and are both perpendicular to the direction of
propagation of the beam.
bThe two fieldsselectric and magneticd are perpendicular to each other and are both perpendicular to the
direction of propagation of the beam.
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sponds to the Vosko, Wilk, and NusairsVWNd correlation
functional V of Ref. 17. For comparison we have also carried
out Hartree-Fock calculations. The basis sets used in this
work for both carbon and fluorine are the augmented
correlation-consistent polarized valence double zetasaug-cc-
pVDZ, 276 contracted functionsd and augmented correlation-
consistent polarized valence triple zetasaug-cc-pVTZ, 552
contracted functionsd sets together with Sadlej’s triple-z set
f10s6p4du5s3p2dg s288 contracted functionsd.

All frequency-dependent properties are determined at a
wavelength l of 632.8 nm. Unless otherwise specified,
atomic units are used. For conversion factors between atomic
units and SI units, see Refs. 43 and 44 and the Appendix in
Ref. 1.

IV. RESULTS AND DISCUSSION

The results obtained in this study for the electric and
magnetic properties of hexafluorobenzene are presented in
Tables II–V. A comparison between experiment and our re-
sults for the KE, CME, and BE is given in Figs. 1–3.

A. Electric dipole polarizability, magnetizability, and
electric quadrupole moment

In Table II, the calculated static and dynamicsl
=632.8 nmd electric dipole polarizabilities of hexafluoroben-
zene are reported and compared with experimental estimates
taken from Ref. 3. Comparing Hartree-Fock and DFT results,
it can be seen that electron correlation is important, particu-

TABLE II. Static and frequency-dependent electric dipole polarizability of C6F6. Atomic units,l=632.8 nm.

Wave function Basis axxs0d azzs0d aisos0d aanis0d axxsvd azzsvd aisosvd aanisvd

HF-SCF Sadlej 79.75 41.05 66.85 −38.69 81.91 41.58 68.47 −40.33
LDA 91.64 43.67 75.65 −47.97 95.08 44.27 78.14 −50.81

LB94/LDA 87.79 40.46 72.01 −47.33 91.02 40.93 74.32 −50.08
BLYP 91.84 43.58 75.75 −48.26 95.29 44.19 78.26 −51.10
B3LYP 88.17 42.47 72.93 −45.69 91.20 43.04 75.14 −48.16

HF-SCF aug-cc-pVDZ 79.48 40.27 66.41 −39.21 81.63 40.79 68.02 −40.84
LDA 90.87 42.66 74.80 −48.21 94.26 43.24 77.25 −51.02

LB94/LDA 87.03 39.88 71.32 −47.15 90.22 40.36 73.60 −49.85
BLYP 91.15 42.58 74.96 −48.56 94.57 43.18 77.44 −51.38
B3LYP 87.60 41.58 72.26 −46.02 90.60 42.14 74.45 −48.47

HF-SCF aug-cc-pVTZ 79.92 40.97 66.94 −38.95 82.08 41.50 68.55 −40.59
LDA 91.74 43.71 75.73 −48.03 95.15 44.29 78.20 −50.86

LB94/LDA 88.21 41.07 72.50 −47.14 91.47 41.56 74.83 −49.91
BLYP 91.91 43.75 75.85 −48.15 95.34 44.36 78.35 −50.99
B3LYP 88.29 42.64 73.07 −45.65 91.31 43.20 75.27 −48.11

Expt.a 96.01±0.97 45.43±1.64 79.15±0.61 −50.58±2.30 84.91±1.03 42.09±1.46 70.66±0.61 −42.82±1.27

aFrom Ref. 3.

TABLE III. Magnetizability and quadrupole moment of C6F6. Atomic units.

Wave function Basis jxx jzz jiso jani Qzz

HF-SCF Sadlej −11.56 −13.60 −12.24 −2.04 7.11
LDA −12.93 −13.81 −13.22 −0.87 5.19

LB94/LDA −13.51 −15.50 −14.17 −1.98 9.63
BLYP −13.53 −15.39 −14.15 −1.86 6.07
B3LYP −13.53 −15.90 −14.32 −2.37 6.33

HF-SCF aug-cc-pVDZ −14.58 −15.63 −14.93 −1.05 7.18
LDA −13.65 −19.96 −15.76 −6.31 5.12

LB94/LDA −14.21 −21.61 −16.67 −7.40 9.49
BLYP −13.57 −19.18 −15.44 −5.61 6.02
B3LYP −13.80 −18.95 −15.52 −5.15 6.31

HF-SCF aug-cc-pVTZ −14.31 −23.04 −17.22 −8.73 7.30
LDA −13.44 −21.42 −16.10 −7.97 5.18

LB94/LDA −14.04 −23.08 −17.05 −9.04 9.46
BLYP −13.38 −21.12 −15.96 −7.73 5.99
B3LYP −13.60 −21.66 −16.29 −8.06 6.31

Expt.a −14.1±0.5 −22.1±0.5 −16.7±0.5 −7.95±0.29 6.31±0.47

aFrom Ref. 3.
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larly for the polarizability anisotropy. Including the correla-
tion with DFT changesaxx by 10%–16%,azz by 3%–5%,
aiso= 1

3s2axx+azzd by 7%–13%, andaani by 18%–26%. Basis
set effects are much smaller.

The vibrational contribution to the electric dipole polar-
izability in hexafluorobenzene is large, particularly at
the static limit.3 Indeed, the experimental static
isotropic value,aisos0d, is 8.5 a.u.s12%d larger than the

value atl=632.8 nm. The significant influence of the intense
in-plane stretching modes givesaxxs0d@axxsvd, with a dif-
ference of about 12 a.u. leading to a negative experimental
dispersion of the anisotropy:aanis0d.aanisvd. These strong
vibrational effects make the comparison with experiment dif-
ficult for our purely electronic results.

One of the consequences is that neither Hartree-Fock nor
the DFT functionals considered here were able to reproduce

TABLE IV. Dynamic second electric dipole hyperpolarizability and mixed electric dipole hypersusceptibilities
ssee text for definitionsd. Atomic units,l=632.8 nm.

Wave function Basis gKs3103d bsvd Dhsvd Ls3103d

HF-SCF Sadlej 3.24 −322 441 4.57
LDA 6.07 −443 582 8.27

LB94/LDA 4.19 −367 431 5.59
BLYP 6.61 −440 624 8.99
B3LYP 5.04 −397 551 7.13

HF-SCF aug-cc-pVDZ 2.87 −293 315 2.52
LDA 5.39 −415 409 6.04

LB94/LDA 3.82 −344 293 3.31
BLYP 5.76 −411 452 6.93
B3LYP 4.64 −368 396 5.05

HF-SCF aug-cc-pVTZ 3.25 −312 389 4.71
B3LYP 5.09 −395 479 7.05

Expt. s11±11d3103 a −2900±2000b −100±880c

aReference 45.
bReference 3.
cl=441.6 nm andT=304.1 K, with measurements in the temperature range 304.1–453.5 K, Ref. 47.

TABLE V. Linear birefringences of C6F6. l=632.8 nm. Atomic units except where noted.

Wave function Basis

Kerr effecta CMEb Buckinghamc Jonesd

mK31026 Dn31011
mC31016 Dnu31012

mQ310−28 Dn31014
mJ310−26 Dn31015

HF-SCF Sadlej 1.91 7.66 0.46 2.58 −11.23 11.31 11.52 3.54
LDA 2.98 11.98 0.26 1.47 −10.36 10.44 20.85 6.41

LB94/LDA 2.89 11.62 0.55 3.10 −18.84 18.97 14.10 4.33
BLYP 3.02 12.14 0.54 3.01 −12.17 12.26 22.67 6.97
B3LYP 2.69 10.81 0.64 3.58 −11.96 12.05 17.99 5.53

HF-SCF aug-cc-pVDZ 1.95 7.85 0.24 1.36 −11.48 11.57 6.36 1.96
LDA 3.01 12.08 1.75 9.83 −10.26 10.34 15.23 4.68

LB94/LDA 2.87 11.51 2.00 11.24 −18.49 18.62 8.35 2.56
BLYP 3.05 12.26 1.57 8.83 −12.13 12.21 17.49 5.37
B3LYP 2.72 10.95 1.36 7.64 −11.98 12.06 12.73 3.91

HF-SCF aug-cc-pVTZ 1.93 7.76 1.93 10.82 −11.60 11.68 11.88 3.65
B3LYP 2.69 10.79 2.11 11.84 −11.90 11.99 17.78 5.46

Derived from experiment 2.61±0.17e 1.46±0.03f 8.81±0.18f −11.2±1.2g

1.68±0.03h 10.11±0.17h

a
mK given in SI units of V−2 m5 mol−1. Pressure of 1 bar,T=273.15 K, and electric field strengthE of 2.63106 V m−1.

b
mC given in CGS units of cm3 G−2 mol−1 s4pe0d. Dnu defined for an induction fieldB of 1 T, pressureP of 1 atm, andT=293.15 K.

cT=273.15 K,P=1 bar, and¹E=−13109 V m−2.
dT=273.15 K,P=1 bar,B=3 T, andE=2.63106 V m−1.
el=632.8 nm from Ref. 45. We have extrapolated their fitted temperature-dependence linear equation toT=273.15 K to calculatemK.
fDn from Ref. 46 withl=632.8 nm andT=293.15 K. We have extrapolated their data to calculatemC to T=293.15 K.
gl=632.8 nm from Ref. 3. We have extrapolated their fitted temperature-dependence linear equation toT=273.15 K to calculatemQ.
hDn measured atl=441.6 nm andT=304.1 K across the temperature range 304.1–453.5 K, Ref. 47. We have extrapolated their data to 273.15 K to
calculatemC.
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the experimental perpendicular component of the electric di-
pole polarizability, in particular,axxs0d. In contrast, the par-
allel component is typically calculated within the reported
experimental error bars. The failure to reproduce the perpen-
dicular component results in isotropic and anisotropic polar-
izabilities that differ from experiment, although correlated
results agree foraanis0d, mainly due to the large experimental
error bar. To highlight the different responses of the elec-
tronic density in C6F6 and C6H6, note that both Hartree-Fock
and DFT/B3LYP accurately reproduce the experimental per-
pendicular component of C6H6,

1 whereas both methods yield
parallel components outside three experimental standard de-
viations from the measured value.

Table III lists the calculated magnetizability properties of
hexafluorobenzene along with the corresponding experimen-
tal data.3 Employing Sadlej’s basis, the individual compo-
nents and the isotropic value increasesin absolute valued by
no more than 17% relative to Hartree–Fock. For LDA, the
parallel and perpendicular components change by 1.5% and

12%, respectively, resulting in an absolute anisotropy de-
crease by more than 50%. We note, however, that all
anisotropies calculated with the Sadlej basis deviate signifi-
cantly from experiment.

In contrast to the Sadlej basis set, the correlation-
consistent sets give correlated values of the perpendicular
componentjxx that are smaller than the uncorrelated ones by
6%–7%. For the parallel component, the same behavior is
observed in the aug-cc-pVTZ basissexcept for LB94/LDAd,
whereas in the aug-cc-pVDZ basis the effect is much larger,
but in the opposite direction. The parallel component and
thus the anisotropy are significantly underestimated at the
uncorrelated aug-cc-pVDZ level, leading to the correlation
contribution being of the order of 600% in the anisotropysit
is only 11% with the aug-cc-pVTZ basisd and illustrating the
high sensitivity of this component to the level of electronic
structure theory.

Comparison with experiment shows that only the aug-
cc-pVTZ set yields results for the Cartesian components and
isotropic and anisotropic magnetizabilities in agreement with
experimental results from Ref. 3 for all functionalssexcept
the LB94/LDA isotropic and anisotropic valuesd. It is appar-
ent that the magnetizability of C6F6 is difficult to reproduce,
with the parallel component of the magnetizability particu-
larly troublesome. B3LYP calculations with the doubly aug-
mented correlation-consistent polarized valence double zeta
sd-aug-cc-pVDZd and doubly augmented correlation-
consistent polarized valence triple zetasd-aug-cc-pVTZd ba-
sis sets yield magnetizability anisotropies of −8.86 and
−8.54 a.u. respectively. The latter value represents an in-
crease of almost 6%sin absolute valued with augmentation,
with diffuse functions at the triple-z level. Indeed, it is not
clear that convergence within 1 a.u. is achieved with the aug-
cc-pVTZ basis, with further augmentation needed if ad-
equate accuracy is sought. Comparison with benzene1 high-
lights the special challenges posed to theory by the magnetic
environment in C6F6. For benzene, it is expected that the
DFT anisotropic magnetizabilities are converged to within

FIG. 1. The Kerr constant of hexafluorobenzenemKsl=632.8 nm,Td as a
function of temperature. Experimental data taken from Ref. 45. “a-DZ” and
“a-TZ” here and in the remaining figures are shorthand notations for the
aug-cc-pVDZ and aug-cc-pVTZ basis sets, respectively.

FIG. 2. The Buckingham constant of hexafluorobenzenemQsl
=632.8 nm,Td as a function of temperature. Experimental data taken from
Ref. 3.

FIG. 3. The Cotton-Mouton constant of hexafluorobenzenemCsl
=632.8 nm,Td as a function of temperature. Experimental data taken from
Ref. 47.
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0.3 and 0.1 a.u. of the basis set limit with aug-cc-pVDZ and
aug-cc-pVTZ basis sets, respectively. This is in direct con-
trast to the situation in C6F6.

The traceless electric quadrupole moment of C6F6 is
listed in Table III. For this property, basis set effects are
much smaller than those of electron correlation, which de-
creases the quadrupole moment by about 11% for B3LYP, by
15% for BLYP, and by almost 30% for LDA; for LB94/LDA
correlation increases the quadrupole moment by over 30%.
Agreement with experiment is good for the GGA functionals,
particularly for B3LYP. The LDA and LB94/LDA functionals
perform poorly in reproducing the experiment.

B. Higher-order mixed electric and magnetic
properties

In Table IV we detail results for the higher-order prop-
erties of C6F6, namely, the dynamic second electric dipole
hyperpolarizabilitygK, which is used to determine the KE,
and the dynamic mixed electric dipole-electric quadrupole-
magnetic dipole hypersusceptibilities,bsvd sBEd, Dhsvd
sCMEd, andLsvd sJB and MEBd. See Sec. II for definitions
of these expressions. Further details on the individual com-
ponents of these higher-order properties, as defined above,
are available from the authors upon request.

The effect of electron correlation ongK is positive and
large, ranging from about 30% to more than 100%s60% for
B3LYPd, but decreasing slightly as the basis set becomes
larger. The experimental estimate ofgK for hexafluoroben-
zene of Gentle and Ritchie45 is 11 000±11 000 a.u. roughly
twice as large as their benzene value of 6400±6400 a.u.. The
only other reported experimental estimate ofgK is
12 800±6400 a.u.,20 measured at 240.14 K. Curiously, for
hexafluorobenzene we compute a value between one third
and one fourth that of benzene.1

Electron correlation likewise increases the absolute
value of the hypersusceptibilitybsvd by 13%–42%s26% for
B3LYP/aug-cc-pVTZd. As for C6H6,

1 SBsvd andSßsvd fsee
Eqs.s9d ands10dg experience the same effect, almost cancel-
ing each other. Thusbsvd is well approximated bySJ8svd,
and the effect of electron correlation on the hypersusceptibil-
ity contribution is approximately that of the electric dipole-
magnetic dipole-electric dipole hyperpolarizability term,
SJ8svd. Due to the very large error bar, we can claim agree-
ment with the measurement ofbsvd=−2900±2000 a.u. at
632.8 nm.3

For the anisotropy of the hypermagnetizabilityDhsvd,
inclusion of electron correlation with the LDA, BLYP, and
B3LYP functionals has a large and positive effect onDhsvd,
which increases by 25%–45%s23% at the B3LYP/aug-cc-
pVTZ leveld with respect to Hartree-Fock. Conversely, the
correction is small and negative in the mixed LB94/LDA
approachsbecause of the paramagnetic contributiond. The
experimental, extrapolated infinite-temperature value of
Dhsvd is −100±880 a.u. at 441.6 nm. Note that our calcu-
lated values are all positive in contrast to the center of the
experimental distribution. Once again, the very large experi-
mental error bars still allow us to claim agreement with ex-
periment.

Table IV also collects our results for the hypersuscepti-
bility contribution Lsvd, which determines the Jones con-
stantmJsvd, and which, as expected,1 is strongly influenced
by electron correlation. This dependence arises from a com-
plex behavior with electron correlation of the three separate
contributionsGL

diasvd, GL
parasvd, andaL8 svd, see Sec. II. The

latter is particularly sensitive, increasing by a factor of three
when correlation is induced at the BLYP level with Sadlej’s
basis set. Again, the mixed LB94/LDA approach behaves in
a different manner in comparison with the single-functional
approaches.

C. Linear birefringences

In Table V the refractive index anisotropies,Dn, of Eq.
s2d and the birefringence constants,mWsv ,Td, of Eq. s3d are
given for radiation at a wavelength of 632.8 nm. Also, in
Figs. 1–3 we compare, with experiment, the temperature de-
pendence of the Kerr, Cotton-Mouton, and Buckingham con-
stants, respectively, for selected representative combinations
of methods and basis sets.

In hexafluorobenzene, the temperature-independent con-
tribution of gK to the KE is less than 2% of the total contri-
bution, appreciably smaller than in benzene.1 Relative to
benzene, the KE is thus less influenced by the electronic
rearrangement and more dependent on the temperature-
dependent Langevin contribution involving the anisotropies
of the electric dipole polarizability.

The temperature dependence ofmKsl=632.8 nm,Td for
C6F6 is illustrated in Fig. 1, where the experimental data
from Ref. 45 are also plotted. Our B3LYP/aug-cc-pVTZ es-
timates included in Fig. 1 mirror the experimental data. Non-
hybrid density functionals overestimate the Kerr constant,
whereas Hartree-Fock theory strongly underestimates it; see
Table V and Fig. 1. We also note that LB94/LDA is reason-
ably close to experiment, the closest to the experimental data
points after B3LYP. The absence of vibrational corrections,
in particular, for the anisotropy of the electric dipole polar-
izability does not affect the conclusions as the overestimation
of aanisvd is balanced by the underestimation ofaanis0d.

As for KE, the temperature-independent contribution to
BE of bsvd is negligible in comparison with the temperature-
dependent term involving the productaanisvdQzz. It never
exceeds 1.7% of the total quantity ofmQsv ,Td in the tem-
perature range 318.2–410.2 K of the measurements made by
Ritchie and Watson,3 being approximately half as important
as in benzene.1 In Fig. 2, the experimental data from Ref. 3
are plotted together with some of our estimates. B3LYP/aug-
cc-pVTZ results agree well with experiment across the whole
temperature range. In contrast, the LB94/LDA approach
yields results that exhibit significant deviation from experi-
ment, largely due to the poor reproduction of the experimen-
tal quadrupole moment. Both Hartree-Fock and BLYP meth-
ods mirror the experimental temperature dependence in a
similar manner as B3LYP. The LDA curve in Fig. 2 lies in
the upper part of the figure, away from experiment, and it
exhibits a slope larger than expected.

The discrepancy between our best value of the
frequency-dependent electric dipole polarizability anisotropy
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and that deduced from measurement has the effect that our
estimated CME does not fit within three times the experi-
mental error bars for the two observations46,47 in Table V.
Note, however, that the measurement in Ref. 47 was made at
a temperature and wavelength slightly different from those
included in Table V. Again, the temperature-independent
contribution of Dh swhich is quite well reproduced in our
calculationsd to the quantity in brackets in the Cotton-
Mouton constant in Table I is only a fraction of a percent at
all levels of theorysin particular, in the largest basis setd,
within the temperatures of interest for a comparison with
experiment.

In Fig. 3 we show a comparison of the temperature de-
pendence of the CME as measured by Lukinset al.47 susing
a laser source tuned at 441.6 nm between 304.1 and
453.3 Kd and that estimated by us in our best calculation.
The B3LYP/aug-cc-pVTZ results consistently overestimate
the temperature effect, which is fortuitously well reproduced
at the Hartree-Fock level due to an underestimation of the
electric dipole polarizability anisotropy and an overestima-
tion of the magnetizability anisotropy. For CME, the very
poor performance of Sadlej’s basis set discussed above for
jani at all levelssand that of the aug-cc-pVDZ basis at the
Hartree-Fock leveld reflects on the estimates for the com-
puted anisotropiesDnu of hexafluorobenzene. Sadlej’s results
for mCsl ,Td, independent of the choice of functional, lay
well outside the range of Fig. 3, roughly between 0.2
310−16 and 0.6310−16 SI units across the temperature
range.

Finally, in Table V, results for the Jones constantmJsvd
have been collected. The constant itself and the correspond-
ing birefringence predicted for the experimental conditions
of P=1 bar, B=3 T, E=2.63106 V m−1, and T=273.15 K
correspond to the setup already adopted in Refs. 33, 1, and 2.
Since as yet there are no experimental gas-phase data for JB
and MEB, we can discuss only their predicted intensity and
detectability.

Previously, we have compared different birefringences—
that is, the Kerr, Cotton-Mouton, Buckingham, and Jones
smagnetoelectricd effects—discussing, in particular, the
observability of the latter and the challenges that its obser-
vation may pose to the experimentalist.33,2,1 Preliminary re-
sults for hexafluorobenzene were already anticipated in Ref.
2. As before, we assume as plausible field strengths the val-
ues E=2.63106 V m−1 and ¹E=−13109 V m−2,48 with
P=1 atm and B=1 T sfor CMEd,23 while P=1 bar and
B=3 T sfor JB and MEBd.28 For hexafluorobenzene, with
an optical path ofl =1 m,28 at 632.8 nm we obtain, here
using the B3LYP/aug-cc-pVTZ results, retardances of
1.1310−3 rad sKEd .1.2310−4 rad sCMEd .1.2
310−6 rad sBEd .5.4310−8 rad sJB, MEBd. Under these
experimental conditions, the Jones and magnetoelectric bire-
fringences of hexafluorobenzene in the gas phase should be
detectable, if we take as current detection limit for retar-
dances the value of 2 nrad.48

V. CONCLUSIONS

We have presented the results of Hartree-Fock and DFT
studies of some electric and magnetic properties of hexafluo-

robenzene, including the frequency-dependent electric dipole
polarizability, magnetizability, quadrupole moment, and the
temperature-dependence of five different linear birefrin-
gences, namely, the Kerr, Cotton-Mouton, Buckingham,
Jones, and magnetoelectric birefringences. The studies fol-
low closely that recently performed on benzene.1 From a
comparison of the results obtained within the Hartree-Fock
and DFT approaches in Sadlej’s triple-z and Dunning’s aug-
cc-pVDZ and aug-cc-pVTZ basis sets, the dependence of the
calculated properties on electron correlation has been ana-
lyzed in detail.

The effect of electron correlation is quite large, even for
the magnetizability, which is usually well reproduced by the
Hartree-Fock theory. However, the dependence on correla-
tion is exceptionally strong for the higher-order optical prop-
erties that contribute to the different birefringences: the elec-
tric dipole dc-Kerr second hyperpolarizability and the mixed
electric dipole, electric quadrupole, and magnetic dipole hy-
persusceptibilities, which contribute to the Cotton-Mouton,
Buckingham, Jones, and magnetoelectric birefringences.

The agreement with the experimental data collected by
Ritchie and Watson in Ref. 3 is generally quite satisfactory,
in view of the neglect of molecular vibrations. As is often the
case, the hyperpolarizabilities and hypersusceptibilities yield
negligible contributions to the Kerr, Cotton-Mouton, and
Buckingham birefringences. Because of the very large ex-
perimental error bars, the comparison between our values
and the experiment for these high-order properties is always
favorable, although in some cases error cancellation plays a
decisive role. The Jones and magnetoelectric birefringences
are predicted to be one to two orders of magnitude weaker
than the BE and should be detectable with current experi-
mental equipment.

All in all, we find that time-dependent DFT performs
satisfactorily for the calculation of these properties for a po-
tentially difficult system such as hexafluorobenzene, pro-
vided that basis sets of at least triple-z quality are employed.
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