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An analytic response theory formulation for the leading-order magnetic field-induced and field-dependent
quadrupole splitting in nuclear magnetic resonance spectra is presented and demonstrated with first-principles
calculations for21Ne, 36Ar, and 83Kr in noble gas atoms. The case of molecules was studied for33S in the
sulphur hexafluoride molecule, as well as for47/49Ti, 91Zr, and177,179Hf in group(IV ) tetrahalides. According to
our calculations, the hitherto experimentally unknown field-induced quadrupole splitting in molecules rises to
102 Hz for 177,179Hf nuclei in HfF4 and 101 Hz for 47/49Ti in TiCl4, and is hence of observable magnitude.
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I. INTRODUCTION

A nonvanishing average electric-field gradient(EFG) at
the site of an atomic nucleus, possessing an electric quadru-
pole moment, leads to quadrupole splittings in the nuclear
magnetic resonance(NMR) spectrum, when the nuclear site
symmetry is lower than cubic(or tetrahedral). This interac-
tion appears in the effective NMR spin Hamiltonian as a
term, bilinear in the nuclear spin[1]. Meersmann and Haake
[2] measured the spectra of131Xe in the gaseous and isotro-
pic liquid phases as a function of the external magnetic flux
density B0, and observed a field-induced quadrupole split-
ting. Salsbury and Harris[3] proposed a qualitative explana-
tion of the effect in terms of a magnetic-field-induced dia-
magnetic deformation of the electron cloud of the Xe atom.
They suggested both linear and quadratic dependences onB0.
However, the requirement of time-reversal invariance for-
bids, in closed-shell systems, the existence of energy terms
quadratic in the nuclear spinI and scaling with an odd power
in B0. Proportionality of the quadrupole coupling to an odd
power in B0 requires the presence of minimally three com-
ponents ofI in the corresponding energy term, and such
combinations have not been found necessary in the analysis
of any NMR experiment so far[4]. In Ref. [4], a theoretical
analysis and quantitativeab initio calculations were pre-
sented for the case of field-induced and -dependent quadru-
pole splitting in atomic131Xe. The effect has not yet been
observed in molecules, or in atoms other than Xe.

The magnetic-field dependence of related NMR properties
have been investigated. The case of nuclear magnetic shield-
ing has been treated computationally in Refs.[5–9]. In par-
ticular, the sole experimental observation of field-dependent
chemical shifts, for59Co in CosIII d complexes[10], was sup-

ported by the calculations of Ref.[9]. The field dependence
of the indirect spin-spin coupling was investigated through
model calculations in Ref.[11].

In this paper, we present an analytical response theory
[12] formulation of the field-dependent quadrupole coupling,
generalized for molecules of arbitrary symmetry and tested
using ab initio Hartree-Fock (HF) self-consistent-field
(SCF), multiconfigurational SCF(MCSCF), as well as
density-functional-theory(DFT) calculations. We estimate
the quadrupole splitting of21Ne, 36Ar, and 83Kr nuclei in
noble-gas atoms,33S in SF6,

47Ti and 49Ti in TiF4 and TiCl4,
91Zr in ZrF4, as well as177Hf and 179Hf in HfF4. The field-
independent quadrupole splitting is absent in these systems
due to the high site symmetry, which is spherical in the
noble-gas atoms, Oh in SF6, and Td in the group IV tetraha-
lides. In Ref.[4], both the field dependence quartic in the
external field, as well as the pseudoquadrupole(second-order
magnetic hyperfine) contributions to the field-dependent
quadrupole coupling, were found to be negligible. For this
reason, we consider in this work only the true quadrupole
interaction having a quadratic magnetic-field dependence.
We assume that the molecular structure is independent of the
magnetic field.

II. THEORY

A. Field-induced quadrupole interaction

The Cartesianet component of the quadrupole coupling
tensorB can be written as the first derivative of a Taylor
series expansion of the perturbed molecular energyE, with
respect to the bilinear product of nuclear spin components
[13],

Bet = U 1

2p

dE

dIeIt
U

I=0
= Bet

s0d +
1

2!ogd

Bet,gd
s2d B0,gB0,d + ¯ ,

s1d

whereBs0d is the field-independent quadrupole coupling ten-
sor, and
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corresponds to the leading, quadratic, field-induced contribu-
tion.

In terms of the Breit-Pauli molecular Hamiltonian[14],
consideration of the perturbation-theoretical energy expres-
sions with both a quadratic dependence on the field and a
quadratic dependence on the nuclear spin coordinates gives
rise to the leading field-induced, true quadrupole coupling
contributions
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In these expressions, the abbreviations denote the nuclear
quadrupole coupling(NQCC), diamagnetic susceptibility
(SUSC), and the orbital Zeeman(OZ) interaction,
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where the Coulomb gauge

A0 =
1

2
B0 3 r iO s9d

has been used for the magnetic vector potentialA0. In these
formulas, r iK and r iO are the position vectors of electroni
with respect to nucleusK and the gauge originO, respec-
tively, andøiO is the angular momentum with respect toO.
The symbolPgd denotes a sum of both permutations of the
indicesg andd andF is the EFG operator. Here and in the
following, linear, quadratic, and cubic response functions,
kkA;Bll0, kkA;B,Cll0,0, andkkA;B,C,Dll0,0,0, correspond to
standard second-, third-, and fourth-order perturbation theory

expressions, respectively, featuring time-independent pertur-
bationsA to D [12]. The latter equalities in Eqs.(3) and (4)
follow from the symmetry upon, in the former case, the in-
terchange of the subscriptsg andd of thehSUSCoperator and
the permutation of the twohOZ operators for the latter equa-
tion.

Partial first-order, scalar relativistic(SR) corrections to
the field-induced quadrupole coupling contributions are pro-
vided by

Bet,gd
s2d,dia/mvd=

1

p
kkhet
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2,gd
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where the mass velocitysmvd and one-electron Darwin(Dar)
operators are

hmv = −
1

8
a2o

i

¹i
4, s12d

hDar =
p

2
a2o

K

ZKo
i

dsr iKd. s13d

In these equations,a denotes the fine-structure constant,
dsr iKd is the Dirac delta function, andZK is the charge of
nucleusK. The mvd correction was shown to be numerically
important in the study of131Xe in Ref. [4].

B. Relation to experiment

In the high-field approximation, the NMR spin Hamil-
tonian corresponding to the quadrupole interaction isHNMR

< 3
2BZZIZ

2=DZBIZ
2, whereDZB is the anisotropy ofB in theZ

direction of the external magnetic field. This Hamiltonian
gives rise to a symmetric spectrum with 2I peaks for a
nucleus with the spin quantum numberI, with the distance of
the peaks equaling 3uBZZu. Hence, the total width of the
spectral pattern is

w = s2I − 1d3uBZZu = s2I − 1d2uDZBu. s14d

We carry out calculations for the expressions(3) and (4)
as well as their SR corrections(10) and (11) in the case of
noble-gas atoms and molecules. The special case of atoms is
simple, as the calculations ofDZB can be directly carried out
in the laboratory frame. Furthermore, Eqs.(4) and (11) do
not contribute in atoms as the reference stateu0l is an eigen-
state ofhB0

OZ.
Applying Eq. (1), the anisotropy in the laboratory-fixed

sX,Y,Zd frame is
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since DZBs0d vanishes for the nuclear site symmetries rel-
evant presently. For molecules tumbling freely in the isotro-
pic liquid or gas phase, the anisotropy ofBs2d in the direction
of the field can be expressed in the molecule-fixedsx,y,zd
frame as[15]

DZBs2d = f4Bxx,xx
s2d − 2Bxx,yy

s2d − 2Bxx,zz
s2d + 3Bxy,xy

s2d

+ 3Bxy,yx
s2d + 3Bxz,xz

s2d + 3Bxz,zx
s2d + 3Byx,xy

s2d + 3Byx,yx
s2d

− 2Byy,xx
s2d + 4Byy,yy

s2d − 2Byy,zz
s2d + 3Byz,yz

s2d + 3Byz,zy
s2d

+ 3Bzx,xz
s2d + 3Bzx,zx

s2d + 3Bzy,yz
s2d + 3Bzy,zy

s2d − 2sBzz,xx
s2d

+ Bzz,yy
s2d − 2Bzz,zz

s2d dg/30. s16d

In both Oh and Td point-group symmetries,Bxx,xx
s2d =Byy,yy

s2d

=Bzz,zz
s2d . The components with two identical instances of both

the nuclear spin and the external magnetic-field indices are
equal(e.g.,Bxx,yy

s2d =Byy,zz
s2d ). In addition, the components with

two different indices for the spin and the same two indices
for the external magnetic field are mutually equal(e.g.,
Bxy,xy

s2d =Byz,yz
s2d ).

III. COMPUTATIONAL DETAILS

The geometry of SF6 srSF=155.68 pmd was obtained from
Ref. [16]. Tetrahedral geometries of the group IV tetrafluo-
rides were optimized using DFT with theBECKE-PERDEW86

exchange-correlation functional[17] and the GAUSSIAN98

software [18]. Energy-consistent, relativistic small-core
pseudopotentialsPPsd [19] were used for the transition-metal
atoms, while large-core PPs[20] were employed for F and
Cl. The corresponding Gaussian valence basis sets were of
the s6s 5p 3dd ands2s 3pd types, correspondingly. The bond
lengths obtained wererTiF=175.93 pm, rTiCl =218.36 pm,
rZrF=193.66 pm, andrHfF=193.45 pm. For the tetrahedral
TiF4 and TiCl4, the experimental(electron diffraction) bond
lengths are 176 pm[21] and 217 pm[22], respectively, while
190 pm was reported both for ZrF4 and HfF4 [23].

HF, MCSCF, and DFT calculations of the field-induced
quadrupole coupling were carried out using theDALTON

quantum chemistry software[24]. Values of 10.155 fm2 [25],
11.0 fm2 [26], 25.9 fm2 [25], and −6.78 fm2 [25] were used
for quadrupole moments of21Ne, 36Ar, 82Kr, and33S, respec-
tively. For group IV nuclei, the quadrupole moments[25] of
30.2 fm2 and 24.7 fm2 for 47Ti and 49Ti, −17.6 fm2 for 91Zr,
as well as 336.5 fm2 and 379.2 fm2 for 177Hf and 179Hf, re-
spectively, were used. The nuclear spin quantum numbers of
the presently studied nuclei areI = 3

2 for 21Ne and33S, I = 5
2

for 47Ti and 91Zr, I = 7
2 for 49Ti and 177Hf, and I = 9

2 for 83Kr
and179Hf. In addition, I =2 for a short-lived excited state of

the36Ar isotope[26], and this nucleus is only included in the
present work for the purpose of investigating systematic
trends down the noble-gas series.

Contracted Gaussian one-particle basis sets were used as
detailed in Table I. A basis-set convergence study is reported
for the noble gases and SF6. Results for the group IV tetra-
halides are only presented with the final, converged sets
listed in Table I.

The DFT calculations for all the systems used the three-
parameter hybrid Becke-Lee-Yang-Parr(B3LYP) [34]
exchange-correlation functional. MCSCF wave functions of
complete active space(CASSCF) [35] and restricted active
space(RASSCF) [36] types were used for the noble-gas at-
oms as given in Table II. CASSCF calculations were also
carried out for SF6, with active orbitals chosen to involve ten
electrons in five active orbitals inAg, two active orbitals in
each ofB1u, B2u, andB3u, and one active orbital in each of
B1g, B2g, and B3g irreps of the computational, AbelianD2h
point-group symmetry. This choice yields 5.03105 Slater
determinants in the wave function. The HIV21 basis set was
used with the CASSCF calculations.

IV. RESULTS AND DISCUSSION

A. Noble-gas atoms

The calculated factorsDZBs2d /B0
2 and the total widths of

the quadrupole pattern in the spectrum,w/B0
2=s2I

−1duDZBs2du, Eqs. (15) and (14), respectively, are presented
for 21Ne, 36Ar, and83Kr in Table III. The corresponding val-
ues for131Xe, obtained from Refs.[2] and [4], are also in-
cluded. Figure 1 illustrates a schematic spectrum for the ex-
ample case ofI = 3

2. The basis-set dependence in the HF
calculations ofDZBs2d,dia is most pronounced in Ne, where
the difference between the HII and HIII results is close to
20%. At the same time, corresponding changes of 3% and
−0.3% occur in Ar and Kr, respectively. The step from HIII to
the HIV level leads to a few percent decrease in the absolute
value of this contribution in both Ne,Ar, and Kr. Whereas
the decontraction of the HIV set, upon reaching the HIVu
level, does not cause an appreciable effect, the addition of
diffuse s, p, d, and f functions on top of the HIVu set
sHIVu0nd gives rise to a significant increase in the absolute
value ofDZBs2d,dia in Ar and Kr, and a much less pronounced
effect on Ne. Two sets of diffusespdf functions provide a
practical convergence in all the atoms studied. Each of the
supplemented sets of tight functions, applied on top of the
HIVu02 set, alters the absolute value by maximally 1−2%,
and three additional sets are sufficient for saturating the basis
set. Despite the facts that the additionalg function cannot
change the HF results at all for Ne and Ar, where the highest
occupied angular momentum value in the ground state is
lmax=1, and the influence is not large even for Krslmax=2d,
the g function was employed in the correlated MCSCF cal-
culations.

According to the comparison presented in Ref.[8], the
single-reference RAS-II wave function, featuring single and
double excitations into a large active atomic orbital space, is
well-converged with respect to the electron correlation treat-
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ment, at least in the case of the magnetic-field dependence of
nuclear shielding in noble-gas atoms. On the other hand, the
present results obtained using the single-reference RAS-I and
the corresponding multireference CAS wave functions, are
very close to each other. Consequently, the role of the higher
than double excitations can be assumed to be small, and
hence the RAS-II results should be very reliable. In a further
comparison with DFT, it is seen that B3LYP overestimates
electron correlation effects.

The effect of SR corrections is negligible for Ne but cor-
responds to 2% and 10% of the total field-induced quadru-
pole coupling in Ar and Kr, respectively, at the
RAS-II /HIVu32+g level. While the SR correction is sensitive
to the choice of the basis, it nevertheless converges at our
biggest basis-set levels. Electron correlation is less impor-
tant, and B3LYP overestimates the absolute magnitude of the
relativistic correction, too. Perturbational spin-orbit(SO) in-

teraction corrections, if one would proceed in analogy with
the perturbational calculation of the relativistic effects in
nuclear shielding(see, e.g., Ref.[37]), appear toOsa4d,
which renders the SO contribution small for Kr and the
lighter elements.

In the last column of Table II, the results are presented for
the field-induced non-relativistic(NR) EFG, free from the
nuclear factors(the quadrupole momentQ and the spin quan-
tum numberI). Hence, a comparison of the electronic re-
sponse property is possible down the noble-gas column of
the Periodic Table. The contribution of the electron cloud
scales roughly asZ1.5 as a function of the nuclear charge,Z.

The present, scalar relativistically corrected calculations
are obtained using a rigorous electron correlation treatment
nearly at the basis-set limit, and give widths, in units of
mHz/T2, of the field-induced quadrupole coupling patterns
equal to 0.66, 1.72, 5.15, and 14.84[4] for 21Ne, 36Ar, 83Kr,

TABLE I. Basis sets used in the calculations. Spherical Gaussian functions used. The data are given in the primitive/contracted notation.
Only the innermost orbitals of each type, 1s and 2p, were contracted. Elements from the same row in the Periodic Table obtain the same
polarization exponents according to the IGLO scheme[27].

Element HII HIII HIV Saturateda

Noble-gas atoms

Neb f9s 5p 1d/5s 4p 1dg f11s 7p 2d/7s 6p 2dg f11s 7p 3d 1f /8s 7p 3d 1fg f16s 12p 8d 6f 1gg
Arb f11s 7p 2d/7s 6p 2dg f12s 8p 3d/8s 7p 3dg f12s 8p 4d 2f /9s 8p 4d 2fg f17s 13p 9d 7f 1gg
Krc f16s 13p 10d/11s 10p 10dg f16s 13p 11d/12s 11p 11dg f16s 13p 12d 2f /13s 12p 12d 2fg f21s 18p 17d 7f 1gg
SF6 molecule

Sb f11s 7p 2d/7s 6p 2dg f12s 8p 3d/8s 7p 3dg f12s 8p 4d 2f /9s 8p 4d 2fg f15s 11p 6d 4f 1gg
Fb f9s 5p 1d/5s 4p 1dg f11s 7p 2d/7s 6p 2dg f11s 7p 3d 1f /8s 7p 3d 1fg f14s 10p 5d 3f 1gg
Saturated basis
sets for MX4
molecules

Tid Zre Hff F Clg

f20s 17p 14d 6fg f24s 18p 18d 6f 1gg f25s 19p 19d 13f 5gg f15s 11p 7d 5fgh f16s 12p 8d 6fg
f14s 10p 6d 4fgi

aSets obtained by supplementing the fully uncontracted HIIsHIVud basis bym high-exponent(tight) andn diffuses, p, d, and f functions in
order to saturate the basis in the both core and valence regions. The newmsnd exponents were obtained by multiplying(dividing) the largest
(smallest) existing exponent by 3. Furtherg-type polarization functions(exponents 2.983[28], 1.007[29], and 0.7395[30] for Ne and F, Ar
and S, and Kr, respectively) were supplemented on top of the converged HIVumn sets, giving the final uncontracted HIVu32+g sets for the
noble gases and HIVu21+g for SF6 (with only one tight function added to thed and f subspaces in SF6).
bSets based on the primitive sets by Huzinaga[31] and supplemented with polarization functions as well as contracted by Kutzelnigget al.
[27] (at the HII-HIV levels).
cThe underlyings16s 13p 8dd set is from Ref.[32]. The polarization exponents of the twosHIId, three sHIII d, and four sHIVd d-type
polarization functions were obtained by successive division by a factor of 3, starting from the most diffuse existing function. The exponents
of the f-type functions in the HIV set are(0.426,0.142).
dThe underlyings16s 10p 8dd set is taken from Ref.[32] and supplied with twof-type polarization functions with exponents identical to
those used for Kr(footnote c), three sets of tightspdf functions, and diffuse functions as follows: 1s, 4p ,3d, and 1f. The exponents of the
tight and diffuse functions were obtained as in footnote a.
eThe underlyings20s 14p 11dd set is from Ref.[32] and supplied with twof-type polarization functions with exponents(0.327,0.109), three
sets of tightspdf functions, and diffuse functions as follows: 1s, 1p, 4d, and 1f. The exponents of the tight and diffuse functions were
obtained as in footnote a. A further polarizationg function (exponent 0.210513[33]) was also added.
fThe underlyings22s 16p 13d 8fd set is from Ref.[32] and supplied with twog-type polarization functions with exponents(0.32628,
0.15706[33]), two sets of tightspdfgfunctions, and diffuse functions as follows: 1s, 1p, 4d, 3f, and 1g. The exponents of the tight and
diffuse functions were obtained as in footnote a.
gBased on the HIV set as in footnote b, and complemented to HIVu31 as in footnote a.
hUsed for TiF4 and ZrF4; based on the HIV set as in footnote b, and complemented to HIVu31 as in footnote a.
iUsed for HfF4; based on the HIV set as in footnote b, and complemented to HIVu21 as in footnote a.
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and 131Xe, respectively. These results correspond to 0.29,
0.76, 2.30, and 6.63 Hz in the magnetic field of an NMR
spectrometer with 900 MHz resonance frequency for1HsB0

=21.14 Td The effect on21Ne is most probably too small to
be observed, and experiments with36Ar are not feasible due
its very short lifetime. Instead, the total splitting of83Kr is
about one-half of the previous, experimentally observed
splitting of 14 mHz/T2 in 131Xe [2], hinting at the possibility
of experimental detection.

B. Sulfur hexafluoride

For 33S in SF6, the calculatedDZBs2d,dia and DZBs2d,para

coefficients[Eq. (16) broken into the contributions arising
from Eqs. (3) and (4), respectively] as well as their scalar
relativistic corrections[Eqs. (10) and (11)] are presented in
Table IV. The total dia- and para-anisotropy coefficients are
of the same sign, when converted to the laboratory frame
using Eq.(16). Both terms give contributions of the same
order of magnitude. In the molecule-fixed frame, the tensor
components with all four indices equal, e.g.,Bxx,xx, have op-
positely signed dia- and para-contributions, while the com-
ponents with crossed spin and field indices,Bxy,xy, etc., ex-
hibit the same sign for the two contributions. The
transformation into the laboratory frame for the anisotropy of
B weighs the different tensor components in a different way.
The resulting, somewhat counterintuitively identical signs of
the dia- and para-contributions for33S in SF6 cannot be gen-
eralized to other systems(vide infra).

Particularly, the para-contribution is sensitive to the basis-
set quality. Differences of over 50% are observed between
the smallest and the largest basis sets used. The step between
HII and HIII has the most pronounced effect, which implies
that polarized triple-zeta basis sets such as HII may not be
adequate for this property. Successive addition of two tight
sets and one diffuse set of primitives on top of the uncon-

tracted HIVu set, at the HIVu21 level, saturates thespdfbasis.
The effect of the additionalg functions on top of the HIVu21
set sHIVu21+gd is small in all contributions. Due to their
minor importance as well as practical computational limita-
tions, theg functions were omitted in the CASSCF calcula-
tions.

Electron correlation effects are significant especially for
the dia-contribution, showing,20% differences between the
HF and DFT levels. For the para-contribution, DFT gives
systematically a few percent larger values than HF, and
,12% larger than CASSCF. Of the methods used presently,
DFT is likely to perform the best for SF6, since the CASSCF
calculation is not sufficient for adequate treatment of dy-
namical correlation in this electron-rich system. The current
active space is the largest feasible, balanced choice for SF6
that we can make.

As the present system contains only relatively light nu-
clei, the SR corrections, dia/mvd and para/mvd, turn out to
be unimportant, being smaller by two orders of magnitude
than the corresponding leading contributions. The SR correc-
tions of both dia- and para-contributions are dependent on
the basis set, but converge by the HIVu21 level. The para/
mvd contribution is 20% larger than the corresponding
dia/mvd term, and both share the positive sign of the NR
contributions.

The totalDZBs2d is 0.7–0.9 mHz/T2 with our best basis
sets, at the different levels of theory used presently. Hence,
based on the B3LYP/HIVu21+g results, we are able to pre-
dict a width of 1.47 mHz/T2 for the field-induced33S quad-
rupole pattern in SF6. This corresponds to 0.66 Hz in a
900 MHz spectrometer. Since the linewidth of the33S NMR
spectrum of SF6 is ,1 Hz in a liquid sample[38], the ex-
perimental observation of the field-induced quadrupole split-
ting is challenging for this system, with the currently avail-
able field strengths. The field-induced EFG of33S in SF6 is
between the values obtained for Ar and Kr atoms.

TABLE II. Multiconfiguration self-consistent-field wave functions used in the calculations of the noble-
gas atoms.

System Identifier WF typea Ne
b Active spacec NSD

d

Ne RAS-I SR 8 2s 2p→3s 3p 3d 253

CAS MR 8 2s 2p→3s 3p 3d 64 331

RAS-II SR 10 1s 2s 2p→3s 3p 3d 4s 4p 4d 4f 5s 5p 4042

Ar RAS-I SR 8 3s 3p→3d 87

CAS MR 8 3s 3p→3d 2016

RAS-II SR 16 2s 2p 3s 3p→3d 4s 4p 4d 4f 5s 5p 7529

Kr RAS-I SR 8 4s 4p→4d 87

CAS MR 8 4s 4p→4d 2016

RAS-II SR 26 3s 3p 3d 4s 4p→4d 4f 5s 5p 5d 5f 6s 6p 32 165

aSpecification of single-(SR) or multireference(MR) wave function.
bNumber of correlated electrons.
cCorrelated atomic orbitalssAOsd. In the case of a SR wave function, single and double excitations from the
occupied to the virtual AOs contained within the active space are allowed. The MR(CAS) wave function
corresponds to full configuration interaction in the active AO space.
dNumber of Slater determinants contained in the wave function.
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TABLE III. Calculated coefficientsDZBs2d /B0
2 of the magnetic-field-induced anisotropy of the NMR

quadrupole coupling tensors of noble-gas atoms21Ne, 36Ar, and 83Kr, and the widths of the field-induced
splitting patterns,w. The terms ofDZBs2d /B0

2 andw/B0
2 in mHz/T2, ws900 MHzd in Hz.

Nucleus Theory Basis set diaa dia/mvdb Totalc w/B0
2 d ws900 MHzde FZZ/B0

2 f

21Ne HF HII −0.2788 −0.0011 −0.2799 0.5598 0.25 1.29
HIII −0.3353 −0.0017 −0.3369 0.6738 0.30 1.55
HIV −0.3216 −0.0018 −0.3234 0.5469 0.29 1.49

HIVu −0.3216 −0.0018 −0.3234 0.6469 0.29 1.49

HIVu01 −0.3355 −0.0019 −0.3275 0.6749 0.30 1.55

HIVu02 −0.3349 −0.0019 −0.3368 0.6736 0.30 1.55

HIVu03 −0.3349 −0.0019 −0.3368 0.6736 0.30 1.55

HIVu12 −0.3331 −0.0021 −0.3341 0.6703 0.30 1.54

HIVu22 −0.3282 −0.0022 −0.3304 0.6609 0.30 1.52

HIVu32 −0.3280 −0.0022 −0.3302 0.6604 0.30 1.52

HIVu32+g −0.3280 −0.0022 −0.3302 0.6604 0.30 1.52
B3LYP HIVu32+g −0.3716 −0.0027 −0.3742 0.7485 0.33 1.72
CAS HIVu32+g −0.3255 −0.0022 −0.3278 0.6555 0.29 1.51

RAS-I HIVu32+g −0.3255 −0.0022 −0.3267 0.6534 0.29 1.50
RAS-II HIVu32+g −0.3265 −0.0022 −0.3287 0.6575 0.29 1.51

36Ar HF HII −0.4470 −0.0066 −0.4536 1.3607 0.61 3.82

HIII −0.4620 −0.0084 −0.4704 1.4111 0.63 3.95
HIV −0.4487 −0.0090 −0.4578 1.3733 0.61 3.84

HIVu −0.4487 −0.0090 −0.4578 1.3733 0.61 3.84

HIVu01 −0.5760 −0.0121 −0.5881 1.7643 0.79 4.93

HIVu02 −0.5800 −0.0121 −0.5922 1.7766 0.79 4.96

HIVu03 −0.5805 −0.0121 −0.5926 1.7779 0.80 4.96

HIVu12 −0.5794 −0.0129 −0.5923 1.7760 0.79 4.95

HIVu22 −0.5751 −0.0136 −0.5888 1.7663 0.79 4.92

HIVu32 −0.5730 −0.0135 −0.5866 1.7596 0.79 4.90

HIVu32+g −0.5730 −0.0135 −0.5866 1.7596 0.79 4.90
B3LYP HIVu32+g −0.6279 −0.0154 −0.6433 1.9300 0.86 5.37
CAS HIVu32+g −0.5710 −0.0127 −0.5837 1.7512 0.78 4.88

RAS-I HIVu32+g −0.5710 −0.0128 −0.5838 1.7513 0.78 4.88
RAS-II HIVu32+g −0.5592 −0.0133 −0.5725 1.7176 0.76 4.78

83Kr HF HII −0.5652 −0.0430 −0.6082 4.8654 2.17 12.31

HIII −0.5632 −0.0485 −0.6118 4.8942 2.19 12.27
HIV −0.5497 −0.0521 −0.6019 4.8150 2.15 11.98

HIVu −0.5496 −0.0542 −0.6039 4.8310 2.15 11.98

HIVu01 −0.5779 −0.0571 −0.6350 5.0800 2.27 12.59

HIVu02 −0.5783 −0.0571 −0.6354 5.0831 2.27 12.60

HIVu03 −0.5783 −0.0571 −0.6354 5.0830 2.27 12.60

HIVu12 −0.5767 −0.0585 −0.6316 5.0813 2.27 12.57

HIVu22 −0.5761 −0.0600 −0.6360 5.0882 2.27 12.55

HIVu32 −0.5758 −0.0601 −0.6359 5.0872 2.27 12.55

HIVu32+g −0.5764 −0.0613 −0.6358 5.0862 2.27 12.54
B3LYP HIVu32+g −0.6365 −0.0671 −0.7034 5.6286 2.52 13.87
CAS HIVu32+g −0.5458 −0.0575 −0.6033 4.8263 2.16 11.89

RAS-I HIVu32+g −0.5475 −0.0576 −0.6051 4.8410 2.16 11.93
RAS-II HIVu32+g −0.5833 −0.0679 −0.6441 5.1525 2.30 12.71

131Xe HF [4] HIVu32 5.9395 1.4699 7.4094 14.819 6.62 23.87
RAS-III [4] 5.9577 1.4631 7.4208 14.842 6.63 23.95

Exp. [2] 14
aEquation(3).
bEquation(10).
cSum of the dia and dia+mvd contributions.
dThe distance between the outermost lines of the quadrupole splitting pattern as a function of magnetic field.
eThe value of the quantity of footnote d in the magnetic field of an NMR magnet with 900 MHz proton
resonance frequency.
fThe electronic contribution only, expressed in terms of the traceless, nonrelativistic field-dependent EFG
tensor,FZZ/B0

2= 1
2FZZ,ZZ

s2d,dia, whereFet,gd
s2d,dia=2kkFet ;hgd

SUSCll0, in atomic units.
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C. Group IV tetrahalides

Results for47/49Ti, 91Zr, and 177/179Hf in the tetrahedral
group IV tetrafluorides as well as TiCl4 are presented in
Table V. For these systems, the contributions from Eqs.(3)
and (4) now have opposite signs. The para-contribution is
clearly the dominant one, being almost two orders of magni-
tude larger than the dia-contribution.

While both terms are strongly dependent on the basis, we
only report the results obtained using our saturated basis sets.
The role of electron correlation is significant in all the sys-
tems and in both the dia- and para-contributions. DFT gives
a systematically larger absolute value for the field-induced
quadrupole coupling. The differences range from 6%sHfF4d
to over 70%sTiCl4d in the dia-contribution and from 13%
sTiCl4d to roughly 30%(the other systems) in the decisive
para-contribution.

The SR corrections are of the same sign with the corre-
sponding NR contributions in ZrF4 and HfF4, and small for
TiCl4 and TiCl4. The dia/mvd term is smaller in magnitude

than the para/mvd correction, in analogy with the NR contri-
butions. The dia/mvd corrections provide a smaller than 1%
correction to the total value in HfF4, and are vanishingly
small in the lighter compounds. The para/mvd correction is
more significant and ranges from roughly 1% to 10% of the
total field-induced coupling for TiFl4 to HfF4, correspond-
ingly.

With DFT/B3LYP, we obtain the total widths of the field-
induced quadrupole coupling patterns of 19/11, 38/22, 14,
and 350/310 mHz/T2 for 47/49TiF4,

47/49TiCl4,
91ZrF4, and

177/179HfF4, respectively. It is seen that while the quadrupole
moments of the two Ti isotopes on one hand and the two Hf
isotopes on the other are of roughly the same magnitude, the
lighter isotope of the same element exhibits a larger field-
induced splitting due to its smaller spin quantum numberI.
While the number of peaks in the spectrum increases withI,
the separation of the peaks decreases proportional toI−2.

The fluorides of the present study typically form crystal-
line solids at the temperatures relevant for NMR experi-
ments. In these solids, the site symmetry of the central group
IV element is not tetrahedral. Consequently, the currently
discussed effect may in practice only become visible in spe-
cial gas-phase studies for these systems. On the other hand,
TiCl4 is a liquid at room temperature, with narrow accessible
linewidths. This, combined with the width of the field-
induced quintet of 17 Hz in a 900 MHz spectrometer, makes
47TiCl4 a promising candidate for an experimental observa-
tion of this phenomenon.

V. CONCLUSIONS

We have presented an analytical response theory formula-
tion for the leading, quadratic external magnetic-field depen-

FIG. 1. Schematic quadrupole splitting pattern for a nucleus
with I = 3

2. For a general nuclear spin quantum numberI, the spec-
trum of total widthw consists of 2I equidistant peaks, the distance
of which is 3uBZZu=2uDZBu.

TABLE IV. Calculated coefficientsDZBs2d /B0
2 of the magnetic-field-induced anisotropy of the NMR quadrupole coupling tensors of33S

in SF6, and the widths of the field-induced splitting patterns,w. The terms ofDZBs2d /B0
2 andw/B0

2 in mHz/T2, ws900 MHzd in Hz. See the
footnotes in Table III. No entry means cubic response is not yet available for DFT inDALTON. In this case HF values for the para/mvd
corrections were used in the total field-induced splitting patterns.

Theory Basis set dia paraa dia/mvd para/mvdb Totalc w/B0
2 ws900 MHzd FZZ/B0

2d

HF HII 0.3747 0.1880 0.0054 0.0140 0.5872 1.1743 0.53 3.90

HIII 0.3578 0.3725 0.0063 0.0071 0.7437 1.4873 0.67 5.07

HIV 0.3459 0.4211 0.0066 0.0083 0.7822 1.5643 0.70 5.32

HIVu 0.3459 0.4211 0.0066 0.0083 0.7822 1.5643 0.70 5.32

HIVu21 0.3471 0.4301 0.0073 0.0096 0.7956 1.5912 0.70 5.39

HIVu21+g 0.3471 0.4301 0.0073 0.0097 0.7924 1.5849 0.71 5.39

B3LYP HII 0.2974 0.2513 0.0027 0.5655 1.1310 0.50 3.81

HIII 0.2885 0.3810 0.0038 0.6732 1.3465 0.60 4.64

HIV 0.2804 0.4302 0.0041 0.7147 1.4294 0.64 4.93

HIVu 0.2804 0.4302 0.0041 0.7147 1.4294 0.64 4.93

HIVu21 0.2816 0.4389 0.0048 0.7253 1.4506 0.65 5.00

HIVu21+g 0.2815 0.4378 0.0048 0.7337 1.4675 0.66 4.99

CAS HIVu21 0.5033 0.3839 −0.0223 0.0206 0.8819 1.7638 0.78 6.15

aEquation(4).
bEquation(11).
cSum of the dia, para, dia+mvd, and para+mvd contributions.
dAs in footnotef of Table III, but including also the para contribution withFet,gd

s2d,para=kkFet ;hg
OZ,hd

OZll0,0.
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dence of the nuclear magnetic resonance(NMR) quadrupole
coupling tensor, based on the Breit-Pauli electronic Hamil-
tonian. The discussion of the true quadrupole coupling to this
order in the field strength as well as its partial scalar relativ-
istic correction, is extended to molecules from a previously
published treatment of the atomic case[4]. Calculations are
carried out for21Ne, 36Ar, and 83Kr in noble-gas atoms, as
well as33SF6, MF4 sM= 47/49Ti, 91Zr,177/179Hfd, and47/49TiCl4
molecules. Hartree-Fock self-consistent field, multiconfigu-
rational self-consistent-field, and density-functional-theory
reference states were used with analytical linear and nonlin-
ear response theory as well as nearly complete basis sets.
The NMR nuclei in the present systems possess either
spherical (atoms), octahedral sSF6d, or tetrahedral
sMF4,MCl4d site symmetry, hence eliminating the field-
independent quadrupole coupling and leaving only the field-
induced contributions. We predict the hitherto experimentally
unobserved quadrupole splitting pattern of completely
magnetic-field-induced origin, in the experimentally most
promising candidates,47TiCl4 and 177HfF4, to have the

widths of 38 mHz/T2 and 350 mHz/T2, respectively. Fur-
thermore, the field-induced splitting possibly also is observ-
able in the spectrum of atomic83Kr, the width of the nonet
being 5 mHz/T2 in this case.
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