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ABSTRACT: The theory of response of a molecule in the presence of a static nonuniform magnetic
field with uniform gradient is reviewed and extended. Induced magnetic dipole, quadrupole, and
anapole moments are expressed via multipole magnetic susceptibilities. Dependence of response
properties on the origin of the coordinate system with respect to which they are defined is
investigated. Relationships describing the change of multipole and anapole susceptibilities in a
translation of the reference system are reported. For a single molecule, two quantities are invariant
and, in principle, experimentally measurable, that is, the induced magnetic dipole and the interaction
energy. The trace of a second-rank anapole susceptibility, related to a pseudoscalar obtained by
spatial averaging of the dipole—quadrupole susceptibility, of different sign for D and L enantiomeric
systems, is origin independent. Therefore, in an isotropic chiral medium a homogeneous magnetic
field induces an electronic anapole, having the same magnitude but opposite sign for two
enantiomorphs. Calculations have been carried out for a set of diatomic and linear triatomic systems

characterized by the presence of magnetic-field induced toroidal electron currents.

1. INTRODUCTION

The rationalization of molecular magnetic response of a
molecule in the presence of a nonhomogeneous magnetic
field, either static or time dependent, is by no means a simple
univocal task. Whereas the theory of second rank tensors, for
example, magnetic susceptibilities' and nuclear magnetic
shieldings®™* has been systematized according to a widely
accepted scheme if the applied vector field B, is static and
spatially uniform, the definition of higher-rank response tensors
(coupled to spatial derivatives

By pa = V3 VB, (1)

in the Taylor series of the molecular interaction energy)
depends on the choice of corresponding definitions of total
induced magnetic multipoles™® and on the expression of the
vector potential A, in general a function of position and time.
Drawbacks affecting earlier approaches, arising for instance
from questionable definitions of magnetic quadrupole, have
been pointed out’ An explicit choice of gauge for the
electromagnetic potentials is therefore needed as a fundamental
preliminary task.

Expressions of magnetizabilities and nuclear magnetic
shieldings of a molecule interacting with a spatially nonuniform
external magnetic field were reported in previous theoretical
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studies,” " allowing for a magnetic multipole expansion based
on the Bloch gauge.'””'* The Bloch electromagnetic
potentials'> have been later rediscovered by others.”™'® A
simple compact expression,'”>* defining a gauge usually
referred to as Poincaré’s,'”**** yields a power series for the
vector potential equivalent to Bloch’s.”*™>’

The present paper is aimed at (i) defining a set of anapole
susceptibilities, (i) determining their properties, (iii) evaluating
third- and fourth-rank tensors corresponding respectively to
magnetic dipole-magnetic quadrupole and magnetic quadru-
pole-magnetic quadrupole magnetizabilities in simple diatomics
and linear triatomics, allowing for definitions obtained within
the Bloch gauge, "' reported in Section 2. The molecular
systems taken into account have been studied in previous
papers, showing that the magnetically induced electronic
current density vector field is characterized by the presence
of toroidal flow, expected to give rise to orbital anapole

1011,30 _ . . .
moments, which can be related to mixed magnetic
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multipole magnetizabilities. As reported previously,”" chiral
distortions may give rise to anapolar current density lines, that
is, lines spiraling around a topological torus that has been
predlcted for big molecules with nuclei arranged on a torus
surface.”

Calculations have been carried out at the Hartree—Fock level
of accuracy, using basis set of increasing size and quality to
estimate limit values. As the mixed multipole magnetizabilities
vary with the origin of the coordinate system, see Section 3, two
different origins were considered in preliminary test calculations
on the OH™ anion. The conditions for invariance of the
interaction energy and other molecular magnetic properties
induced by a nonuniform magnetic field with a uniform
gradient, under a translation of the coordinate system, are
discussed in the same section. Results are reported in Section 4.
Conclusions and outlook are presented in Section S.

2. MOLECULAR MULTIPOLE AND ANAPOLE
MOMENTS

Standard tensor formalism is employed throughout this article,
for example, the Einstein convention of implicit summation
over two repeated Greek subscripts is in force and &g, is the
Levi-Civita tensor. The notation adopted in previous
references”'®'" is used. The SI system of units has been
chosen.

Within the Born—Oppenheimer approximation, for a
molecule with n electrons and N clamped nuclei, charge,
mass, position, canonical, and angular momentum of the ith
electron are indicated in the configuration space by —e, m,, r,
Py I, =1, X p, i = 1,2..n. Analogous quantities for nucleus I are
Zie, My, R;, and so forth, for I = 1,2...N. Capital letters denote
total electronic operators, for example

n n n

R=2rn P=2p L=}
i i=1 i=1

etc.
The electric multipole moments of the electron distribution
are defined via the Taylor series”'*"

A

K aa.q

(k+1)' Z((l(l‘ (Xk (2)

then the expressions for the electric dipole and quadrupole
operators from eq 2 are

n
"2(1 = —e Z (r(l)t
i=1

. e
,”a[; =—-" z (rar/i)i
23 4)

The electronic operators for magnetic multipole moments,
omitting contributions from electron spin, are cast in the
12
form”'"

©)

R k+1

= ety L)
maalmak (k+ 2)' 2m ; (aal a a r(lk(l)l (5)

For instance, the Hermitian magnetic multipole operators up
to the hexadecapole are

e =1 (6)

1t :_—Z{,m '/;’}+

e ?)
ﬁl{xﬂy = Z {l;m
M i (8)
Mlapys = " 60m. Z {lw Tty b+
e ©)

using {A, B}+ = AB + BA to denote anticommutators. It is
immediately observed that if the initial tensor index is repeated
the sum over the Cartesian coordinates of the multipole
moment vanishes, giving a null operator, for instance

ﬁl{x(z = A(m/}... = maﬂ...rz... =0 (10)

The electronic operators for the permanent (or unperturbed)
magnetic multipoles in eq S are used to rationalize the response
of an isolated molecule. In the presence of a vector potential
A(r, t), the canonical momentum is replaced by the mechanical
momentum, including the electromagnetic interactions via the
minimal coupling procedure of Gell-Mann*?

P= iﬁl S>1I = i 7,
i=1 i=1 (11)

For the angular momentum the corresponding replacement
gives

ﬁ'i=ﬁi+eAi

i:ZZ%A=i+lei><Ai
i=1 i=1 (12)
Allowing for eqs 5 and 12 within the multipolar Bloch gauge'?

for the vector potential the ogerators for perturbed magnetic
multipole moments become”

AL

d
= 1, +;( B,),(o t) +;(aﬁ;me(o, t)

+ ;?aﬁ;yé B;,5(0, t) + @ﬂ;y&BeW(o, t) + .. (13)

A~/ S ~d 16
il = titgy + 2 5 B,(0, t) + 5 ;{ay 45 B;, (0, t)

S .d
+ Sar, g5e Besy (0, 1) + .. (14)
P ~d
Mopy = Mapy +)(a5,./}}, B;(0, t) + )(ag sPre B0, t) +.
(1)

and so forth, where the operators for diamagnetic contributions
to the multipole magnetizabilities are

A = - 2 ( - r{xrﬂ)i

Me =1 (16)
2

~d _

Kapyy = 6m [( - rarﬁ)r}']i (17)
¢ i=1

s = ——— 3 11205 = 1)

Kb = " Tom "WOup = Tl p)Ty 5l (18)

€ =1

and so forth, denoting by 2 = r,r, the squared modulus of the
electronic position vector. In these relationships a semicolon
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separates sets of symmetric indices, which can be freely
permuted within each set.

Tensor operators 75 .o and )?i/,;ay vanish identically, therefore
an equation analogous to (10) holds also for the perturbed
magnetic multipole operators, that is,

rho;a = Ao;aﬂ..‘ = Tﬁ(;ﬁa =0 (19)
The expectation values of the multipole operators over the a
reference electronic state,** [¥,) = la) of the perturbed
molecule are indicated by, for example

B = (alﬁaﬂ___la), My = (alr?laﬁmla%

Maﬂ... = (alrﬁ;ﬁ...la) (20)

2.1. Multipole Magnetizabilities in a Static Magnetic
Field. Second-order Rayleigh—Schrodinger perturbation theory
is applied to obtain the paramagnetic contributions to the
multipole magnetic susceptibilities of a molecule in the
presence of a nonhomogeneous time-independent magnetic

ﬁe1d7,10,14

1 2 o
Xy = - D fvz(<a|may>g|mﬁ|a>)
j#a )4
= yP =P
—Xﬂ,a = Xop (1)
1 2 A o g A
1y, = 5 2~ Rl Ja))
j#a )@
— 4P
G (22)
P o= 3 2Rl la))
Xap s = n z —R({alrirlj){jlrm,sla)
j#a A
=t (23)

etc. Owing to eq 10

P —(=4P
Xapp = 0= vy (24)

and so on. In these relationships, a comma is used to separate
groups of indices that can be freely permuted, for example,
Xop. .. = Xhou.ap.s Since each group refers specifically to a given
magnetic multipole of the series, see eq S.

The diamagnetic contributions to the magnetic susceptibil-
ities in the reference state la) are arrived at allowing for eqs
16—18

d _ g 1pd
Xap = (“l)(a/; la) (25)
d  _ ypd
Zapiy = (Wap,y 1) (26)
4 _pd
Zaps = (W apy519) 27)
and so forth.
Total static susceptibilities are obtained by summing
paramagnetic and diamagnetic contributions”'*"*
_ d
Zap = X + Xap (28)
— 4P + d
Hapy = Xapy T Xapyy (29)

. 16 4

Xapys = Xapys g Karps (30)

etc.
In disordered media, the tensor y,s, has an isotropic part
X€apy and the corresponding pseudoscalar

_ 1
X = hapy Sy

1
- _(Xxy,z - )(xz,y + Xyz,x - ){yx,z + )(zx,y - )(zy,x)

6 (31)

is different from zero for a chiral molecule, see Table 1 and eq
46 hereafter.

Table 1. Type and Symmetry of Magnetic Properties under
Parity P and Time Reversal T*

tensor type P T
B, axial + —
By axial - -
Cy = €4,Bp, polar - -
Bag, axial + -
M, axial + -
My axial — -
Mg, axial + -
Ay polar’ - -
Xap polar + +
Xapy polar - +
Kapys polar + +
Agp axial - +
a=(1/3)a, pseudoscalar® - +
bys polar + +
Capy axial + +
T= (l/é)eaﬁyCmﬁy scalar + +

“See, for istance, the Birss book®* and a previous paper.’ "Referred to
as axio-polar by Schmid.'"*? € 7 = ( 1/6)€,p0p, = —a.

2.2. Interaction Energy, Induced Magnetic Dipole,
Quadrupole, and Anapole for a Molecule in a Magnetic
Field with Uniform Gradient. We will now consider a
diamagnetic molecule in the presence of a nonuniform
magnetic field with flux density B, assuming for simplicity
that the gradient VB is uniform, and neglecting contributions
from higher derivatives. It is also supposed that the molecular
response is linear. Accordingly, the interaction energy of the
molecule in the field is written in the form

—w©_1 1
w=w" - z aﬁBaBﬂ - )(a,/in(lBJ/ﬂ - 5){(1/1,76Bﬁ“357
(32)
with W as the energy of the isolated molecule. The magnetic
field is evaluated at the origin of the coordinate system. The

induced magnetic dipole moment is obtained by differentiating
w

ow
- =M, = ){aﬂBﬂ + Xa,ﬂyB}’/"

0B, (33)

The induced magnetic quadrupole moment is analogously
obtained from

- —My=y, B, +y, B
0By, af = XapyPr T Xapy5Psy (39)
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Alternative expressions of the interaction energy, eq 32, can
be obtained by expressing the magnetic field gradient, that is,
the nonsymmetric second rank tensor Bg, in terms of its
symmetric and antisymmetric components

1
S
Béa) = E(Bﬂa + B{x/});

W _Llop _py_1

Bﬁa - E(Bﬂa Baﬁ) - Zgﬁaycy (35)
introducing the curl C = (V X B). The derivative of the energy,
eq 32, with respect to the components of C defines the
components of the anapole polar vector'®!!

__1 ¢, 1
=73 ﬂaﬁ{)(aﬂ,yBy + Xaﬂ,yﬁ[st}’ + Zgﬂfs}’cﬂ
(36)

induced in the electrons of the molecule by a nonuniform
. . . . 1011
magnetic field with uniform gradient.

The electronic anapole of the molecule can alternatively be
defined'® from the magnetic quadrupole, eq 34, induced by the
applied nonhomogeneous magnetic field. The latter is not
symmetric in the indices a, f, but it can be rewritten as a sum
of symmetric and antisymmetric components

M,y = M) + M) (37)
s _ 1

Maﬁ - Z(Ma/j + Mﬁa) (38)
@ _ 1

Maﬂ - E(Ma/f - Mﬂa) (39)

The molecular anapole moment is obtained from the
antisymmetric components

__1 __1 oy
Ay = =Sl Map = =7 EapMap (40)

This relationship can be inverted to obtain
A
M,E,/;) = A, (41)

Allowing for the definition of mixed multipole magnetic
susceptibilities, eqs 28—30, the relationship

1

A, = _Egaﬂ}’()(aﬁ,éBts + Xyp5eBes ) 42)
gives the general perturbation expansion for the electron-orbit
contribution to the anapole of a molecule induced by a
nonuniform magnetic field. Using eq 35, it can be verified that
the definitions for the magnetic-field induced molecular
anapole, eqs 36 and 42, are identical for terms up to the first
field gradient. It should be recalled that, in accord with egs
13—15, the magnetic field and its derivatives are evaluated at
the origin of the coordinate system within expressions 36 and
42.

The induced magnetic dipole moment, eq 33, is an axial
vector, even under parity P and odd under time reversal T, the
magnetic quadrupole, eq 34, and the axio-polar'' anapole, eq
36, are P-odd and T-odd, see Table 1. However, there is no
parity-violation effect on the interaction energy, see below, eq
49

The tensors

W o'w  0A, _ 1,
© = TOBC, | oB, | 2 s 43)
Fw oA,
= Tacac, T ac, 4 melapin = b ”
_ o'W _ oA, 1
e = “oBdac,  oBY 7 Caprap e )

define second- and third-rank anapole susceptibilities.32 The
averaged trace of the a,s5 anapole susceptibility, eq 43

1 1 _
= guw = _geam/)((lﬁ,y = - (46)

a

equals the pseudoscalar defined via eq 31 changed of sign. It is
odd under parity and even under time reversal, it vanishes in
achiral molecules, it has the same magnitude but opposite sign
for two enantiomers, and therefore can, in principle, be used for
chiral discrimination as the anapole vector, eqs 36 and 42."" In
fact, in disordered phase, gas, or solution, the orbital electronic
anapole

A=-7B (47)

induced by an external magnetic field has opposite direction in
two enantiomeric molecules. Allowing for the definitions of
magnetic dipole, eq 33, magnetic quadrupole, eq 34, anapole,
eqs 36 and 42, for eqs 35, 37, and 38, and assuming linear
response, the interaction energy, eq 32, can be rewritten in the

alternative forms
_wo_ 1 1
W=w® = MB, - ~M,B, )

“w©® - Ly
2

a

1 1
B, — —~A,C, — ~MB})
o 2 a~a 2 ap “pa (49)

3. CHANGE OF MOLECULAR PROPERTIES IN A
TRANSLATION OF THE COORDINATE SYSTEM

In a translation of origin of the coordinate system
r'—=>r"'=r +d (50)

where d is an arbitrary shift vector, the transformation law for
the third-rank magnetic susceptibility, eq 29, reads”"°

" ! 1
Xy,a/} (1‘ ) = Zy,a/} (1‘ ) - Zyadﬂ + g)(y,sdﬁéaﬂ (s1)

The corresponding equation for the quadrupole—quadrupole
susceptibility, eq 30, is"

)(aﬂ,},g (r”) = )(aﬂ,yé (1‘,) - )(a,},g (r/)dﬁ - )(y,aﬁ (r/)dé

1 ’ ’
+ Edﬁ[)@'!aﬂ (1‘ )675 + /'(/1,}/5(" )6(lﬂ:l +Z{1ydﬁd5

1 1
—_ gdv()(yyéaﬁd5 + Xy(xé}/ﬁdﬂ) + gdﬂd%yyéaﬁé}/& (52)

The change in the anapole susceptibilities 43 and 4S is obtained
by

" J— ’ 1
‘%(" )= ﬂya(’) + zeaﬁﬂéadﬂ (53)

and
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’ ’ l ! 1 ’
Cy,(‘ie(r ) = Cy,ﬁs(r ) + Ega/};/)(a,gé- (1’ )dﬁ + Ega/)’y)(gyaﬁ (r )de

1 , 1
- gga/fﬂi,a/} (r')05ed; — Egaﬂﬂﬁadﬂde

1
+ - Eaprlya 558dﬂdl/

6 (54)

According to eq 53, the diagonal components (and the trace)
of a,; are origin independent in the principal axis system of the
symmetric J,; tensor. The pseudoscalar average anapole
magnetizability, eq 46, owing to the same relationship, eq 53,
is origin independent, that is

a(r") =a(r) (55)

in any coordinate system, since the Levi-Civita skew tensor is
antisymmetric, whereas the second-rank magnetizability is
symmetric. This result is similar to that found for the P-odd
and T-even optical rotatory power, rationalized by a tensor
having origin-independent trace but origin dependent diagonal
and off-diagonal components.'*'**> According to eq 47, the
induced anapole, aligned with the applied uniform magnetic
field in gas and liquid media, is origin independent.
In an isotropic sample, introducing the scalar

1
= 2 e
¢ 6 Cy,(‘ie yoe (56)

by spatial averaging, one finds

T=-b (87)
where

- 1 1

b = gbw - E(xaﬂ’aﬂ - ){aﬂ,ﬁa) (58)

is the average trace of the anapole susceptibility, eq 44. These
quantities are origin dependent

T (" — Tof 1 /
b(r ) = b(f ) + E[xaadﬂdﬂ - Xaﬁdadﬁ +}{a’/ja(r )dﬂ

+ )(/},a/)’ (r/)dll - 2)(11,(1/)’ (r/)dﬁ] (59)

It should be borne in mind that the origin dependence of
mixed multipole magnetizabilities, eqs S1—54 and eq 59, is an
intrinsic feature, which cannot be circumvented using gauge-
including atomic orbitals (GIAO).>***” In addition, the
Hellman-Feynman theorem is not, in principle, satisfied if
GIAOs are employed, therefore the anapole susceptibilities
calculated via finite perturbation theory as second derivatives of
the energy, and/or first derivatives of the anapole moment, see
eqs 43—4S, are potentially different, according to a general
statement by Epstein, see p 90 of his book.*®

The invariant electronic properties of a molecule in a
magnetic field with uniform gradient are total induced magnetic
dipole and interaction energy. In fact, from eq 51, the relation

Ba(r”) = Ba(r/) + dﬁBﬂa (60)

for the magnetic fields at two different origins, and the Maxwell
equation V - B = 0, it is readily verified that

M,(r") = M,(r") (61)

that is, the induced magnetic dipole moment in a nonuniform
magnetic field with a uniform magnetic field gradient does not
depend on the origin of the coordinate system. In the same

way, it can be proved that the interaction energy, eq 32, is
invariant to a translation of the origin, that is,

w(r") = w(r) (62)

The transformation law for the magnetic quadrupole is'®

1
Maﬂ(r”) = Maﬁ(r/) - Ma(r/)dﬁ + gaaﬁMy(r/)dy (63)

that is, the magnetic quadrupole is invariant to a translation of
the coordinate system only if the magnetic dipole vanishes. It
can be observed that, according to eqs 19 and 63, the trace of
the magnetic quadrupole tensor remains zero in a translation,
eq 50.

The variation of the induced anapole defined by eqs 36 and
42 in the shift of origin is'®

1

A(r") = Ar) + EsaﬁrMa(r’)dﬁ (64)
then for a single molecule fixed in space and more generally in
an ordered medium the anapole is invariant (i) if the induced
magnetic dipole vanishes and (ii) if the coordinate system is
translated in the direction of either the magnetic dipole or the
anapole itself. In the ideal case of a poloidal current density
winding on the generatrix circumference of a geometrical
torus,'>'" M, = 0, then M, and A, are origin independent.

The important conclusion arrived at in this section is that the
observable properties of one molecule responding to a
nonuniform static magnetic field are the interaction energy,
eq 32, the induced magnetic dipole, eq 33, and the average
anapole magnetizability, eq 46, if it does not vanish for
symmetry reasons. In an isotropic sample of chiral molecules,
the induced anapole vector is parallel to the applied magnetic
field. It is origin independent and, in principle, measurable.
These findings may open alternative perspectives of chiral
discrimination in the presence of a uniform magnetic field.*~*¢

Both the magnetic quadrupole and the orbital electronic
anapole depend, in general, on the origin of the coordinate
system. This seems to be the case of diatomics characterized by
the presence of distorted tori in the current density vector
field."! Whereas the static second-rank magnetizability, eq 28, is
origin independent, the third- and fourth-rank tensors, eqs 29
and 30, are not. They cannot therefore be considered separately
measurable properties.

However, the transformation laws, eqs 61—64, for induced
magnetic properties and interaction energy are not in general
satisfied in approximate calculations, because relations (51) and
(52) are only valid either for exact eigenfunctions to a model
Hamiltonian, or for optimal variational wave functions, for
which off-diagonal hypervirial conditions®® are satisfied.”'*""
Thus the closeness of molecular magnetic properties, calculated
by truncated series in the powers of the inducing magnetic field
and its derivatives with respect to coordinate systems with
different origins, can serve to gauge the quality of the
approximations retained in a given calculation. In general, the
analysis of the constraints for magnetic properties is as
important and informative as the calculation of the properties
themselves.
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4. CALCULATIONS OF MAGNETIZABILITIES FOR A
MOLECULE IN A MAGNETIC FIELD WITH UNIFORM
GRADIENT

The multipole magnetizabilities, eqs 28—30, of a set of diatomic
and linear triatomic closed-shell molecules in the singlet ground
state, LiH, Li,, OH™, CO,, and BeH,, have been computed at
the Hartree—Fock level of accuracy via a computer program
interfacing with the DALTON code.*” Extended gaugeless basis
sets from the Woon-Dunning compilation,48 cc-PCVQZ, cc-
pVSZ, aug-pc-4, aug-cc-pCVSZ, and the ANO-RCC were
adopted. MODENA is an uncontracted (13s10pSd2f/8s4pld)
Gaussian basis set employed to predict near Hartree—Fock
magnetic properties.*” ' The calculations were carried out for
the equilibrium geometry of each system, optimized using the
GAUSSIAN code® at the B3LYP/6-31G* level. The z axis
coincides with the bond direction.

The results are given in Tables 3—6 in SI atomic units
(au).*® The conversion factors from Sl-au to SI units per
molecule are e’a}/m, = 7.891 036 60 X 10%° JT7%, e*a}/m, =
4.175 756 62 X 107> JT*m, e%ad/m, = 2.209 715 23 x 107%
JT™m?, respectively for magnetizabilities eqs 28, 29, and 30,
from the CODATA compilation.”® The conversion factor for
the magnetic dipole moment is #/m, = 1.854 801 90 X 107>
JT7!, that for the magnetic quadrupole and anapole moment is
eEpag/h = 9.815 188 95 X 107*JT'm = m*A. The magnitude
of these factors, decreasing approximately by 10 orders on each
successive differentiation of the electronic energy, eq 32,
implies that effects related to higher-order magnetizabilities are
possibly hard to detect.

Point group symmetry helps select unique nonvanishing
components, which can be obtained from the Birss
tabulation.**>® By choosing a subgroup of C,, for instance
Cs, = 6mm, the Q; set in Birss®> Tables 2a and 2e gives ¥, ., =
Xy Xnzx = Xyzy Xepx = Xegy Xzze @S Unique components. The
Xapy tensor vanishes for molecules with D, symmetry. The
unique nonvanishing components of the y,;,; tensor are
analogously obtained via Tables 2a and 2f of Birss,”> choosing

Table 2. Character Table of the 2mm Magnetic Group, with
Elements {E TC, T6, 6.} Group for a Few Basis Vectors V*

E TC, To, o, 14
r, 1 1 1 1 2, A, M, M,,
T, 1 1 -1 -1 R,
I, 1 -1 1 -1 % R,
T, 1 -1 -1 1 1 R,

“Isomorphic to 2mm = C,,. The applied magnetic field is parallel to
the x axis.

the Cy4, = 6mm subgroup for molecules with C,,, symmetry,
and the Dy, = 6/mmm subgroup for molecules with D,
symmetry. For both 6mm and 6/mmm symmetries, the P, set of
components is obtained from the same tables.>> The linear
relationship reported by Birss>

)(xx,xx = )(xy,yx + )(yy,xx + Iyx,yx (65)

can be checked in Tables 4 and 6.

Convergence of calculated third-rank dipole—quadrupole
magnetizabilities y, 3, has preliminarly been investigated in the
OH™ anion. For a given nonvanishing component, results
relative to two different origins of the coordinate system, center
of mass (CM) and hydrogen nucleus H, are displayed as two

successive rows in Table 3. Values in the third row, for the
origin on the H nucleus, have been computed from those of the
first one using eq S51. Two complementary pieces of
information are obtained from calculated values: (i) con-
vergence arrived at through basis set saturation, compare for
the results from cc-PCVQZ, cc-pV5Z, aug-pc-4, aug-cc-pCVSZ,
can be observed within each row; (ii) in the limit of a complete
basis set, all the required hypervirial theorems®® would be
obeyed, so that the second and third rows would be the same
for each component. For truncated basis sets like those
employed in the present calculations, the increasing agreement
between second and third rows gives an indication of basis set
quality and closeness to the limit of the theoretical predictions.
Therefore, discrepancies of approximately 3% for y, ., between
results within second and third rows, calculated via basis sets
aug-pc-4 and aug-cc-pCVSZ, absolute values differing by
~1.5%, would imply near Hartree—Fock quality, whereas the
smallness of y, ., seems to preclude any reasonable assessment.
It can also be observed that the second and third rows, for y, .,
and y,,,, are identical as implied from eq S1, in which the
second addendum on the r.h.s. vanishes, since the second-rank
magnetizability is diagonal in the coordinate system adopted,
whereas the third addendum vanishes due to the off-diagonal
Kronecker 6,5 At any rate, these sets of data confirm that
converged results are obtained from aug-pc-4 and aug-cc-
pCVSZ basis sets.

Analogous conclusions are reached by inspection of Table 4,
displaying calculated quadrupole—quadrupole magnetizabilities
Xapys We can reasonably assume that results calculated via basis
sets aug-pc-4 and aug-cc-pCVSZ are accurate to a significant
extent.

The magnetic symmetry group for LiH, assuming the bond
direction along the z axis and the perturbing magnetic field
B = B,g, along the x direction, is determined via the Tavger-
Zaitsev algorithm.57’58 Denoting time reversal by T, it is 2mm
with elements {E TC, To, ¢’,}, isomorphous to 2mm = C,,, see
Table 2. Nonvanishing basis vectors for this group (trans-
forming as the totally symmetric representation I';) are M,, A,

and M, respectively for the induced magnetic dipole and
anapole.”® For a magnetic field B¢, nonvanishing quantities
are M, =M, A, = -A, and M,, = M,..

Theoretical third-rank magnetizabilities, obtained for LiH
and OH™ via basis sets cc-PCVQZ, ANO-RCC, MODENA, cc-
pVSZ, aug-pc-4, and aug-cc-pCVSZ assuming the CM origin,
are reported in Table S. They are quite close, possibly of near
Hartree—Fock quality, thus providing reliable information on
the magnitude of the y,; tensor in diatomics. Fourth-rank
magnetizabilities in Table 6 are also expected of Hartree—Fock
accuracy. The magnitude of computed values for both tensors is
very small. Using y,.,, = 3.66 au from MODENA basis sets in
Table S, the conversion factor reported above, and assuming a
magnetic field gradient B,, = 10 T per meter, one finds a
contribution ~1.53 X 1077 JT™" to the magnetic dipole M, ten
orders of magnitude smaller than y,.B, = y,,B, ® —1.14 X 107
JT". Analogously, for the quadrupole M,, with B, = 10 T and
B,. = 10 T per meter, one finds y, B, & 1.53 X 107 JT 'm
and y,..B.. ¥ —8.81 X 107¥ JT 'm,

5. CONCLUDING REMARKS AND OUTLOOK

The intrinsic molecular properties which account for
manifestation of electronic anapoles induced by a nonuniform
magnetic field with uniform gradient are dipole—quadrupole,
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Table 3. , 4, for the OH™ Anion from a Series of Basis Sets in SI Atomic Units.”

)(a,ﬁy
Xz (CM)
He (Hp)
Xsxe (€9 51)
Xizr (CM)
Nxjzx (H)
Xz (€q 51)
Xewe (CM)
Zowe (Hy)
Xonn (q S1)
Yoz (CM)
Nzzz (H,)
Xzzz (eq S1)

cc-PCVQZ

0.99
—6.47
—4.93
—0.06

0.63
—0.06
—0.07

1.85

1.85

0.13
=3.71
—3.71

ANO-RCC

0.95
—6.0S
—5.68

0.03

0.26
—0.03
—0.08

2.12

2.12

0.16
—4.23
—4.23

MODENA

1.26
—5.56
=541
—0.15

0.12
—0.15
—0.20

1.99

1.99

0.40
—3.98
—3.98

cc-pVSZ
091
—6.70
-5.33
—0.04
0.60
—0.04
—0.06
1.97
1.97
0.11
-3.95
—-3.95

aug-pc-4
0.98
—5.74
—5.67
—0.02
0.01
—0.02
—0.09
2.11
2.11
0.18
—4.23
—4.23

aug-cc-pCVSZ

0.97
—5.82
—5.66
—0.03

0.16
—0.03
—0.08

2.11

2.11

0.17
—4.22
—4.22

“The conversion factor to SI units is e?a3/m, = 4.175 756 62 X 107*? JT™ m per molecule. The symmetry-unique components can be obtained from
the Birss tables,>*>® by choosing a subgroup of C,,,, for instance Cq,, then selecting Q,. For each set of components, the entries between parentheses,
in the first two rows, specify the origin of the coordinate system.

Table 4. %,4,5 for the OH™ Anion from a Series of Basis Sets in SI Atomic Units®

Xapys cc-PCVQZ ANO-RCC MODENA cc-pVSZ aug-pc-4 aug-cc-pCVSZ
P (oY) —224 —4.00 —423 —2.71 —4.25 —4.10
Ko (1) —4.86 —7.24 —6.97 —5.61 —7.76 —7.46
Hone (69 52) -329 -5.19 -528 -3.83 —5.44 -528
iy (CM) 097 1.84 1.87 121 1.94 1.87
Heyy (H) 1.50 270 2.52 1.87 3.08 2.86
iy (29 52) -0.07 0.64 0.83 0.09 0.76 0.68
Zanzz (CM) 127 2.16 236 1.49 231 223
Honee (HY) 3.36 4.54 445 374 4.68 4.60
Tz (€9 52) 336 4.54 445 374 468 460
gy (CM) -6.10 —1041 ~10.66 722 —11.14 —10.74
Koy (L) —9.40 —14.69 1443 -10.93 —15.81 -15.17
Higy (69 52) -6.10 —1041 ~10.66 722 —11.14 —10.74
Ky (c™Mm) 2.88 4.58 4.55 3.29 4.94 4.77
gy () 3.03 475 494 344 497 486
igye (29 52) 2.88 4.58 455 329 494 4.77
Koz (CM) —875 —13.03 —13.85 -991 —13.87 ~13.33
Koo (HY) —48.14 —55.69 -55.11 —50.46 -57.12 ~56.35
Koo (eQ 52) —15.68 —21.33 —21.13 —17.66 -22.10 —21.56
T (CM) 2.51 491 5.17 3.13 5.61 512
Hone (L) 6.05 9.44 9.41 697 10.33 9.72
Ko (€9 52) 240 4.86 491 3.06 5.57 5.07
Hanzx (CM) —527 ~10.88 —1124 -6.71 —12.35 —11.31
Koz (HY) -527 —10.88 —1124 —671 —12.35 —11.31
Ko (€9 52) -527 -10.88 —1124 —671 —12.35 ~11.31
Hezze (CM) -2.53 -4.32 472 -2.99 —4.62 —4.46
Henze (HI) —6.72 ~9.09 ~8.90 —7.47 935 —9.20
Horne (eq 52) 672 —9.09 —8.90 747 -9.35 -9.20

“The conversion factor from SI au to SI units per molecule is e?ag/m, = 2.209 715 23 X 107% JT™* m%
Table 5. , 4, for Diatomic Systems LiH and OH™ in SI Atomic Units”
molecule apy cc-PCVQZ ANO-RCC MODENA cc-pVSZ aug-pc-4 aug-cc-pCVSZ
LiH XxZ = y,yz 3.66 349 3.66 3.57 348 3.49
x,Zx = y,zy 0.27 0.29 0.27 0.28 0.30 0.30
ZXx = z,)y —-1.27 —-1.27 —-1.27 —1.27 —-1.27 —1.27
z,2z 2.53 2.54 2.53 2.53 2.53 2.54
OH™ X%XZ = yyz 0.99 0.95 1.26 0.91 0.98 0.97
x2x = y,zy —0.06 -0.03 -0.15 —0.04 —0.02 -0.03
ZXX = Z,)y -0.07 —0.08 -0.20 —0.06 —0.09 —0.08
z,2z 0.13 0.16 0.40 0.11 0.18 0.17

“Origin in the center of mass. The conversion factor from SI au to SI units per molecule is e’ay/m, = 4.175 756 62 X 107 JT m.
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Table 6. ¥,4,5 for a Series of Small Molecules in SI Atomic Units®

molecule ap, yé cc-PCVQZ ANO-RCC MODENA cc-pVSZ aug-pc-4 aug-cc-pCVSZ
LiH XxXX = yy,yy —4.91 -5.03 —5.02 —4.97 —5.04 =5.0S
XXy = yy,xx 1.97 2.07 2.06 2.03 2.09 2.09
XX,ZZ = YY,2Z = ZZ,XX = 2Z,)y 2.94 2.96 2.96 2.95 2.95 2.95
XyXy = yxyx -11.72 —1191 —1191 —11.80 —11.93 —11.93
Xy,yx = yxxy 4.84 4.81 4.82 4.80 4.79 479
XZ,XZ = yz,yZ —38.69 —39.76 —39.87 —39.22 —39.88 —39.85
XZ,ZX = YZ,2) = ZXXZ = Z2Y,)Z 8.60 8.78 8.79 8.68 8.79 8.79
ZX,2X = 2,2y —8.41 —8.39 —8.38 —8.38 —8.38 —8.39
22,22 —5.88 —591 -591 —5.89 =591 -591
CO, XxXX = yy,yy —10.19 —10.98 —10.52 —10.59 —11.06 —11.06
XXy = Yy,XX 1.79 2.50 2.04 2.13 2.58 2.58
XX,ZZ = Y),2Z = ZZ,XX = ZZ,)y 8.40 8.48 8.47 8.46 8.48 8.48
XyXy = yxyx -17.21 —18.32 —17.84 —17.81 —18.40 —18.40
Xy,yx = yxxy 5.23 4.84 5.28 5.09 4.77 4.76
XZ,XZ = yz,yz —13443 —136.38 —136.78 —134.70 —136.67 —136.88
XZZX = YZ,2Y = ZXXZ = Z))Z 11.52 12.50 12.50 11.95 12.52 12.51
ZX,2X = Z2V,2y —-7.50 -8.15 —-8.14 —7.80 —-8.17 -8.16
22,22 —16.80 -16.97 —16.94 —16.93 —16.96 —16.96
BeH, XXX = YY)y —4.61 —4.88 —4.98 —4.61 —4.96 —4.75
XXy = yy,xx 1.70 1.96 2.04 1.70 2.04 1.83
XX,2Z = YY,2Z = ZZXX = 22,y 291 2.92 2.94 291 2.92 2.92
X)Xy = yyx -10.32 -10.63 -10.75 -10.32 -10.71 -1048
XY, YX = yx,xy 4.01 3.79 3.73 4.01 3.71 3.90
XZXZ = yzyz —41.09 —43.19 —43.40 —41.09 —43.23 —42.03
XZZX = YZ,ZY = ZXXZ = Z))Z 7.42 7.99 8.02 7.42 7.99 7.67
ZxzZx = 2,2y —6.12 —6.41 —6.44 —6.12 —6.40 —6.24
22,22 —-5.82 —-5.84 —-5.89 —5.82 —-5.84 -5.83
Li, XXX = yy,yy —20.42 —20.57 —21.00 —20.42 —21.00 —20.58
XXy = yy,xx 9.06 9.1 9.33 9.06 9.33 9.19
XX,2Z = YY,2Z = ZZ,XX = ZZ,)) 11.37 11.42 11.67 11.37 11.67 11.39
Xy,xy = yx,yx —75.85 —76.20 —77.67 —75.85 —77.67 —76.16
Xy = yx,xy 46.37 46.48 47.34 46.37 47.34 46.39
XZ,XZ = yz,yZ —121.585 —121.85 —127.25 —121.585 —127.25 —121.78
XZ,ZX = YZ,ZY = ZXXZ = Z),)Z 40.75 40.87 41.60 40.75 41.60 40.83
ZX,2% = 2),2) —64.20 —64.65 —65.22 —64.20 —65.22 —64.51
zz,22 —22.73 —22.83 —23.35 —22.73 —23.35 —22.78
OH- xXx,xx = yy,y —2.24 —4.00 —4.23 —2.71 —4.25 —4.10
XXy = yyxx 0.97 1.84 1.87 121 1.94 1.87
XX,2Z = YY,2Z = ZZXX = 2Z,)Y 1.27 2.16 2.36 1.49 2.31 2.23
XYy = yxyx —6.10 —10.41 —10.66 —7.22 —11.14 —10.74
Xy,yx = yxxy 2.88 4.58 4.55 3.29 4.94 4.77
XZXZ = yZ,yz —8.75 —13.03 —13.85 —-991 —13.87 —13.33
XZZX = YZ,2Y = ZXXZ = Z)))Z 2.51 491 S.17 3.13 5.61 S.12
02X = 2,2y =527 —10.88 —11.24 —6.71 —12.35 —11.31
22,22 —2.53 —4.32 —4.72 -2.99 —4.62 —4.46

“Origin in the center of mass. The symmetry-unique components can be obtained from the Birss tables.

units per molecule is e’ag/m, = 2.209 715 23 X 107 JT2 m*%

5455 The conversion factor from SI au to SI

quadrupole—quadrupole, and anapole magnetic susceptibilities.
Whereas tensor components depend on the coordinate system
which they are referred to, the pseudoscalar 7 = (1/6)xus,£45
obtained by spatial averaging of the third-rank mixed dipole—
quadrupole magnetizability y,4,, is origin independent. It is
different from zero for freely tumbling chiral molecules, that is,
for an isotropic (gas or liquid) chiral sample. Its magnitude is
the same but its sign is opposite for two enantiomers.
Analogous properties are predicted for the origin-independent
anapole moment A = —yB, which a spatially uniform magnetic
field induces in enantiomorphic species in disordered phase.
Such a quantity can couple with the curl C = V X B,

determining an interaction energy W = —HA-C, which in
principle may be experimentally measured, although its
magnitude is expected to be very small. One can also conceive
an experiment in which response is observed via a “kick” given
to the anapole by the torque K = A X C. These results might
pave the way to novel experimental procedures for chiral
discrimination.

Calculations aimed at determining magnetic dipole—quadru-
pole and quadrupole—quadrupole magnetizabilities of very
simple systems, that is, diatomic an linear triatomic molecules,
have been carried out. The results obtained are of near
Hartree—Fock quality, but they should be considered as
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preliminary attempts at designing and testing a computer code,
as well as estimating orders of magnitude and verifying
symmetry properties. Future papers will take into account the
general problem of chiral discrimination via the ¥ pseudoscalar.
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