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Abstract

A harmonic plane electromagnetic wave incident on a molecule distorts its charge distribution, thereby
producing an infinite series of induced multipole moments expressed in terms of contributions that
are due to the electric and magnetic fields E and B, and their space and time derivatives. For a linear
dependence of an induced moment on a particular field property, as treated in this thesis, the constant
of proportionality is essentially the corresponding molecular polarizability. Each polarizability is of
a definite multipole order (electric dipole, electric quadrupole—magnetic dipole, electric octopole—
magnetic quadrupole, etc.). The contribution of each multipole term to a physical property diminishes
rapidly with increasing multipole order. In general, the moments and polarizabilities are dependent
on an arbitrary choice of molecular coordinate origin, relative to which the positions of molecular
constituents are referred.

Electromagnetic observables are expressible, in part, in terms of contributions of the polarizabil-
ities of the same multipole order. The aim of multipole theory is to explain effects to the lowest
relevant multipole order, since higher-order contributions are negligible. A necessary criterion for
such a theory is that it be independent of the choice of molecular coordinate origin. Van Vleck [1]
introduced this condition, and Buckingham [2] and others [3, 4] have used it as a standard test of the
theory.

The macroscopic continuum theory of electromagnetics, as embodied in Maxwell’s macroscopic
equations, involves molecular properties and electromagnetic fields averaged over a sampling vol-
ume of dimensions much smaller than the wavelength of the fields and much larger than molecular
dimensions [5]. This averaging entails specifying a set of molecular coordinate origins.

The multipole expressions for the macroscopic induced bound charge and current densities and the
propagation equation are origin independent in part due to cancellation of their origin dependences
among terms of the same multipole order — the so-called Van Vleck-Buckingham condition [6].
The multipole expressions for the dynamic response fields, D(E, B) and H(E, B), above electric
dipole order depend on origin, and thus the theory is only partially invariant. To obtain a consistent
invariant multipole theory of induced macroscopic fields up to electric octopole-magnetic quadrupole
order, origin-independent expressions corresponding to the molecular polarizabilities are determined.
When used in place of the molecular polarizabilities, these invariant expressions leave the origin-
independent aspects of the theory unchanged, and yield physically acceptable expressions for the
macroscopic fields. The resulting theory is fully invariant for both transmission and reflection.

The procedure to determine invariant polarizabilities requires manipulations of expressions involv-
ing Cartesian tensors up to rank four, contracted with isotropic tensors up to rank eight, at electric
octopole-magnetic quadrupole order. The algebraic software package MATHEMATICA was used to
facilitate the evaluation of these expressions.
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Chapter 1

Introduction

The material presented in this thesis is based on the following three publications:

1. O. L. de Lange, R. E. Raab, and A. Welter. On the transition from microscopic to macroscopic
electrodynamics. J. Math. Phys., 53, 013513 (2012).

2. O. L. de Lange, R. E. Raab, and A. Welter. Translational invariance, the Post constraint and
uniqueness in macroscopic electrodynamics. J. Math. Phys., 53, 073518 (2012).

3. A. Welter, R. E. Raab, and O. L. de Lange. Translationally invariant semi-classical electrody-
namics of magnetic media to electric octopole-magnetic quadrupole order. J. Math. Phys., 54,
023512 (2013).

The presentation given here differs from that in the above articles in a number of respects. Emphasis
is given to the derivation of the origin-independent expressions for the molecular polarizabilities. The
calculations are presented in more detail, with additional reference to the computational aspects.
Especially, the demonstration of linear independence of the invariant molecular polarizabilities is
presented in a consistent manner. Several examples of the procedure are given, demonstrating var-
ious aspects of the method. The calculations of linear independence do not change the published
results presented at electric quadrupole-magnetic dipole order [6], and at electric octopole—magnetic
quadrupole order for non-magnetics [7]. The invariant expressions for the time-odd polarizabilities
at electric octopole-magnetic quadrupole order, however, contain one unresolved coefficient cs not
identified in Reference [8] (see Chapter 6). The invariant formulation of the time-odd contributions
at electric octopole—magnetic quadrupole order specifies the bound charge and current densities and
the propagation equation uniquely, but the dynamic response fields D and H at this order depend
on the unknown real coefficient cs.

Multipole theory, as now formulated, is developed from a Taylor expansion of the vector potential
of a charge distribution in vacuum [4]. Early theories pair inconsistent multipoles, for instance, electric
dipole with magnetic dipole, electric quadrupole with magnetic quadrupole, etc. [9]. Rosenfeld showed
that the magnetic dipole is partnered with the electric quadrupole in the contribution to the current
density and Maxwell’s equations [10, Chapter 2]. The semi-classical formulation of multipole theory to
third order was initiated by Buckingham [11]. The first direct measurement of the electric quadrupole
of a molecule was performed by Buckingham [12].

Many texts describe classical multipole theory [3, 4, 13]. An overview of the relevant results
from semi-classical multipole theory to electric octopole—magnetic quadrupole order, based on the
presentation in Reference 4, is given in Chapter 2. These results provide the starting point for the
subsequent calculations in this thesis and serve to establish the notation.

The emergence of the macroscopic Maxwell equations from microscopic counterparts was hinted
at by Lorentz, before the discovery of the electron, in his doctoral thesis [14]. Subsequent work
by Lorentz in 1878, 1880, 1892 and 1902 laid the foundation for the derivation of the macroscopic
Maxwell equations from corresponding microscopic (source free) equations [14]. There is consensus

that the transition from microscopic to macroscopic electrodynamics is achieved by an averaging



2 CHAPTER 1: INTRODUCTION

process [9, 10, 15-18]. The particulars of the averaging, however, have been the subject of much
debate, and depend on the system under consideration.

The necessary theory of spatial averaging is presented in Chapter 3. The transition to macroscopic
electrodynamics exposes the limitations that result from the origin dependences of the molecular
polarizabilities, presented in Chapter 2, in the formulation of a consistent macroscopic multipole
theory. It is found that the induced macroscopic moment densities depend in general on the arbitrarily
chosen molecular coordinate origins to which the molecular polarizabilities are referred. The induced
bound source densities p(r,t) and J(7,t), and the propagation equation, which are derived from the
macroscopic moment densities, are found to be independent of the choice of molecular coordinate
origins, whereas the dynamic response fields D(E, B) and H(E, B), and the material constants,
depend on the chosen molecular coordinate origins. Thus the macroscopic multipole theory derived
from the origin-independent (non-invariant) molecular polarizabilities is only partially invariant (see
Figure 1.1).

In Chapters 4 and 5 an invariant theory for linear, homogeneous, anisotropic dielectrics (media
without free charges) is proposed as a preparatory step in the transition from the microscopic to a
macroscopic theory. The invariant theory is based on origin-independent expressions for the molecular
polarizabilities. The invariant polarizabilities leave origin-independent observables unchanged, and
result in physically acceptable origin-independent expressions for the multipole fields (see Figure 1.1).

The calculation of the origin-independent expressions at electric octopole—magnetic quadrupole
order requires extensive algebraic treatment of tensor equations up to rank four, some of which
are contracted with isotropic tensors of rank eight. The number of terms involved renders manual
solution prohibitively time consuming. The calculations have thus benefitted from the use of MATH-
EMATICA [19]. A MATHEMATICA module to simplify this task was written for the purpose. The code
for this module, as well as the MATHEMATICA notebooks for all the calculations, is included on the
accompanying CD. A description of the routines and their implementation is given in Appendix B.

Throughout this thesis SI units are used. An overview of the common systems of units employed
in electromagnetism is given in the appendix of Reference 5. The choice of units does not affect the

results presented in this thesis.
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Non-invariant
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Figure 1.1: A schematic outline of the analysis presented in this thesis [6].




Chapter 2

Multipole theory

In this chapter a brief account of multipole theory is given, based on the presentation of Refer-
ence 4. From the expression for the semi-classical Hamiltonian for a system of particles in a vacuum
(Section 2.1), and with a suitable choice of gauge for the scalar and vector potentials (Section 2.2),
expansions of the Hamiltonian are obtained from which the multipole moment operators are identified
(Section 2.3). Expressions for the expectation values of the multipole moment operators, for the in-
teraction with a harmonic plane electromagnetic wave, are then derived using standard perturbation
theory (Section 2.4). The expressions for the expectation values of the multipole moment operators
are infinite converging series of contributions due to the fields, their gradients and time derivatives.
The constants of proportionality between the multipole moments and the field properties are essen-
tially the molecular polarizabilities. Expressions for the polarizabilities are presented up to electric
octopole-magnetic quadrupole order. In Section 2.5 the symmetry characteristics of the molecular
polarizabilities are discussed. Knowledge of the symmetry can greatly simplify the algebraic analysis
when the polarizability tensors occur in expressions describing objects belonging to a particular point
group.

The translational behaviour of the molecular multipole moments and polarizabilities is investigated
in Section 2.6. It is found that only the polarizabilities at electric dipole order are independent
of the choice of molecular coordinate origin. In the absence of spin, and up to electric octopole—
magnetic quadrupole order, the origin dependences of the molecular polarizabilities are functions
of polarizabilities of lower order. Origin-independent quantities can be obtained by taking linear
combinations of the polarizability tensors of a particular order with isotropic tensors. This is possible
due to cancellation between the origin dependences of polarizabilities of the same order in these

expressions.

2.1 Semi-classical electrodynamics

The semi-classical Hamiltonian for a system of N particles in vacuum is given by [4]

H=H9 +gM 4+ F® (2.1)
where
HOZ (2 <a>)_1 (H(O‘))2+V (2.2)
7; m g :
N —1
1) — _g(® (@) (@) 1 GO (GO (a) (@) (@) )
HO Z{ ) (2m) ™ [24 (1) T = im0 A (1) 4 g0 (r.0) b (23)
and

N 2 1
H® =3 (q<°‘>) (2m(0‘)) A? (r(o‘),t) : (2.4)
a=1



2.2. THE BARRON-GRAY GAUGE )

Here m(® and ¢(® are the mass and charge of particle o, IT(®) is the generalized momentum operator,
r(®) is the position operator for an arbitrary choice of origins in the system of particles, A and ¢ are
the vector and scalar potentials and V' is the potential energy operator.

The Hamiltonian H in (2.1) given by (2.2)—(2.4) does not include a contribution due to spin or
spin-orbit coupling. The contribution of spin is not considered in this thesis.

Throughout this thesis, a superscript in round brackets is used as a label. In this chapter, Roman
numerals (as in (2.1)) label the perturbation order and « (as in (2.2)—(2.4)) is used to label the
particle number. In Section 3.1, n is used to label the molecule number. From Section 3.2 onwards,
averaged quantities are considered, hence the particle and molecule labels are no longer needed, and
Roman numerals are used to denote the multipole order. The context should make the distinction

between the labelling conventions clear.

2.2 The Barron-Gray gauge

The time-dependent fields E(r,t) and B(r,t) are given in terms of A(r,t) and ¢(r,t) by

DA(r,t)

E(r,t)=-Vo(r,t) — 9

and
B(r,t) =V x A(r,t), (2.6)

with gauge freedom in the choice of A(r,t) and ¢(r,t). Barron and Gray [20] proposed potentials
that produce Taylor expansions of E(r,t) and B(r,t) about an origin. Thus

Ai(r,t) = ek {%Bj(O, t)r + % ViBj(r,t)],rer + % (Vi ViBj(r, t)] g mrirm + - - } (2.7)
and
¢(T, t) = ¢(O,t) — Ei(o,t)ﬁ' - % [VjEi(’l“,t)]OTﬂ“j - % [kajEi(T,ﬁ)]OTiTka — e (28)

When (2.7) and (2.8) are used in (2.5) and (2.6), with the Maxwell equations

V xE=-B, (2.9)
V-B=0, (2.10)
the fields (2.5) and (2.6) are
Ei(r,t) = E;j(0,t) + [V;Ei(r,t)]y7j + 5 VeV Ei(r, t)]grime + - - (2.11)
and
Bi(r,t) = Bi(0,t) + [V;Bi(r, )]y r; + 5 [V V;Bi(r, )]y riri + - . (2.12)

2.3 Multipole moment operators
The Hamiltonians (2.3) and (2.4) with the potentials (2.7) and (2.8) become
HY = q¢(r,t) — piEi(r,t) — 34V, Ei(r.t) — $qii Vi ViEi(r t) — -

— miBi(r, t) — %mijVjBi(r,t) - %mijijkai(’l", t) — (2.13)
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and
H(2) = — %XijBi(r; t)Bj(T‘, t) — %XijkBi(r; t)kaj(T‘, t) — %Xijlei(r; t)VleBj(r, t) — e
— 3= Xk Vi Bi(r, t)ViBj(r,t) — - . (2.14)

The electric and magnetic multipole moment operators in (2.13) are given by [4, 21]

N N N
q= Z g, pi = Z q(o‘)TEa), qij = Z q(o‘)rl(a)rg»a), etc. (2.15)
a=1 a=1 a=1
and
N q(a) ()
mi:22m<a>li : (2.16)
N
249 (@ @) (@
T Zlgzmm) CRUBRTREE (2.17)
N34 () @) o) (@) @
Mijk = Z ZQT)’L(G‘) (rk Tj 3 + i Tj Tk ), (218)
a=1

@) (@@ ()2
Xij = 2 Am (@ (Tz‘ " _(r ) 5“‘)’ (2.19)

a=1
N (g@)? 2
q a) (a o @
Xigh = (;),m<3> (Tz( ) - (7“( )) 515) e, (2.20)
a=1
N 2
3 q(a) a) («a a 2 a) (a
Xijkl = Z 78m(°‘3 (7’1( )T]( ) _ (T( )) 5ij) T]i )rl( ). (2.21)
a=1

The magnetic moments (2.16)—(2.18) contain £ = r x IT and must be modified in the presence of a

magnetic field, because then the momentum operator is replaced by
IT—II - ¢A. (2.22)

It can be shown that the perturbed magnetic moment operators are [21]

mi = m; + xi;Bj(t) + $Xijk Ve B (t) + $Xijm Vi ViBj(t) + - -, (2.23)
mi; = Mij + Xkij Br(t) + 32 Xriji ViBr(t) 4 - -+, (2.24)
m;jk = Mk + XlijkBl(t) 4+ (2.25)

Generalized expressions for the Hamiltonians (2.13) and (2.14), the multipole moment opera-
tors (2.15)—(2.18) and (2.23)—(2.25), and the susceptibilities (2.19)—(2.21) are given in Appendix F.

2.4 Expectation values

Expectation values of the multipole moment operators (2.15) and (2.23)—(2.25) are determined as

follows: The first-order perturbation eigenvector is given by [4, 22]

In(t)) = =it/ ’n(0)> +3 eultyem Wi \s<0>> , (2.26)
s#N
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where

oot
cs(t) = %/o g~ Wwnst <s(0) ‘H(l)‘ n(0)> dt, (2.27)

|n(0)> denotes the unperturbed eigenstate,
WO = <n<0> ‘ H(O)‘ n<0>> (2.28)
and
Fions = WO —w ), (2.29)

Here, and in what follows, it is assumed that the electric and magnetic fields are represented by

harmonic plane waves of angular frequency w. Thus

E(r,t) = Egeler—ot) (2.30)
and
B(r,t) = Byellkr—t), (2.31)
where k is the wave vector and
1
BO = ;k X Eo. (232)

Then from (2.26) and (2.27), with H() given by (2.13), it is straightforward to show that the expec-

tation values of the molecular multipole moments are (see Reference 4, Sec. 2.7)

pi = p” + i Ej + Lol B + 30k ViEj + 5=al, Vi Ej + $bijuViViE) + g5bl ViViE;

++GyBj + LGB+ 1Hij) Vi By + = H, VB + - (2.33)

qQij = qS—” + agij B — %a;m’jE.‘k + 1dij Vi B + idgjlezEk

+"'+LijkBk+%L;jkBk+"', (2.34)
G —a®) Cpo B — Ly ... 2.35
Qijk —qijk + lijk L1 w lijk 1+ ) ( . )
My =m + GE; — LGB + L3 ViBj — 55 L VB + -+ xii By + Ax By -, (2.36)
Mij = mE?’ + HyijEx — LHi B+ (2.37)

In these p; = (n(t)|pi|n(t)), etc., pz(-o), qlg?.).., etc. denote the unperturbed (permanent) multipole
moments, F;, = E;(0,t), V;E; = [V, E;(r,t)]o, etc., are values at an arbitrary origin inside or near the

molecule, and a prime indicates a contribution due to a time derivative of a field or field gradient [11].
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The molecular polarizabilities in (2.33)—(2.37) are given by

0 = 3 Y ZonRe (0o} (2:33)
0y =~ 23 wZuTn {(p)asp)on (2.39)
Aijl = % Zwsnzsrﬂ?ﬁ {@i)ns(@ik)sn} (2.40)
ot = = 2 3 W ZunTn { (Pl on (2.41)
Gij = % Zwsnzmpﬁ {(Pitns(mj)snt, (2.42)
Gi; = — %szsnzm{<pi>ns<mj>sn}; (2.43)
bijr = % ZwansnR@ {{pi)ns@int)sn} » (2.44)
k= %ZWanIm{<pi>ns<ijl>sn}; (2.45)
dijii = % ZwansnRE {(qij)ns{qut)sn}, (2.46)
= %szsnzm{<qij>ns<qkl>sn} ; (2.47)
Hij, = % Zwsnzsrﬂ?ﬁ {(Pi)ns(Mjr)snt, (2.48)
e = f2iZWanIm{<pi>ns<mjk>sn}a (2.49)
Liji = % ZwansnR@ {{@ij)ns(mr)snt (2.50)
k= = %szsnzm{<%j>ns<mk>sn}; (2.51)
Xij = % zsjwsnzsnR@ {{mi)ns(mg)snt + a]jn %2)2 <r§a)r§-a) - (r,(ca))z (Sij>nn : (2.52)
Xy = - %;wzmzm«mnnxmﬁm}, (2.53)

where (p;)ns = (n(9]p;|s(?), etc. and, in the absence of absorption,

Zon = (w2 —w?) 7", (2.54)

sn

See also Appendix F, where general expressions are presented from which (2.38)—(2.53) can be ob-
tained.

The multipole order of the polarizability tensors (2.38)—(2.53) can be obtained by counting the
number of factors of the position vector r in their expressions and subtracting one. For example,
the electric quadrupole—electric quadrupole tensors d;;x; and d;jkl, and the electric dipole—electric
octopole tensors by and by, each contain four factors of 7, see (2.44)—(2.47) and (2.15), and are
therefore of third, or electric octopole-magnetic quadrupole, order. The electric dipole-magnetic
dipole tensors G, and G;; contain three factors of » — one from the matrix element of the electric
dipole, see (2.15), and two from the matrix element of the magnetic dipole, see (2.16) which contains

£=rxp=rx(mr) — and are hence of second, or electric quadrupole-magnetic dipole, order.
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Multipole order Time-even Time-odd
Polar Axial Polar Axial
Electric dipole Qi = Qi O‘gj = 70‘9’1’
Electric quadrupole— , ,
magnetic dipole igk = @ikj G/ij Gijk = Yikj Gy
— b = b / _ 1/
Electric octopole— bight = bikji = bk L = L, ll)ijkl N l?““jl N bij/”“ Lijk = Liix
magnetic quadrupole | 4st = st = dsy | T i = o =~y | gy,
Xij = Xji Xij = —Xji

Table 2.1: Summary of the symmetries and space and time properties of the molecular polarizabil-
ities in (2.33)—(2.37).

2.5 Symmetry characteristics

The polarizability tensors (2.38)—(2.53) describe the interaction between a physical cause (the fields
E and B, their gradients and time derivatives), and a physical effect (the molecular multipole mo-
ments (2.33)—(2.37)). The polarizability tensors are therefore property tensors. According to Neu-
mann’s principle, a property tensor of an object must possess at least the symmetry of that object [23].
Thus a property tensor can possess additional symmetry, besides its intrinsic symmetry, which leads
to a reduction of the number of independent components of the tensor, and hence to a simplification of
the expressions involving it. The combination of the intrinsic (permutation) symmetry of a property
tensor and the point group symmetry of the object it describes (referred to as particularization [23])
can lead to a further reduction in the number of independent components.

Non-magnetic (diamagnetic or paramagnetic) crystals are characterized by one of the classical 32
crystallographic point groups, whereas magnetic (ferromagnetic, ferrimagnetic or antiferromagnetic)
crystals include these 32 point groups together with an additional 58 point groups [23-25]. The
symmetry operations corresponding to the 32 point groups for non-magnetic crystals are spatial sym-
metries, and the 90 point groups describing magnetic crystals are combinations of spatial symmetries
and time reversal. The property tensors describing non-magnetic molecules are therefore time-even,
and those describing magnetic molecules are both time-even and time-odd. By Neumann’s principle,
a non-magnetic object cannot possess property tensors that are time-odd.

The time-even or time-odd nature of the molecular polarizabilities (2.38)—(2.53) depends on their
behaviour under time reversal. The position operator r, and hence the electric multipole moment
operators p;, Gij, gijk, €tc. are time-even (see (2.15)). The momentum operator, and hence the
angular momentum operator £, and the magnetic multipole moment operators m;, m;, etc. are
time-odd (see (2.16)—(2.18)). From their definitions,

F =g4E and F =qv X B, (2.55)

the electric and magnetic field vectors E and B are time-even and time-odd, respectively; then
the behaviour under time reversal of the molecular polarizabilities (2.38)—(2.53) can be obtained by
inspection of (2.33)—(2.37).

The polar or axial nature of the molecular polarizabilities is determined from their behaviour
under space transformations. A polar vector, like the position vector r, changes sign under space
inversion, whereas an axial vector, like the angular momentum £, does not. In general, a tensor of
rank N is polar if it acquires a factor (—1)" under space inversion, and axial if it acquires a factor
(—=1)N+1 [4, Chapter 3]. Thus the electric multipole moments (2.15) are polar and the magnetic
multipole moments (2.16)—(2.18) are axial. It can be shown that the product of two polar tensors
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or two axial tensors is a polar tensor, and the product of a polar tensor and an axial tensor is an
axial tensor [4, Chapter 3]. The polar or axial nature of the molecular polarizabilities can therefore
be obtained by inspection of their defining relations (2.38)—(2.53).

The relation (€); = (r x II); = ;;,r;II; shows that the Levi-Civita tensor €;;; (see (C.1)) is a
time-even axial tensor, and 72 = §;;r;r; shows that the Kronecker delta d;; (see (C.2)) is a time-even
polar tensor [4]. Isotropic tensors of even rank are products of Kronecker deltas, and are therefore
time-even polar tensors. Isotropic tensors of odd rank are products of a Levi-Civita tensor and

Kronecker deltas, and are therefore time-even axial tensors (see Appendix C).

The permutation symmetry of the tensor subscripts of the molecular polarizabilities is a com-
bination of the symmetries of the multipole moments in the matrix elements in their expressions,
the commutation symmetries of the matrix elements, and whether the real or imaginary part of the
matrix elements is involved. For instance, d’ijkl = d;’ikl = —d}; ; follows from the symmetry ¢;; = gji,
and the relation (n|Q2|s) = (s|Q|n)* (for Q Hermitian) since ZIm{c} = —Zm{c*}.

2.6 Origin dependence of molecular polarizabilities

Figure 2.1: Displacement of molecular coordinate origin relative to which the positions of molecular
constituents are specified.

The physical properties of a linear medium (such as the charge and current densities (3.18)
and (3.19) and the propagation equation (3.49)) are expressed in terms of the molecular polariz-
abilities (2.38)—(2.53). The origin dependences of these physical properties thus depend on the origin
dependences of the molecular polarizabilities, which in turn are functions of the matrix elements of
the multipole moment operators (2.15)—(2.18). To determine the origin dependence of the molecular
polarizabilities (2.38)—(2.53), one must therefore first determine the origin dependences of the mul-
tipole moments. The change due to a shift of the coordinate origin from O to O (Figure 2.1) for a

multipole moment operator ¢;;. is given by'
Agij... = Qij... — Qij..., (2.56)

where g;;... denotes the moment operator relative to O. Substituting r(@® = 7#(®) 1 d in the expressions

TThe use of a bar in @ij... should not be confused with its use on page 7 to denote expectation values.
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for the multipole moment operators (2.15)—(2.18) and evaluating the differences (2.56) yield [4]:

N
Api= —d; Yy ¢, (2.57)
¢ N
Agij = —dip; — djpi + did; Y q'*, (2.58)
“ N
Agijr = — digjr — djqir — digi; + didjpr + djdip; + didip; — d;d;dy, Z ¢, (2.59)
N @ :
Am; = —gijxd; Z an(a) Hgl), (2.60)
N @
Ami = — et Y % (2dﬂ,§a)ﬂ§a) + I dy I () — 2djdkH§”‘>) : (2.61)

To facilitate the calculation of the origin dependences of the molecular polarizabilities, it is conve-
nient to rearrange (2.60) and (2.61) so that the right-hand sides are expressed in terms of multipole
moments of lower order. It can be shown that [4] (see Appendix A)

Am; = — %Eijkdj {H(O),pk} , (2.62)

Amij = — 2djmi + %&jdkmk + 3ihfikldk {H(O), depl — le:| . (263)

The origin dependences of the molecular polarizabilities (2.38)—(2.54) can be determined from
(2.57)—(2.59), (2.62) and (2.63) [4, 26] (see Appendix A). The results are:

Aai; =0, (2.64)
Aa; =0, (2.65)
Aaijr, = — djou, — dio;, (2.66)
Aa/ijk = —djaly, — dkO/ijv (2.67)
AG;; = — %wejkldka;l, (2.68)
AGy; = jwejndrai, (2.69)
Abjji = — djaig — draij — diaijr + djdrpog + djdioyy, + didiog;, (2.70)
Abjy = — djagy — dealy — diag, + djdpaly + djdiog, + didiod;, (2.71)
Adijr = — diaji — djai — drai; — diags; + didgogp + didiogy + djdipog + djdiog, (2.72)
Adjjyy = — didjyy — djagy + drag; + diag; + didpdly + didioy, + djdyaly + djdiady, — (2.73)
AHijr = — 2dyGij + 30,diGit — 3wejimdi (@, — 2diat,,) (2.74)
AHy = —2dyGY; + %6jklelil + %wsjlmdl (@igm — 2ditim) (2.75)
ALijr = — diGj, — d;Gir, + swerimdi (ah,i; + dily,, + djad,,) | (2.76)
ALy, = — diGly, — di Gy, + 3werimdi (amij — diQjm — djovim) (2.77)
Axij = tw (eir1dr Gy + e deGy) + 2021 jmndkdm o, (2.78)
Axi; = — 1w (EimdiGiyj — €judiGr) + %wQEiklejmndkdmafn. (2.79)

Generalized expressions for the origin dependences of the molecular polarizabilities which are
functions of the electric multipole moments only are presented in Appendix F. An expression for the
origin dependence of the magnetic octopole moment (and hence higher magnetic multipole moments),
that allows the origin dependences of the molecular polarizabilities that depend on it to be written in
terms molecular polarizabilities of lower multipole order, has not been determined. It is therefore not
possible at this stage to present generalized expressions for the origin dependences of the molecular

polarizabilities which are functions of the magnetic multipole moments.



Chapter 3

The transition to macroscopic
electrodynamics

Electromagnetic fields at the microscopic scale are rapidly fluctuating functions of position and time
due to the motion of atomic charges. In a crystal, the spatial variations are of the order of the
atomic spacing, and the frequencies of nuclear and electronic vibrations are of the order of the
infrared and visible to ultraviolet frequencies of the electromagnetic spectrum, respectively. On the
macroscopic scale, average values of the microscopic fields are observed. To obtain a macroscopic
multipole theory, the microscopic results obtained in Chapter 2 must be subjected to an appropriate
averaging. The type of averaging procedure that is employed depends in general on the problem
under consideration [17], and usually involves a spatial average followed by an ensemble average [17,
18]. As is shown in Section 3.1, the spatial average is independent of the weight function used [6-
8]. The ensemble average depends on the probability distribution function [16, 17, 27], which is a
function of the positions and momenta of the particles in the system, and on the internal and external
interactions [27, Chapter 10].

The derivation of the origin-independent macroscopic expressions corresponding to the molecular
polarizabilities presented in this thesis depends, in part, on the comparison of the macroscopic source
densities — a requirement of the invariant formulation is that macroscopic observables are unchanged
when the origin-dependent polarizabilities in their expressions are replaced by invariant counterparts
(see Sections 4.3.2, 4.4.2, 5.1.7 and 5.2.6). The analysis presented here does not depend on the
procedure used to derive the macroscopic source densities, or the macroscopic Maxwell equations.
For the purposes of this thesis it suffices therefore to consider a derivation of these results based only
on spatial averaging. If required, the results obtained in this thesis can be subjected to additional
averaging, depending on the nature of the problem to which the results are to be applied. (See for
example Chapter 10 of Gray, Gubbins and Joslin [27, and references therein].)

In Section 3.1 a procedure for performing spatial averages of microscopic quantities is demon-
strated. For microscopic quantities that are independent of the choice of molecular origin, it is shown

that the corresponding macroscopic expressions can be obtained in a simple manner.

Macroscopic expressions for the induced bound source densities py(7,t) and Jp(7,t) are derived
in terms of the molecular polarizabilities in Section 3.2. Expressions for the dynamic response fields
D(E, B) and H(FE, B) and the propagation equation are obtained in Sections 3.4 and 3.3. Section 3.5
introduces a covariant formalism to demonstrate a condition proposed by Post [28] that is relevant

to the macroscopic description of electrodynamics.

3.1 Spatial averaging

Induced macroscopic moment densities are obtained from the induced molecular multipole mo-

ments (2.33)—(2.37) by spatial averaging [5, 7, 18]. Consider an induced macroscopic moment density

12
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A>R>a

dm

Molecule n
(see Fig 2.1)

Field
point

Sampling
volume

Homogeneous
medium

Origin O, of
laboratory coordinates

Figure 3.1: The geometry used in spatial averaging. A spherical sampling volume is shown for
convenience.

T;;...(r,t). Relative to an arbitrary set of molecular coordinate origins {O(")},

Ty (r 1) = <ZN: i (e 1) 6 (7~ r<">)> . (3.1)

In (3.1), the sum is over all molecules in the medium, fg;l)

is the induced molecular moment of
molecule n (see (2.33)-(2.37)), r and (") are the position vectors of the field point and the coordinate
origin O™ respectively (relative to laboratory coordinates), and § is the Dirac delta function. The
time dependence of the position vector (™) of the molecular origin O, due to the vibrational and
rotational motion of molecule n is implied in (3.1). The angular brackets denote a spatial average

with respect to a normalized isotropic weight function W at time t; that is
(A(r,0)) :/ Alr — v/, )W (') 7, (3.2)
1%
with

/ W (') d*r' =1, (3.3)
14



14 CHAPTER 3: THE TRANSITION TO MACROSCOPIC ELECTRODYNAMICS

and W(—r) = W(r). Here V is the volume of the medium. Substitution of (3.1) in (3.2), with use
of the isotropy of W (r), yields

W(r')s (r — ™ _ r’) d>r’

n=1 4
= i i w (d(")) (3.4)
n=1

where
d™ =M _p (3.5)
is the position vector of the molecular origin O™ relative to the field point (see Figure 3.1).

The molecular moments fgj) are series that contain terms like (see (2.33)—(2.37))

() = D VIV B (P ) (3.6)
where pz i klm is a molecular polarizability of molecule n. The fields and their gradients are evaluated

at the molecular origin O,,, and it is assumed that the molecules are aligned. With F' denoting either
E or B in (2.30) and (2.31), the fields and their gradients at the origin of molecule n are related to
those at the field point by

v(n)vgcn) s Fl (,r.(n), t) = i—a A FOiei(k‘r(n)_Wt)
! P

rg-n) 8r,(cn)

= (iky) (i) ... Fyre' (57 =)
( )(Zkk) (k d™ tkr— u.)t)
=Ry Fir ). (3.7)

13

In what follows, it is convenient to define a “weighted transform” [7]

pw Z p(n) ik- d(”)W (d(n)) (38)

of a polarizability tensor pE?) of molecule n. For polarizability tensors p;;..., qs5..., ... of the same

rank, and space and time properties, the transform 7 in (3.8) is linear. That is,

N
oy + aig 1= D (0 4+l o) e w (d)
n=1
=Tlpij. ]+ Tlqs. ]+ (3.9)

From (3.4) and (3.8), the induced macroscopic moment densities corresponding to the induced

molecular moments (2.33)—(2.37) are

1%4M+ﬂ%w+LHWE+¥WMWQ+ Tlal] Vi
+ YT [biju) ViViE; + ST ViViE; + -
+T[Gy|B; + 2T(G; ]B + LT [Hiji|VieBj + =T [H |V Bj + - (3.10)
Qij = QY + Tlaryj| B — LT [a}) By + 1Td Ukl]wﬁ T ] ViEx + -
+ T [Lij] B + ST Li] B + -+, (3.11)
Qijk = Qz]k + Tlbiijn) Er — 2T (b Er + - (3.12)
M; = M + T[GH|E; — LTIG))E; + 17[ il ViEj — s T L VRE; + -
+ T [x:5]Bj + _T[Xij]B' + (3.13)

M, M(O) + T[Hyij) B — L T[H,W]Ek +. (3.14)
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where PZ-(O)7 QZ(-?) ... etc. are the permanent multipole moment densities. In (3.10)—(3.14) and what
follows, it is understood that the arguments of the macroscopic moment densities and fields are (7, ).

Through the transforms 7", the induced macroscopic moment densities depend in general on the
arbitrarily chosen molecular coordinate origins O). If the argument of 7 is independent of the
choice of molecular origin, as is the case for the electric dipole—electric dipole polarizabilities c;; and

o, or if the argument of 7 contracts with field gradients to form an origin-independent quantity

/
27
(see Section 3.2), the superscript on pgl) in (3.8) is unnecessary, and

T(pij..] = pij... Z etk d™ (d(")) . (3.15)

n

In (3.15), and in what follows, a tilde has been introduced to indicate an origin-independent quantity.

For a homogeneous medium the sum in (3.15) can be approximated by an integral according to

Ze““'d(”)w(dw) N / e (d)d3d, (3.16)
1%

n

where N’ = N/V is the number density of molecules. The macroscopic theory applies in the limit of
long wavelength A, that is A > R, where R is the extent of the weight function W(d) (see Fig 3.1).
In this limit, and because the weight function is normalized to unity, the Fourier transform in (3.16)

tends to unity [5, 7], so that 7 can be approximated by [7]
Tlpsj..] = Npij..., (3.17)

which is independent of any particular choice of the weight function.

3.2 Induced bound source densities

The multipole expansions of the macroscopic induced bound charge and current densities are given,
to electric octopole-magnetic quadrupole order, by [4]

pp = —ViPi+ 1ViV;Qi; — £ViV;ViQiji (3.18)
Jyi =P —V; (%ng - EijkMk) +V;Vi (%Qijk - %EiszZk) . (3.19)
Substitution of (3.10)—(3.14) in (3.18) and (3.19), with the identity
B = —1e;;1V;Ey, (3.20)
based on Faraday’s law (2.9), the linear property (3.9) of the transform 7, and rearranging, yield:
po =7 [0;5 +illy;| VE; + T [O455 + illi]) V; Vi E; + T [Ogjr + 1] V; Vi VI E;, (3.21)
Jp; = wT [i®i; + Qi) Ej + wT [i®ijk + Qiji) VeEj + wT [i®ij0 + Qi) ViVIEj, (3.22)

where, in (3.21),

O = — iy, (3.23)
I = — o, (3.24)
Oijr = — e Gy + 3 (aijk — ajin) , (3.25)
Wijk = — seimGi + 5 (aiy + aj) s (3.26)
Ok = — % (bijrt + bjirt) + Tdikji + 55Eikm (L;-lm — ;mz) ; (3.27)
Wijm = — % ( ikl — ;‘ikl) + id;kjl + i&km (Ljim — Hjmi) (3.28)

TIn general, the fields in a medium are superpositions of the external fields and the internal fields, due predominantly
to the dipole—dipole interactions, within the medium. The effective field depends on the type of medium, and the nature
of the interactions [27]. In many instances, the external fields in (3.10)—(3.14) can be replaced by an effective field
equal to the sum of the external and internal fields [10, 27].
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and, in (3.22),

D = — (3.29)
Qij = — iy, (3.30)
Pijr = LeinGly — 2euGh — 3 (aige — ajir) , (3.31)
Qiji = LemG + LeuGy — & (agjr + ajir) (3.32)

Pirji = — & (bigwr + bjirt) + 1diji + 55 [Eikm (L — Hjpy) + €jtm L — Hipar)]
+ 2EikmEjin Xmn, (3.33)

Qiji = — ¢ Wi — Vi) + it + 55 [Eikm Ljim — Hjmi) — €jim (Likm — Himp)]
+ L EikmEjin Xomn- (3.34)

The tensors ©;;. ., IL;;. ., ®;;... and €Q;; . relate the fields and their gradients (cause) to the bound
charge and current densities (effect), and are therefore property tensors. For non-magnetic media
IL;;... and €, . are zero because these contain only time-odd tensors (see Section 2.5).

The expressions for Ok, ik, Ok, ijki, Pikji and Qigr, in (3.25)—(3.28), (3.33) and (3.34),
are not unique, because these are contracted with symmetric products of field gradients in (3.21)
and (3.22) — there is ambiguity in how the subscripts are assigned. Consider, for instance, IL;j
in (3.26) which is contracted with the product V;Vy in (3.21). The alternative forms

—LeimGi+ 3 (al + ali) (3.35)
—LeinGi + 5 (i), + agyy) (3.36)
—Lei1Gu + 5 (ai + ajir.) (3.37)
—LeijiGr + % (alj, + atyj) (3.38)

yield identical expressions when these are contracted with V;Vy. For this reason, these property
tensors cannot be used to determine origin-independent expressions for the polarizability tensors (see
also Section 4.4.2).

By substituting (3.23)—(3.34) in (3.21) and (3.22), and using the results (2.64)—(2.79), it can
be shown that the charge and current densities to electric octopole-magnetic quadrupole order are
independent of the choice of coordinate origin, even though the property tensors (3.26)—(3.28), (3.33)
and (3.34) are not (see (3.43), (3.45)—(3.48) and Chapter 4). Origin independence of the property
tensor O, in (3.25) is achieved through a Van Vleck—Buckingham cancellation [6] between the origin
dependences of the molecular polarizabilities in its expression. Origin independence of the tensors
®;;r and Q5 in (3.31) and (3.32) is also achieved through Van Vleck-Buckingham cancellation,
whilst these additionally possess the symmetries

Dk = —Pjin, (3.39)
Qije = Qjik.- (3.40)

Origin independence of the contributions to the charge density, from II;;; at electric quadrupole—-
magnetic dipole order, and from ©;;z; and Il at electric octopole-magnetic quadrupole order,
is achieved because these are contracted with symmetric products of the field gradients V;V; and
V;VV;. The contributions to the current density, from ®;5; and €1 at electric octopole-magnetic

quadrupole order, are contracted with the product V;V;, and additionally possess the symmetries

Pirji = Pjik, (3.41)
Qikji = —Qjtik- (3.42)
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To illustrate the above, first consider the property tensor 1I;;;. The origin dependence Al is
obtained by using (2.67) and (2.68) in (3.26). Use of the antisymmetry of o}; (see Table 2.1) gives

Al = 3 (drad; — djaly) . (3.43)

When (3.43) is contracted with the symmetric product V;Vy, AllL;5V;Vy = 0 follows. Because of
the contraction of II;;, with V;Vy, in (3.21), the result (3.43) is not unique. If, instead of (3.26), IL;j
is taken as (3.37), then

AHijk = —dia;k, (344)

which again is zero when contracted with the symmetric product V;Vy,.
The origin dependence of O;ji; is obtained by substituting (2.70), (2.72), (2.75) and (2.77)
in (3.27), and the origin dependence of Il from (2.71), (2.73), (2.74) and (2.76) in (3.28). Af-

ter some algebra, one finds

AOjju = ¢ (djaim — 2drai + diagn) + 15 (ddeaja — 3djaue — diajin) + $di (diog — diarr)
+ % (dedkail — dkdlaij - djdlaik) — %Eiklde;m + %Eikm (le;m — de;m) (3.45)

and

1

6

+ % (dedkoz;l — dkdla;j — djdloz;k) — ieikldejm + ieikm (lejm — delm) . (346)

By inspection, (3.45) and (3.46) yield zero when contracted with the symmetric product V;VV;.
The origin dependences of @, and Q;x;; are obtained by substituting (2.70), (2.72), (2.75), (2.77)

and (2.78) in (3.33), and (2.71), (2.73), (2.74), (2.76) and (2.79) in (3.34), respectively. The results

are
A®iji = 1dj (aka — ar) + & (diage — deait) + 15 (draja — diaji)
+ 15d; (dro — dyor) + 15di (draji — dioge) — 5 dm (€01 Gl + €01Gln)
+ 55 (Ekmds — gjimdi) Gl + 35di (€j1m Gl — €jkmGlyn) (3.47)

and

AQikﬂ = % (dla;jk - dka/ijl) - % (dka;'iz - dla;'ik)

+ %d] (dka;l - dla;k) + %dz (dka;l — dla;k) — idm (Eilejm + Ejleim) . (348)
Again, it is easy to see that (3.47) and (3.48) yield zero when contracted with the symmetric product
ViVi.

3.3 Propagation equation

The propagation equation for a harmonic plane wave in a dielectric is obtained from the Maxwell
equation (3.53) with Jy = 0, (3.51) and the current density (3.22):
(6 V2 — ViV, + pocow?ds; — powT (@45 + ®ijie Vi + Pinju Vi Vi
+iu0w2’f [QU + Qijkvk + Qik]‘lvkvl]) E]‘ =0. (349)

Since the current density (3.22) is independent of the choice of coordinate origin, the propagation

equation (3.49), which is derived from it, is also.
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3.4 Response fields and constitutive relations

For a macroscopic system, Maxwell’s equations may be written [4]

V-E=c¢5"(ps+p), (3.50)
0B
E+ = — .51
VxE+ =0, (3.51)
V.B=0, (3.52)
OF
V xB— ,an‘QE = o (Jf + Jb) , (3.53)

where ¢¢ and pg are the vacuum permittivity and permeability, respectively. The bound charge
and current densities p, and Jj, are given, to electric octopole-magnetic quadrupole order, by (3.18)
and (3.19), respectively. The macroscopic response fields are defined, to this order, in terms of the

moment densities by [4]
D; =eoE; + P — £V;Qi; + +V;ViQiji (3.54)
and
H; = py ' B; — M; + $V; M, (3.55)
and they satisfy the inhomogeneous macroscopic Maxwell equations
V .-D = py (3.56)

and

D
V x H— %—t = J;. (3.57)

For harmonic plane waves in homogeneous media, linear constitutive relations for D(E, B) and
H(E, B) are obtained by substituting (3.10)—(3.14), with the replacements (see (2.30) and (2.31))
0
— —
ot

=C , (3.59)
H; B

where C' is a 6 x 6 matrix whose elements specify the constitutive tensor (see also Section 3.5)

c=|" . (3.60)
Uij Xij

To electric octopole—magnetic quadrupole order, the material constants A;; (permittivity), X;; (in-

Vi —ik; and —iw, (3.58)

in (3.54) and (3.55). Then

verse permeability), T;; and U;; (magnetoelectric coefficients) in (3.60) are given by

Aij =e00i; + T [ + & (aije — ajrs) ke + {—% (bijir + bjint) + $dinji } bk
*méj + % (a;jk + a;‘ki) ki + {% (b;jkl - b;‘ikl) - ﬁd;kﬂ} kkkl} )

Tij = T [—iG;j + % (Hz/gk — ;kj) ki + Gij + % (Hijk — Likj) kk} ,

Uij =T [~iG}; + 5 (= Hjip + L) ki — Gyi + 5 (Hjiw — Ljra) k]

3.61
3.62
3.63
3.64

~ o~ ~~
— — ~— ~—

Xij = pg 65 — T [xaj — ixiy]
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where the transform 7 is defined in (3.8). The contributions of the permanent multipole moment
densities PZ-(O)7 Qg?) and Mz(jo) in (3.10)—(3.14) have been omitted in (3.54) and (3.55) and hence
in (3.61)—(3.64). For a homogeneous medium, where the molecules are aligned, there is no variation
of the permanent (static) macroscopic moments, so their space derivatives, like their time derivatives,
are zero. Hence, these do not contribute to the Maxwell equations (3.56) and (3.57).

In terms of the zeroth-, first-, second- and third-order contributions, corresponding to the vacuum
and the electric dipole, electric quadrupole-magnetic dipole and electric octopole-magnetic quadru-

pole orders, respectively, the constitutive tensor can be written as

C=09 400 4 c® 0B, (3.65)
Here
A )
cm =" Y (3.66)
S

where n =0,1,2,3, and
Al(';)) = €o5ij,

Agjl) = N (Ozij — ’LO&;j) y

3.67
3.68
3.69
3.70
3.71
3.72

(3.67)

(3.68)

AE,J?) =T |5 (aije — ajei) + 5 (@i + alpi)] ke, (3.69)
AE?) =T [—% (bijkr + bjikt) + %dikjl + % (b;jkl — b;‘ikl) — %d;kﬂ] ik, ( )
T =T =0, (3.71)
T =T [<iG}; + Gy, (3.72)
T =T [§ (Hiy — Lig) + 5 (Hiji — Liry)] b, (3.73)
vy =y =0, (3.74)
UG =T [~iG; - Gyl . (3.75)
U =T [3 (—Hj, + L) + 5 (Hjik — Lii)] b (3.76)
X5 = pgoy, (3.77)
xP=x2=0 (3.78)
(3.79)

iJ ’

3.78

X =T [—xi +ix]. 3.79
The transforms (3.8) are not needed in (3.67) and (3.77), because these describe the vacuum, and
in (3.68), because a;; and «; are independent of the choice of molecular coordinate origins (see (2.64)
and (2.65)). The response fields D; and H; are evidently independent of the choice of coordinate
origin only at electric dipole order.

The response fields (3.54) and (3.55) are not specified uniquely by the Maxwell equations (3.56)
and (3.57). If H® is a harmonic plane wave like E and B in (2.30) and (2.31), then the “gauge

transformations” [4, 29]
Hi — Hz + HZG and Dz — Dz — %Eijkij]?7 (380)
of the fields D and H, leave (3.56) and (3.57) unchanged [4].

3.5 Covariant formulation and the Post constraint

In a covariant (relativistic) formalism, Maxwell’s inhomogeneous equations (3.50) and (3.53) take the

compact form [4, 5, 13]
OaFP = o JP, (3.81)
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where 0, = ia with % = (ct,r),

ox
0 7E1/C 7E2/C 7E3/C

EiJe 0 -B B
af __ 1 3 2
=\ e B 0 B | (3.82)
E3/C — By B1 0
J% = (cp, J). (3.83)

In these, p and J are the total source densities, and Greek subscripts and superscripts take values

from 0 to 3. Similarly, the inhomogeneous equations (3.56) and (3.57) become
0%Gap = J3, (3.84)

o —

0
h =
where 0z

0 CD1 CD2 CDg
—CD1 0 —H3 H2

Gaﬁ - —CD2 Hg 0 —H1 ’ (385)
—CD3 —H2 H1 0
Jo = gapd” = (cp,—J) (3.86)
and the metric is
1 a=06=0
Jgog =4 —1 a=p=120r3 (3.87)
0 a # .
The constitutive relations corresponding to (3.59) can now be written in covariant form
Gap = SXapy s F°. (3.88)
The constitutive tensor xagys is a fourth-rank tensor with skew symmetry in two index pairs:
XaBys = —XBavss
By Bary (3.89)

XaBys = —XaBdy

as can be seen from (3.82) and (3.85). The factor % in (3.88) takes care of the duplicate terms arising
from (3.89). For non-dissipative media, xag+s has the additional property [4, 28, 30, 31]

Xapys = (Xys8a)" - (3.90)

The symmetries (3.89) reduce the number of independent components of the constitutive tensor from
4* = 256 to 36 (the same number of components as the 6 x 6 constitutive matrix (3.60)), and (3.90)
further reduces this to 21. The symmetries (3.89) and (3.90) are reflected in the material constants
in (3.60) by [4, 30] (see also Equation (6.21) of Reference 28)

Ay = A, (3.91)
Uiy =-T; (3.92)
Xij = XJ;. (3.93)

Jv
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The relations (3.91)—(3.93) can be derived from the Lagrangian formalism of classical field theory in
macroscopic electromagnetism [4, 30]. Inspection of the material constants (3.67)—(3.79) shows that
these do satisfy (3.91)—(3.93).

For a uniform medium, Post positted the restriction [28]

X[apys] = ﬁ(xaﬁya — Xapsy + Xaysg F )
%(onﬁ'yé + Xasdpy + XByas + XBova + X~yaBs + Xv6aﬁ) =0 (394)

on the antisymmetric part [32, Section 2.4] of the constitutive tensor xasys, on the basis that it does
not contribute to the Euler-Lagrange derivative [4, 28]. X[43s) therefore has no effect on the Maxwell
equations for D and H [4] and carries no electromagnetic energy [31]. In terms of the material
constants in (3.60), the condition (3.94) becomes [4, 30] (see also Equation (6.18b) of Reference 28)

Tii = Uii- (3'95)

For non-dissipative media, where (3.91)—(3.93) hold, (3.92) shows that (3.95) is automatically satisfied
when T;; and U;; are imaginary. Thus (3.95) holds for non-magnetic media at electric quadrupole—
magnetic dipole order, and for magnetic media at electric octopole-magnetic quadrupole order
(see (3.72) and (3.75), and (3.73) and (3.76)). The constraint (3.95) is also satisfied at first-order
where Ti(jl) = Ui(jl) = 0. The validity of (3.95), for magnetic media at electric quadrupole-magnetic
dipole order and non-magnetic media at electric octopole-magnetic quadrupole order, is addressed
in Sections 4.4.4 and 5.1.9, respectively.

The condition (3.94) was dubbed the ‘Post constraint’ by Lakhtakia [33, and references therein].
An alternative proof of (3.94) based on a ‘principle of parsimony’ was derived by Lakhtakia and
Weiglhofer [34-36]. Both Post [28, Page 129], and Lakhtakia [36, 37], further motivated (3.94) on
the grounds that (3.94) was not violated by any known physical media. Their analysis places the
origin of the Post constraint in the structure of Maxwell’s equations, the non-contribution of (3.94)
to Maxwell’s equations for the response fields D and H being the prime motivator.

Other authors [30, 38-42] have advocated a more circumspect approach, claiming instead that the
Post constraint is a consequence of the structure of the material. The validity of (3.94) would then
depend on whether the symmetry of the material does, or does not, allow the violation of (3.94). In
particular, with respect to the Tellegen medium [43], an artificial material that violates (3.94), Raab
and Sihvola [39] showed that a Tellegen medium is allowed in principle, contradicting earlier claims by
Lakhtakia [44, 45]. Tretyakov et al. [46] and Gosch et al. [47] subsequently reported measurements on
an artificial Tellegen particle violating (3.94), the work of the former authors refuted by Lakhtakia [33],
and that of the latter authors tentatively welcomed [48].

Hehl et al. [31, 49, and references therein] have measured the magnetoelectric effect of CraO3 as

a function of temperature. From their data they have extracted non-zero values for the pseudoscalar
@ = greapsx, (3.96)

where €43,5 = 0, %1 is the fourth-rank totally antisymmetric Levi-Civita tensor.

In the light of this experimental evidence, it seems that Post’s condition (3.94) cannot be imposed
as a general constraint. In multipole theory, in terms of origin-dependent molecular polarizabilities,
the Post constraint is violated at electric quadrupole-magnetic dipole order for magnetic media, and
at electric octopole—magnetic quadrupole order for non-magnetic media [4], but the invariant theory,
to leading order, does satisfy the Post constraint [4, 6]. The extent to which the invariant theory
at electric octopole-magnetic quadrupole order is compliant with the Post constraint is discussed in
Sections 5.1.9 and 5.2.8, and in Chapter 6.



Chapter 4

Invariant formulation

In the previous chapter it was noted that the induced source densities (3.21), (3.22) and the prop-
agation equation (3.49) are independent of the choice of molecular coordinate origins, whereas the
induced macroscopic moment densities, in terms of which they are expressed, are in general ori-
gin dependent. Also, the material constants (3.61)—(3.64), and hence the response fields (3.54)
and (3.55), depend on the choice of molecular coordinate origins. The origin dependence of the
response fields results also in the origin dependence of the time average of the instantaneous Poynt-
ing vector (S) = 1Re(E x H*) [50]. Multipole theory of linear, homogeneous, anisotropic media,
expressed in terms of origin-dependent molecular polarizabilities, is therefore only partially invariant.
A theory that yields an infinite set of response fields corresponding to an arbitrary set of molecular

coordinate origins {O,} is physically untenable.

This chapter and Chapter 5 contain the core of the thesis, namely a fully invariant electrodynam-
ics, at both electric quadrupole-magnetic dipole and electric octopole-magnetic quadrupole orders,
for both non-magnetic and magnetic, linear homogeneous anisotropic media. To this end, origin-
independent expressions corresponding to the molecular polarizabilities in (2.33)—(2.37) are obtained.
These expressions leave the bound source densities and the propagation equation unchanged, and

produce physically acceptable (invariant) expressions for the material constants.

From the expressions for the induced macroscopic moment densities (3.10)—(3.14), which depend
on the choice of coordinate origins, origin-independent expressions are obtained by replacing the po-
larizability tensors in the arguments of the transforms 7 [- - - | by the corresponding origin-independent
quantities. Equations (3.10)—(3.14) with (3.17) then become

B =P+ N (di_jEj + L6, B+ Laiu ViE) + 55al, Vi E;
+ %EijleleEj + S%E’ijleleEj + -

+Gi;Bj + LGB + $Hiji.Vi By + 5= H] Vi Bj + - ) ; (4.1)

Qij = QE?) +N (dkijEk - %d;gijEk + %JijlezEk + ﬁczgjkzszk + e
+Liji By + SLiBr + - ) ; (4.2)
Qiji = Ql('?;)C +N (l;lijkEl - %BgijkEz +-- ) , (4.3)

My = MO + N Gy = 3G By + S L Vis — L5 Vil + -
+XijBj + SN0 B+ ) : (4.4)
Niyj = My + N (Bluiy By = L0 B+ -+ (4.5)

where &;j, @5k, ... denote invariant polarizabilities that are to be determined.

The invariant expressions corresponding to the multipole polarizabilities on the right-hand sides
of (4.1)—(4.5) are origin-independent linear combinations of molecular polarizability tensors of the

same order contracted, where necessary, with isotropic tensors (see Section D.3). The tensors «;; and

22
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/

a};, at electric dipole order, are origin independent (see (2.64) and (2.65)); thus
dij = Qj and 5[;] = O/ij' (46)

The vacuum and the multipole contributions at electric dipole order, electric quadrupole-magnetic
dipole order and electric octopole-magnetic quadrupole order, are treated in Sections 4.1, 4.2, 4.3,
4.4, 5.1 and 5.2, respectively. The contributions of the three multipole orders to the source densities,
response fields (and material constants) and the wave equation are distinguished by a superscript
notation. For example, the charge density (3.21) to electric octopole-magnetic quadrupole order is

written

p= T [Gij + iHij] VjEi +T [Gijk + iHijk] VijEi +T [eijkl + iHijkl] VijVlEZ-
— p(l) + p(l) 4 p(2) 4 p(2) T p(3) + p(3)’ (4.7)

where a bar is used to indicate time-odd contributions. The vacuum contribution p(®) = 0.

A brief review of electrodynamics in a vacuum is given in Section 4.1. Various methods to
determine the origin-independent expressions corresponding to the molecular polarizability tensors at
each order are presented, beginning with electric dipole in Section 4.2. In Section 4.3, the expressions
for the origin-independent time-even tensors C;';J and a;;r at electric quadrupole-magnetic dipole
order are derived. The method used here is presented for its transparency, but is not suitable for the
calculations at higher multipole order, where the number of tensors involved renders the expressions
prohibitively complex. A more direct method, suitable for higher multipole orders, is presented at
electric quadrupole-magnetic dipole order for magnetic molecules in Section 4.4.

The calculations at electric quadrupole-magnetic dipole order and at electric octopole-magnetic
quadrupole order are contained in MATHEMATICA notebooks included on the accompanying CD. The
calculations for the time-even and time-odd contributions at each multipole order are contained in
separate directories. The directory names consist of a prefix and postfix. The prefix corresponds to
the multipole order (e2m1 and e3m2 for electric quadrupole—magnetic dipole and electric octopole—
magnetic quadrupole order, respectively) and the postfix indicates a time-even (-nm) or time-odd
(-m) contribution. Because the calculations for the time-even and time-odd contributions are similar
at a particular order, many of the notebooks have the same name. When referring to a notebook,
only the notebook’s name, and not the directory in which it is contained, is included in the text. The
hyperlinks in the pdf version of this thesis automatically launch MATHEMATICA and the corresponding
notebook from the correct directory (see the README file on the accompanying CD and Appendix B).

4.1 Electrodynamics in a vacuum

Fields in a vacuum are described by the source-free Maxwell equations

V- -E=0, V-B =0, (4.8)
0B OE
VXxE=—— V x B = —. 4.9
X T X Ho€o e (4.9)
By taking the curl of Equations (4.9), using the identity V x (V x A) = V(V - A) — V2 A, (4.8) and
rearranging, one obtains the non-dispersive, three-dimensional wave equations

2

82
@> E=0 and <v2 — MOEO@) B =0. (4.10)

0
<V2 — [ogo

Thus, all electromagnetic waves in vacuum are non-dispersive, and propagate with speed
1
vV fiogo’

(4.11)

CcC =
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the speed of light in vacuum.

In particular, (4.10) possesses the harmonic plane wave solutions
E(r,t) = Ege'™m=<)  and  B(r,t) = Bye'FmvY), (4.12)

where w = |k|c and the wave vector k specifies the direction of propagation. It follows from (4.8)
and (4.12) that k- E = 0 and k- B = 0; therefore E and B are transverse. Also, from (4.9) and (4.12)

B=lkxE, (4.13)
w

and therefore E, B and k are orthogonal.
It is apparent that for a vacuum (3.49) reduces to (4.10) when FE is given by (4.12), as required.
Also (3.59) reduces to

DY =¢E and HOY =u;'B. (4.14)

The product poeg is of fundamental importance: in inertial space it is the reciprocal of a universal
speed squared. Also, the ratio €9/po is a universal quantity (in both inertial and non-inertial space)
equal to the square of the vacuum admittance [31].

4.2 Electric dipole order

At electric dipole order, the only non-zero induced multipole moment density is that of the electric
dipole. Thus the contributions to the observables for non-magnetic molecules at this order can be
expressed in terms of o, the only time-even polarizability tensor at this order. Time-odd observables
for magnetic molecules are described in terms of the additional polarizability ;. According to (2.64)
and (2.65), both a;; and «;; are independent of the choice of coordinate origin. Consequently, macro-
scopic quantities can be obtained directly from their microscopic counterparts with the replacement
T[] = N[ -] (see (3.17)).

From (3.23) and (3.24) in (3.21) and (3.29) and (3.30) in (3.22), and with the replacement (3.17),

the contributions to the source densities at electric dipole order aref

p(l) = N[@U + ’L'Hij] VjEi =-N [aij + ia’ij} VjEi (415)
and

Jz(l) =wN [’i(I)ij + Ql]] Ej = —wN [iaij + a;j} Ej. (416)

The contributions to the response fields are obtained from (3.59), (3.60), (3.68), (3.71), (3.74)
and (3.78), with the replacement (3.17); thus

Dl(l) = N (Ozij — ’LO&;j) Ej (417)
and
7Y =o. (4.18)

Finally, the propagation equation to electric dipole order — obtained from (3.49) with (3.29) and (3.30),
and the replacement (3.17) — is

[6ijV2 — VlVJ + u050w25ij + ,U,0w2N (aij - ’LCY;J)} Ej =0. (419)

fNote that, in Reference 6, the subscribts in the expressions for the source densities are assigned first to the gradient
operators and then to the electric field. In (3.21) and (3.22), the first subscript is assigned to the electric field so that
the same subscript is used on the electric field for all the multipole contributions. This results in a change of sign

before the time-odd contributions in (4.15) due to the antisymmetry a;j = —oz;-i.



4.3. E2M1: NON-MAGNETIC MOLECULES 25

4.3 Electric quadrupole-magnetic dipole order:
Non-magnetic molecules

At electric quadrupole—magnetic dipole order for non-magnetic molecules, the contributions to the
source densities are obtained from (3.25) in (3.21) and (3.31) in (3.22):

p® =T[041]V,;ViE;

=T [—Lein (G — 3wetmnmns)] Vi ViEs, (4.20)
J? = iwT (@] VLE;
=T [eir (G — 5Wetmntmn;) — €kt (Gl — 5WEmnamni) | Vi Ej. (4.21)

The expressions in square brackets in (4.20) and (4.21) have been rearranged using the identity (C.4)
for later convenience. The contributions to the response fields are obtained from (3.69), (3.72), (3.75)
and (3.78) in (3.60) and (3.59):

2) 2) 2)
DY = Az('j E; JrTi(j B,

=T [% (aijk — aj;”')] kpE; —iT [G;J] B;, (4.22)
2 2 2
H? =UPE; + XDB;
= —iT [G);]| E;. (4.23)

It has previously been noted that the molecular tensor
Vij = ng - %Wt?jklaku (4.24)

is origin independent [4]. Thus, by inspection, p? and JZ-(Q) are origin independent and can be written
in terms of (4.24), so that from (3.17) [6]

p'? = —INeivyV;ViE;, (4.25)
JZ-(Q) =N (cirvji — ejrva) Vi Ej. (4.26)

To investigate the origin dependence of D§2), (4.22) can be rewritten using (3.20) and the replace-
ments (3.58). Then

(aijk — ajri) + SemGhy] kuE;

(aiji — arij) + Sejmval krE;, (4.27)

where the identity (C.4) was used. Since v is origin independent and a;ji — axi; is not, DZ@) is not
origin independent. Because AG}; # 0, Hi(2) in (4.23) is not origin independent either.

Physically acceptable origin-independent expressions for the response fields D? and H?) are ob-
tained by replacing the origin-dependent polarizability tensors G/, ; and a;j by their origin-independent
counterparts G; and djk, determined below.

The calculations described in this section can be found in the MATHEMATICA notebook
Ol-calculation.nb, which is located in the directory mathematica/e2mi-nm on the accompany-
ing CD.

4.3.1 General invariant expressions

Origin-independent expressions é;j and @, corresponding to G’Z—j and a1, are constructed by taking
linear combinations of polarizability tensors of the same order so that the origin-independent physical
observables, such as the source densities and the propagation equation, are unchanged [6].
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At electric quadrupole-magnetic dipole order, for a non-magnetic molecule, the most general
linear combinations with the same rank, and space and time properties (see Table 2.1), as G;j and

Qijf are
é;j = Liju Gy + wlijkimarim (4.28)
and

ijie = 2 Lijkim Gl + Lijktmn Gimn - (4.29)

The (time-even) tensors I;;. . represent general linearly independent combinations, with real coef-
ficients, of the isotropic tensors (see Section 2.5 and Appendix C). For example, the fourth-rank

tensor
Lijr = 1655011 + c20i1051 + 30361 (4.30)

is polar, while the fifth-rank tensor Ik, given by (C.17) is axial, and the sixth-rank tensor I;;ximn
given by (C.18) is polar. Thus CNT'QJ and @;j; have the same space and time properties as Gj; and
aiji (see Section 2.5). The factors w and 1 in (4.28) and (4.29) have been introduced to make the
unknown coefficients dimensionless. Here, and elsewhere, w is the only parameter available in the
electrodynamics for this purpose.

Consider first the second-rank tensor (4.28). Since G}, has no symmetry, the fourth-rank isotropic

tensor multiplying G}, is given by (C.16). Thus
Iijle%l = (615ij5kz + C25ik5jl + 035il5jk)G;cl
== cléijGﬁck + CQG;j + CgG;i. (431)
The polarizability agi, possesses the intrinsic symmetry g, = agmi (see Table 2.1). This can
be taken into account in (4.28) by first removing from Ik, any terms that are duplicated after

interchanging the subscripts [ and m (see Section C.7). The result can be obtained by inspection
of (C.17):

Lijkim = c105€im + C2051€ikm + C40kiEijm + C601mEijk- (4.32)

To simplify the notation, the symbol I;jim, has been retained in (4.32). The term involving ¢;
in (4.32) yields zero in the product I;;kimakim, because of the contraction of the antisymmetric pair
of subscripts [ and m in €1, with the symmetric pair in agim = agmi. Thus the second term in (4.28)
becomes
Lijkimarim = (c60j1€ikm + C50ki€ijm + C40imEijk)Akim
= C4€ijk Akl + C5Eijk Okl + C6€iklQkjil, (4.33)
where the coefficients ¢; have been renumbered to follow the three unknown ¢; in (4.31) and to

correspond with the assignment in the notebook 01-calculation.nb. From (4.31) and (4.33), the

general expression (4.28) reduces to
C:';j =c10;;G, + CQG;j + C3G;i + CAWE; jRAkll + CBWE ik Akl + CEWE ikl Akjl- (4.34)
The condition of origin independence is imposed on ng by solving the expression

AG); =0,
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where Aé;j is obtained by replacing each occurrence of G}; and a;;x; on the right-hand side of (4.34)
by their respective origin dependences (2.69) and (2.66). The result is

Cq4 = 7%02;
5 = 302, (4.35)
Cg = —%(Cg + Cg).

Substitution of (4.35) in (4.34), and use of the identity (based on (C.8))
EiklOkjl = —E€ijkAkll + Eijk ikl + €jk1Okil,
simplifies (4.34) to

! / / 1 ! 1
Gl = c16;Ghp + 2 (Giy — Swegnian) + cs (G — sweiriar)
= cléijvkk + C2045 + C3Vy;- (436)

A similar calculation for a@;;i, from (4.29), yields
ijk = = [Ca6jkEitmVim + C5 (Eiji0mt + €iravit) + co (S0 + Eiraviy)] (4.37)

where the coefficients in (4.37) have been renumbered to follow those in (4.36).

4.3.2 Comparison of source densities

The next step is to replace the polarizability tensors G7; and a;j; in (4.20) and (4.21) by their

origin-independent counterparts égj and a;;, and solve the equations
(2) ( ijs awk) ( ij> a”bjk) (438)
I (c (Gij, aijr) = J(Q) ( U,awk) (4.39)

for the unknown coefficients ¢; in (4.36) and (4.37). The comparison (4.38) yields

cy = —2 4 L09¢y — ¢4
31 3(2e2 — o) (4.40)
= 3(2c3 + ca),
and (4.39) the additional relation
C3 — 1-— 301 — C2. (441)

The tensors O, and ®;;, in (4.20) and (4.21) are property tensors. To constitute physically
acceptable expressions for observables, ©;j; and @, should therefore be origin independent. By
inspection, both ©;;; and ®;;, can be expressed in terms of the origin-independent tensor v;;, and
are therefore origin independent.

4.3.3 Linear independence

To resolve the remaining three coefficients (¢1, c2 and ¢4 — see (4.40) and (4.41)) one must turn
to the properties of the polarizability tensors themselves. The polarizability tensors are constants
of proportionality between the expectation values of the multipole moment operators and different
gradients (and time derivatives) of the electromagnetic fields E and B (see (2.33) and (2.36)). As
such, the polarizability tensors are necessarily linearly independent. If they were not, then different
field gradients (or time derivatives) would always contribute to the expectation values proportionally.
Furthermore, the expressions for the polarizability tensors all contain contributions from transitions
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between eigenstates due to different multipole moments (see (2.38)—(2.53)). A linear dependence
between polarizability tensors would imply that the quantum-mechanical transitions due to different
multipole moments (which are different functions of position vectors and angular momenta) also con-
tribute proportionally. Therefore the origin-independent polarizability tensors derived above should
also be linearly independent.

Because the polarizability tensors have different rank, linear independence can only be established
by first constructing tensors of the same rank (see Appendix D). This is achieved by contracting the
origin-independent expressions corresponding to each polarizability tensor with isotropic tensors of

appropriate rank. Thus, the linear combinations
Aij = Liji Gy + @lijkimkim (4.42)
and

Aijk = %Iijklmé;m + Iijklmndlmn (443)

(after eliminating duplicate terms arising from the required intrinsic symmetry a;;x = @;x;) should be
zero only for the trivial solutions k; = 0, where k; are the unknown coefficients! in the isotropic tensors
I;;.... The factors w and % in (4.42) and (4.43) have been introduced to make the k; dimensionless.
The expressions (4.42) and (4.43) are constructed in the same manner described in Section 4.3.1 to
obtain (4.34) from (4.28). Here G7; and a;j; are replaced by C:';J and a;;, given by (4.36) and (4.37)
with (4.40) and (4.41), and the coefficients ¢; in the isotropic tensors I;;. . are replaced by k; (to
distinguish the arbitrary coeflicients in I;;; from the unknown ¢; in éﬁcl and Ggim ).
The solution to A;; = 0 yields three relations (see 01-calculation.nb). The first,

201k4
k= ——, 4.44
! (301 - 1) ( )
shows that unless
c1 =0, (4.45)
there exists a linear dependence between k; and k4. Equation (4.44) can be rearranged as
3c1 — 1
py= Bz, (4.46)
261
In this case, k4 = 0 when ¢; = % It is shown in the notebook 0l1-calculation.nb that linear
independence cannot be achieved with this solution.
With ¢; = 0, the second and third relations reduce to (see 01-calculation.nb)
6(1 —co)k 4—4 5cy)ks — (8 — 8ca — Hey )k
iy = —y = O = ca)ka & (4 = dea + Sea)kis — (8 — 8cp — Seaks (4.47)
(3 — 602)
Inspection of (4.47) shows that
co=1 and ¢4 =0 (4.48)

results in ko = k3 = 0. Rearranging (4.47) does not lead to other values for ¢o and ¢4 that achieve a
trivial solution for k4, ks or ke. For instance, multiplying (4.47) by (3 — 6c2) and setting c; = 3 leaves

a dependency between k4 and ks, or k4 and kg, since the coefficients of k5 and kg with ¢ = % cannot

TThe symbols k; for the unknown coefficients in the isotropic tensors are used only in the calculations of linear
independence. The expressions in these calculations do not contain the wave vector k, so that there should be no
confusion between these symbols.
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both be zero. Setting @;;x = 0 in (4.42) resolves this dependency; however, the relation between ko
and k3 remains (see 01-calculation.nb). Finally, from (4.40), (4.41), (4.45) and (4.48),

C3 = C5 = Cg = 0. (449)

The solutions (4.45), (4.48) and (4.49) are necessary for linear independence of é;j and @k in the
second-rank linear combination (4.42), and also result in a linearly independent solution for the
third-rank expression (4.43).

Substitution of (4.45), (4.48) and (4.49) into (4.36) and (4.37) yields the unique solutions,

Gl = vij (4.50)
and
aijk =0, (4.51)

for the origin-independent time-even molecular polarizabilities corresponding to ng and a;;, at elec-

tric quadrupole-magnetic dipole order.

4.3.4 DC limit

In the limit w — 0, G7; — 0 and C:';j = vj; — 0, whereas a;;; and ZGj;,
(see (2.40), (2.43) and (4.24)). For a harmonic plane wave, the molecular dipole moment (2.33) to

electric quadrupole-magnetic dipole order for non-magnetics is

and hence Lv;;, are finite

pi =P\ + ayyEj + 50,V Ej + LG Bij. (4.52)

When w — 0, (4.52) reduces to

pi = + ayE;, (4.53)
since
ViE; =ik E; =i2orE; — 0 (4.54)
and Bj = —iwB; — 0. In (4.54), o}, is a unit vector in the direction of k.

In the DC limit, the electric dipole moment (4.52) to electric quadrupole-magnetic dipole order

therefore reduces to the same expression in the invariant and non-invariant theories.

4.3.5 Summary and Discussion

Origin-independent expressions corresponding to the molecular polarizabilities for non-magnetic
molecules at electric quadrupole-magnetic dipole order are given by (4.50) and (4.51). Origin-

independent property tensors corresponding to (3.25) and (3.31) in terms of (4.50) and (4.51) are

1 1
Gijk = —zeiklvﬂ or Gijk = _zgijlvkl (4.55)

and

ik = 2 (eimvi — €jmva).- (4.56)

The ambiguity in (4.55) is due to the symmetry of the product of the field gradients V;Vy, in (4.20)
(see Section 3.2). The contributions to the source densities are given by (4.25) and (4.26). From (3.49)
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with the replacement ®;j; — ®yjr, (3.29), (4.56) and (3.17), the propagation equation, to electric

quadrupole-magnetic dipole order in non-magnetics, is
(6ijV2 - V;V; + M050w261’j + /J/OUJ2N [aij — % {Eikl'Ujl — Ejklvil} V}J) E; =0. (4.57)

The response fields (4.22) and (4.23) are not specified uniquely by the Maxwell equations (3.56)
and (3.57) (see Section 3.4). The transition from the non-invariant fields (4.22) and (4.23) to invariant

forms (with the replacements ng — C:';] and a;jx — @ijk), namely
D = —iNv;B; (4.58)
and
H® = —iNv,E;, (4.59)
corresponds to a “gauge transformation” (3.80) of (4.22) and (4.23) with [6]
HE = LiwT [eian;] By, (4.60)

where (3.20) and the linear property (3.9) of the transform 7 were used.
Origin-independent contributions to the material constants at electric quadrupole—magnetic dipole
order for non-magnetic media are obtained from the time-even parts of (3.69), (3.72), (3.75) and (3.78)

. i 1 o
with the replacements G}; — G, and a;jx — @k

A =, (4.61)
Ti(j?) = —iNvy;, (4.62)
0 = —iNvj, (4.63)
X2 =o. (4.64)

From (4.62) and (4.63) it is clear that the Post constraint (3.95) holds at leading order for non-
magnetic media.

In the invariant theory, origin-independent expressions for the multipole moment densities at
electric quadrupole-magnetic dipole order are obtained by making the replacements G;j — C:';] and
@ijk — Qi in (3.10), (3.11) and (3.13). For instance, the electric dipole moment density (3.10), for

non-magnetics to electric quadrupole-magnetic dipole order, becomes
ﬁi = Pi(o) “rNOéijEj + %NUU‘B]‘. (4.65)

The field gradient term %aijk Vi E; in the non-invariant dipole moment density (3.10) is now contained
in the last term of (4.65). Use of Faraday’s law

B]— = *Q‘klvkEl, (4'66)
(4.24) and (C.4), one finds
pi = Pi(o) +NO¢ME]‘ + %N(akij - ajik)VkE]— + %NG;]BJ (467)

Inspection of (3.10) and (4.67) reveals that the expressions for the macroscopic moments are in
general not the same. In Reference 6, the same symbol (p) was used for both the non-invariant, as

well as the invariant, expressions (see (1) and (58) of Reference 6).
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4.4 Electric quadrupole-magnetic dipole order:
Magnetic molecules

At electric quadrupole—magnetic dipole order for magnetic molecules, the time-odd contributions to
the source densities are obtained from (3.26) in (3.21) and (3.32) in (3.22):

p@) = z’T[Hijk]VijEi

=iT [—LeiGji + 5 (ajj, + )] Vi ViEs, (4.68)
‘]i@) = wT[Qijk]VkEj
=7 [Eileﬂ + Ejleil - %w (a;jk + a;ik)] VkEj, (4.69)

The contributions to the response fields are obtained from (3.69), (3.72), (3.75) and (3.78) in (3.60)
and (3.59):

2 2) 2
DY = ADE; + TV B;

2 2 2
1Y =UDE; + X B,
=—T [G}] E;. (4.71)

As in the previous section for non-magnetic molecules, the source densities (4.68) and (4.69)
are origin independent, whereas the response fields (4.70) and (4.71) are not. In contrast to the
case for non-magnetic molecules, the property tensor IL;;; that appears in the contribution to the
charge density (4.68) for magnetic molecules depends on the choice of coordinate origin. Origin-
independent expressions corresponding to the polarizability tensors G;; and a;jk can be constructed
using the method presented in Section 4.3. In this section the method is modified in anticipation
of the increased difficulty encountered in the calculations at electric octopole-magnetic quadrupole
order.

The MATHEMATICA notebooks referred to in this section are contained in the directory

mathematica/e2ml-m on the accompanying CD.

4.4.1 Time-odd basis tensors of electric quadrupole-magnetic dipole order

In the previous section, it was found that all observables for non-magnetic media at electric
quadrupole—magnetic dipole order, as well as the invariant polarizabilities and response fields, could
be expressed in terms of the single tensor v;;. It is natural to ask whether there exist other origin-
independent tensors that are linearly independent of v;; constructed from the same polarizability
tensors G;j and a;j,. In Appendix E it is shown that there is indeed only one origin-independent
tensor, at electric quadrupole-magnetic dipole order for non-magnetic molecules, in terms of which
all other origin-independent tensors of the same order, linear in the polarizabilities, can be expressed
(see 02-basis.nb). The method to determine tensors like v;; is described in Appendix D, and is
applied here to the time-odd tensors at electric quadrupole-magnetic dipole order. These tensors are
then used to obtain origin-independent expressions corresponding to the polarizability tensors Gi;
and agjk at electric quadrupole-magnetic dipole order for magnetic molecules.

At this order, the most general linear combinations of rank two and three, corresponding to the

!’

ranks of the polarizability tensors G;; and aj;;, and with the same time and space properties, are

Nij = LijiGri + wlijkim @y, (4.72)
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and

Aijke = 2 Lijkim Gim + Lijkimn Q- (4.73)

The tensors Ijjki, Lijkim and ILijkimn, given by (C.16), (C.17) and (C.18), respectively, represent
the most general linearly independent combination of isotropic tensors, and the factors w and %
in (4.72) and (4.73) have been introduced to make the unknown coefficients dimensionless. The
expressions (4.72) and (4.73) are made origin independent by replacing each occurrence of a;;; and G;
in (4.72) and (4.73) by the origin dependences (2.67) and (2.68), equating the resultant expressions to
zero, and solving for the unknown coefficients in the I;; . (see Section D.4). The general expression for
Ajj, after eliminating duplicate terms arising from the intrinsic symmetry a;;; = aj;; (see Table 2.1),
is

Aij = Cl5iijk + CQGij + CgGﬂ + w (C4€ijka;€” + c55ijka2kl + CGEikla;le) . (474)

The origin dependence AA;; is obtained by replacing agjk and G;; in (4.74) by their origin depen-
dences (2.67) and (2.68). Origin independence is imposed on A;; by setting AA;; = 0 and solving for
the coefficients ¢; in (4.74). The result is (see 01-basis.nb)

cs = g(co + 4dca), (4.75)

When (4.75) is substituted into (4.74), one obtains an origin-independent second-rank expression A,
which consists of three arbitrary coefficients, each multiplying an origin-independent expression (see
Section D.4):

]Xij = leig»l) + Cgflf) + C4Tig»3), (476)

where
Tsf) = GU — G]Z + %Wfijka;kl, (478)
Ti(f) = weyjk (agy + 2a) - (4.79)

Expressions that are origin-independent extensions of the polarizability tensors G;; and a;jk can
now be identified. The expression in brackets in (4.77) is an obvious starting point. Interchanging i

and j gives
wij = Gij — %&'ijk — %wsjklaﬁdi. (480)

The next step is to write (4.78) and (4.79) in terms of (4.80). One finds that this is not possible,
and that there always remain terms independent of G;;, and involving a trace of aj;;,. There must
therefore exist at least one other origin-independent tensor linearly independent of w;;. Since the

remainders involve only trace terms of a;j & it is expedient to turn next to the third-rank expression.

/

After taking into account the intrinsic symmetry a/, ik = Qi (see Table 2.1), the general expression

for Ayjr is
1
Aiji = 5 (1Gim0jrEitm + c2Gjigi + c3Gricin + caGrgij + csGueii + cGueij)
! ! ! I ! ! !
+ 7ty + C8p + oty + Cloaky0i5 + 1101045 + Cr2a50ik + C130750ik

+ c1aaiy 0k + C15a5;,0jk- (4.81)
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The factor % in (4.81) has been introduced to ensure that the coefficients ¢; are dimensionless. Origin

independence of A;ji is imposed by requiring AA;;; = 0. The result is (see 01-basis.nb)

Cg = %(02 +Cg — C4 — 05),

r = —(ea + o + 21 + 265 — 6cs),
o= L(ea + ez — e — c5 + bes), (4.82)
c11 = %(03 + 4cy0),
c13 = 2 (cs + 4cia),

c15 = 3(c1 — c3 — ¢5 + 4cia).

On substituting (4.82) in (4.81) one obtains

Aijk = C1TZ—(]-1,€) + C2Ti(j2]2 + Csfi(jgk) + 0472-(]-4,3 + C57~11-(j§,€) + Csj}(fk) + ClOTZ—(;k) + 0127~1i(fk) + 014Ti(]9;2, (4.83)

where

T = S8ikeinGum + 30maju, (4.84)
Tz(ﬁc) = % (%EijkGll + Eilejl) - % (a;jk - a;cij) ) (4.85)
Tz(fk) = 5 (5eikGu + cmGy) — § (aijn — ahi; — 30ija58 + 30500, (4.86)
Ti(fk) = — 2 (3ekGu — €i;iGr) — § (20}, + atij) | (4.87)
Tz(fk) = i’ (%EijkGll - Eilelk) - % (2a;jk + a’;cij - 35ika2jl + 35jka;il) ) (4.88)
Ti(f,g = agjp, + @i + Qi (4.89)
jlg? = 0ij (apy + 2a3) , (4.90)
Ti5 = i (aju + 2aiy) (4.91)
jji(jgk) = 01 (ajy + 2az,) - (4.92)

The relation (4.89) is the only origin-independent tensor that is an extension of a};;, and which does
not involve G;;. This tensor has previously been identified [4, Chapter 8], where a factor % was
introduced. Thus

Sijk = % (a/ijk + e + a’;ﬂ'j) (4.93)
= Sjik = Sikj> (4.94)

is an origin-independent extension of a;, .

For non-magnetic molecules at electric quadrupole-magnetic dipole order, there is no origin-
independent extension of the time-even polarizability a;j; (see Appendix E). Whether an origin-
independent combination of polarizabilities at a paricular multipole order can be constructed depends
on the intrinsic symmetries of the polarizabilities (see Table 2.1), the structure of their origin depen-
dences (see (2.64)—(2.79)), as well as the intrinsic symmetries of the polarizabilities of lower order
appearing in the expressions of their origin dependences.

It is straightforward to show that the remaining expressions in (4.76) can be written in terms
of (4.80) and (4.93). One finds

7o = Wij — Wji — %waijké’ku, (4.95)

T-({g) = 35ijk3kll- (4.96)
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Furthermore, each origin-independent expression in (4.83) can also be written in terms of (4.80)
and (4.93) (see 01-basis.nb):

TZ(Jlk) = 8k (SeitmWim + §si1) , (4.97)
Tl(fk) = % (%Ezjkwu + Eikzwjl) ) (4.98)
Tl(fk) =L (Yeipwn + eimwyy) + 5 (Bijsku — nsi) (4.99)
Ti(jélk) = —3 (Feunwn — €ijtwi) = 5k, (4.100)
Ti(fk) = -1 (Yegnwn — cijiwi) — 5 (Sijk — Oiksju + Ojrsin) , (4.101)
79 = 35,1, (4.102)
O 7O 70 _ 35, (4.103)

At electric quadrupole-magnetic dipole order for magnetic molecules, all origin-independent ex-
pressions can therefore be expressed in terms of (4.80) and (4.93). The tensors w;; and s;;x therefore
span the set of origin-independent time-odd tensors at electric quadrupole-magnetic dipole order for
magnetic molecules. To show that w;; and s;;; are the only tensors, i.e. that they are a basis, it
must be proved that they are linearly independent. The procedure is the same as that described
in Section 4.3 to establish linear independence between C:';j and a;j, and is demonstrated in the
notebook 01-basis.nb.

4.4.2 General invariant expressions

The procedure to determine origin-independent polarizability tensors corresponding to G;; and a;j % 18
now routine. One first constructs general origin-independent expressions, with the same ranks, space
and time properties, and symmetry properties as Gij; and aj;;, (see Table 2.1). From (4.80), (4.93) and
the appropriate general isotropic tensors (C.16), (C.17) and (C.18), one obtains (see 02-source.nb)

Gij = c1wij + Cawji + C3WEjk Skt (4.104)
~/ 1
Qi = & [CadjkEitmWim + c5(Eijiwr + Eirwj) + co(Esjiwi + Eirwiy)]

+ crsijr + c8(0ijSku + Oinsju) + codjkSin, (4.105)

where the factors w and < in (4.104) and (4.105) ensure that the unknown coefficients ¢; are dimen-
sionless. In (4.104) the term involving d;;wyy is absent, since wgr = 0 (see (4.123)). Comparison of

the charge density p® (G;, aj;r) in (4.68) with p@ (G, aj;r) gives (see 02-source.nb)

C4:0,

cg = 2¢a,
(4.106)
Cr = 1,
cg = 7203,
Cg = 403

Comparison of the current density J;Z)(ij, ajyy) in (4.69) with JZ-(2)(C~¥J»;€, a%y,) yields no additional
relations between the unknown coeflicients.

Because the property tensor I, in (4.68) is origin dependent (see Section 3.2), equating
Wijk(Gjk,a%y,) and Hijk(éjk,d;kl) is not meaningful. It is straighforward to obtain an origin-

independent expression for II;;x, in terms of the basis tensors (4.80) and (4.93), that leaves the
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source densities (4.68) and (4.69) unchanged. For instance, the charge density at electric quadrupole—

magnetic dipole order for magnetic molecules can be written

p® = iNTyV,;ViE; = iN [~ Leiaws + siji] V;ViE;
=N [—LeimGj + 5 (ai, + dlip) | ViViE;. (4.107)

However, the choice of f[ijk in (4.107) is not unique (see Section 3.2) because the addition of a term
like € jp;w;;, which is antisymmetric in the subscripts j and k, has no effect on p@. Therefore, because
there is ambiguity in obtaining origin-independent expressions for the property tensors (3.26)—(3.28),
(3.33) and (3.34), these cannot be used to determine unique invariant expressions corresponding to

the molecular polarizability tensors.

4.4.3 Linear independence

To establish uniqueness, the remaining three coefficients ¢1, ¢o and ¢z in (4.106) must be determined.
The calculation to establish linear independence of the invariant expressions corresponding to the
time-odd polarizability tensors is similar to that in Section 4.3.3 for the time-even tensors at electric
quadrupole-magnetic dipole order, and is not repeated here (see 03-1i.nb).

There are two sets of linearly independent expressions derived from (4.104) and (4.105) that leave
the source densities (4.68) and (4.69) unchanged when the replacements G;; — Gj; and Wip = Ay,

are made. These are

c1 = 1,
(4.108)
Co = C3 = 0,
and
Cl = Cg = C3 = 0. (4109)
Together with (4.106), (4.108) yields
Cl =Cr = 1,
(4.110)
0220320420520620820920,
and (4.106) with (4.109) gives
C5 = _25
cr =1, (4.111)

1 =C=cC3=c4=cg=cg=cg=0.

Thus (4.104) and (4.105) with (4.110) and (4.111) yield two sets of origin-independent, time-odd
polarizability tensors corresponding to G;; and a;jk:

Gij = wij, (4112)
Tijp = Sijh (4.113)
and
Gy =0, (4.114)
Wiip = Sijk — 2(€i1wkt + Emw;y). (4.115)

Origin-independent contributions to the material constants at electric quadrupole-magnetic dipole
order for magnetic media are obtained from the time-odd parts of (3.69), (3.72), (3.75), and (3.78)
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with the replacements G;; — G‘ij and a;jk — a,,.. For the solution (4.110), the material constants

ijk*
are
AD = Nsijike, (4.116)
T = Ny, (4.117)
05 = ~Nuy, (4.118)
x5 =0, (4.119)
and for (4.111) one finds
Af) = N(sijrk — €iiwji — €jrwir) Ky, (4.120)
T =05 <o, (4.121)
X7 =0, (4.122)

For non-dissipative media, the polarizabilities are real [4], so that the material constants (4.116)—
(4.118) and (4.120) are real and respect the symmetries (3.91) and (3.92). The material con-
stants given by (4.116)—(4.119) contain 15 independent components (see Section 3.5) and those given
by (4.120)—(4.122) contain 6 independent components.

According to (4.117) and (4.118), the Post constraint (3.95) is respected because the trace

Wiy = G” - %&'ink - %wsiklagli = 0, (4123)

since 0;; = 3 and aj},; is symmetric in the subscripts ¢ and [, whereas €;;; is antisymmetric in %
and ! [6]. The material constants given by (4.121) satisfy the Post constraint (3.95) trivially. Thus
the Post constraint holds also for the time-odd contributions at this order.

4.4.4 Summary and Discussion

In Section 3.5 it was noted that the constitutive tensor for non-dissipative media has a maximum of 21
independent components. At electric quadrupole-magnetic dipole order, there is no contribution to
the inverse permeability X;; (see (3.78)), hence the constitutive tensor at this order has 15 indepen-
dent components. The solutions (4.112) and (4.113) preserve the maximum number of independent
components in the constitutive tensor, whereas the solutions (4.114) and (4.115), with only 6 inde-
pendent components, place an unphysical restriction on the constitutive tensor. The solutions (4.114)
and (4.115) should therefore be rejected (see also Sections 5.1.9 and 5.2.8).

From (4.62), (4.63), (4.117), (4.118) and (4.123), invariant multipole theory, for a linear depen-
dence of the induced moments on the field properties, is compliant with the Post constraint (3.95) to
leading order, for both non-magnetic and magnetic media.

Origin-independent tensors corresponding to the time-odd molecular polarizabilities at electric
quadrupole—magnetic dipole order are given by (4.112) and (4.113). The origin-independent property
tensors corresponding to (3.26) and (3.32) in terms of (4.112) and (4.113) are

1 1
Wije = —S€imwji + Sije or e = —S€ijiwp + Sijk (4.124)

and

Qiji = L(eimwi + €jmwi) — Sijk- (4.125)
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The ambiguity in (4.124) is due to the symmetry of the product of the field gradients V;Vy, in (4.68)
(see Section 3.2). The contributions to the source densities for non-magnetic molecules at this order

are given by [6]

@ = iN(=Leimwji + sik)V; Vi E; (4.126)
and

Jl@ = N(girwji + €jmwa — wsije) Vi Ej. (4.127)

The propagation equation to electric quadrupole-magnetic dipole order in magnetic media is obtained
from (3.49) with the replacements @5 — @ and Qi — Qujr, (3.29), (3.30), (4.56), (4.125)
and (3.17); thus

(V2 = ViV, + pocow?di; + pow’ N [ay; — L {eimvj — ejmva} Vi
—iag; + L {eamwi + gjmwi — wsir} Vi]) E; = 0. (4.128)

From (4.70) and (4.71) with (4.112) and (4.113), and using (3.17), the invariant time-odd contri-
butions to the response fields at electric quadrupole-magnetic dipole order for magnetic molecules
are [6]

Dz@) = NSijk kkEj + Nwiij (4129)
and

The invariant fields (4.129) and (4.130) are related to the origin-dependent fields (4.70) and (4.71)
by the transformation (3.80) with the “gauge field”
HE = 1T [6;Gii + Sweinialy] B, (4.131)

2

where (3.20) and the linear property (3.9) of the transform 7 were used.



Chapter 5

Invariant formulation: third order

This chapter contains the derivation of origin-independent expressions corresponding to the molecular
polarizability tensors at electric octopole—magnetic quadrupole order for non-magnetic molecules
(Section 5.1) and magnetic molecules (Section 5.2).

5.1 Electric octopole-magnetic quadrupole order:
Non-magnetic molecules

For non-magnetic molecules, the contributions at electric octopole-magnetic quadrupole order to the
source densities are obtained from (3.27) in (3.21) and (3.33) in (3.22):

p® =T [0iju] Vi ViV E;
=T [—5 (bijrt + bjirt) + dinjt + 55€ikm Ly — Hipnt)] Vi VeViEs, (5.1)
I = T (O ViVIE;
= iwT [—% (bij + bjirt) + §dicji + 55 {€ikm (Ljim — Hjpr) + €jim (Liggn — Hipor) }
+ Z2€ikmEjin Xmn| ViViE;. (5.2)

The contributions to the response fields are obtained from (3.70), (3.73), (3.76) and (3.79) in (3.60)
and (3.59):

3 3 3
DY = AP E; + 1B,

=7 [—% (bijkl + bjikl) + idikjl} kpkiE; +T [% ( i/jk zk])} ki Bj, (5.3)
1Y =UE; + xPB;
=7 [ ( H]/zk + ijz)] kiEj + T [—xi;] Bj- (5.4)

Neither the property tensors ©;;r; and ®;xj, nor the material constants AEJB), Tz(f), U(g) nd

Xz(j3 ), are origin independent. As noted in Section 3.2, the induced source densities are nevertheless
origin independent because A©;;i; and A®;y;; contract to zero with the symmetric products V;V,V;
and ViV, respectively. In the following sections, origin-independent expressions corresponding to
the polarizability tensors xij;, bijri, dijki, ngk and ngk are determined. The origin-independent
expressions have at least the symmetry of their origin-dependent counterparts, they leave the induced
source densities (5.1) and (5.2) unchanged, yield invariant forms for the property tensors 6, and
®;151, and the material constants Az(j’), Tl(f), U(?’) and Xi(;’), and hence yield physically acceptable
expressions for the response fields (5.3) and (5.4).

The MATHEMATICA notebooks referred to in this section are contained in the directory

mathematica/e3m2-nm on the accompanying CD.

5.1.1 Time-even basis tensors of electric octopole-magnetic quadrupole order

The aim here is to construct origin-independent basis tensors from molecular polarizabilities of electric
octopole—magnetic quadrupole order. The method used is described in Appendix E and Section 4.4.1,

38
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although the calculation is considerably longer (see 01-basis.nb). It is found that there are three
linearly independent invariant tensors in terms of which all origin-independent expressions, at electric

octopole—magnetic quadrupole order for non-magnetic molecules, can be expressed. These are

Qij = Xij + 15w (dir — k) — 57w 6ij (dirn — drar) — §w (€int Hygy + €01 Hyip) (5.5)
= Qji, (5.6)

ik = Lijp — 1 (Gir Ly + 0juLiy) — 5 ( iy + Hj) + : (6arHpyj + 00 Hyy;) — §werimbiijm  (5.7)
= R (5.8)

Sijit = dijra + dikji + dijr — bijrr — bjakt — briji — buije (5.9)
= Sjitt = Sjirt = Skjit = Sijki- (5.10)

The symmetries (5.6), (5.8) and (5.10) follow from the intrinsic symmetries of xij, bijki, dijri, Ly,
and Hjj; (see Table 2.1).

5.1.2 General invariant expressions

General origin-independent precursor expressions corresponding to the multipole polarizability ten-
sors at electric octopole-magnetic quadrupole order for non-magnetic molecules can now be written
down in terms of (5.5), (5.7) and (5.9) and the general isotropic tensors (C.16)—(C.20). Because of
the length of the expressions, it is impractical to reproduce them here (see 02-general.nb).

The precursor expressions

Xij = Lije1 Qrt + Wlijkim R + @0 Lijkimn Skimn (5.11)

Bijkl = w2 Lijkimn Qmn + W_llijklmnpR;nnp + Lijkimnpg Smnpgs (5.12)

dijr = W 2 Lijktmn Qmn + wflfiijmnpR;mp + Lijkimnpg Smnpq> (5.13)

iéjk = W ikt Qim + Lijrtimn Ripmn + WlijktmnpStmnp (5.14)

gz{jk; = W ikt Qim + Lijrtimn Ry + WlijktmnpStmnp (5.15)

contain 422 unknown coefficients in the general isotropic tensors I;;.... The factors involving w

have been introduced to render these coefficients dimensionless. The process of arranging the terms
in (5.11)—(5.15) so that these reflect the symmetries of the corresponding tensors xi;, bijki, dijkls
L}, and Hj;, (see Table 2.1) is a time-consuming and repetitive task. The notebook uses a more
direct (and less error-prone) approach. A set of linearly independent building blocks with the correct
symmetry for each polarizability tensor is first constructed (see Section H.3). The building blocks
are contained in lists, which can then be turned into sums by taking the dot product with another
list, containing an appropriate number of unknown coefficients. The resulting expressions are origin
independent, their terms are linearly independent, and — by construction — possess the correct

symmetry. The number of unknown coefficients is now reduced to 51.

5.1.3 DC limit

In the DC limit (w — 0), X;; reduces to the static expression x;;(0) given by Van Vleck [1]. From (5.5)—
(5.7), (5.9) and (C.16), (5.11) reduces at DC to

Xij (0) = ¢10:; Qkk (0) + (c2 + ¢3)Q4;(0)
= 1 (0) + (e2 + ¢3)xi; (0), (5.16)

where (2.44), (2.46), (2.49) and (2.51) were used. Inspection of (5.16) shows that ¢; =0 and ¢z = 1—
c2. The coefficients in I;jiim and Ijiimy multiplying R}, and Siimy in (5.11) remain undetermined.
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In (5.12)—(5.15), x;; enters only through Q;; (see (5.5), (5.7) and (5.9)). Thus any occurrence of x;;
in the expressions for by, diji, i;jk and f{{jk becomes singular at DC (see (2.52), (2.54) and (5.12)—
(5.15)). Since (5.12)—(5.15) are constructed from linearly independent building blocks, there can be
no relations between the unknown coefficients that produce cancellation of these singularities. Hence
to produce acceptable expressions in the DC limit, the expressions (5.12)—(5.15) cannot contain x;;
— and hence Q;;. The calculation to make (5.11)—(5.15) compliant in the DC limit is straightforward

(see 03-dc-1imit.nb). The resulting expressions now contain 38 unknown coefficients.

5.1.4 The trace of the magnetic quadrupole moment is zero

In the absence of spin, the trace of the magnetic quadrupole moment operator (2.17) is zero [7]
because 7;l; = €;;,7;7;11;; = 0. The quantum-mechanical expression for the electric dipole-magnetic
quadrupole polarizability tensor H{jk in (2.49) contains the magnetic quadrupole moment operator
and therefore, in the absence of spin, has a vanishing trace [7]
H{jj =0. (5.17)
Of the general expressions (5.11)(5.15), only b; i, E;jk and H{jk contain occurrences of H;;. (Due
to the symmetry of d;jx1, there are no building blocks for d;;z; that give rise to terms involving the
trace H,;; — see (5.19) and Section H.3.3). For instance, the expression for l;ijkl contains the building
block (H.30)
Bg,) = %(5jk€ilm + 0j1€ikm + 5kl€ijm)7—\)‘;nnn’ (5.18)

which must be zero because from (5.7), the intrinsic symmetry of l;ijkl, and (5.17),

1
R, =—L1m!

1jJ ©jj

=0. (5.19)

The relation (5.17) is a property of the polarizability tensor Hz{ij thus the invariant tensor f{{jk
should also have this property. The requirement

H;=0 (5.20)
results in two relations between the coefficients of Hzfjk (see 04-trace-m2.mnb). FEight unknown

coefficients are resolved, or multiply expressions that are zero, so leaving 30.

5.1.5 Gauss’ law for magnetism

The polarizability tensors originate as constants of proportionality between the expectation values of
the molecular multipole moments (2.33)—(2.37) and the electric and magnetic fields, their gradients
and time derivatives. In the macroscopic theory, the invariant expressions corresponding to the
molecular polarizability tensors will be used in the induced macroscopic moment densities (3.10)—
(3.14) to produce physically acceptable macroscopic observables, that are independent of the arbitrary
set of molecular coordinate origins {O™} of the microscopic theory (Section 3.1).

The invariant expressions corresponding to the polarizability tensors are linear combinations of
products of the molecular polarizability tensors and isotropic tensors. They thus contain the isotropic
tensors d;; and €;5,. In the expressions for the induced macroscopic moment densities, some of these
contract with gradients of the magnetic field to produce 6,V B; = V- B = 0. Consider the electric
octopole-magnetic quadrupole contribution to the electric dipole moment (4.1). For non-magnetic
molecules this contribution is

= NH/,Vi.B;. (5.21)
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The expression (5.15) for f{{jk, after the considerations of Sections 5.1.3 and 5.1.4, becomes

Hijy, = e1 (Rij, — Riy;) + 2 (65 R — Rijui) + 3 (6 Riyj — Rjpi) + ca (6 Ry — 3Ry

J
+ c5wEij1Skimm + C6WEik1Sjimm + CrWSiimmE jki (5.22)

(see 05-divB.nb). As the term c4d;,R}; produces zero in (5.21), it may be omitted from (5.22)
without affecting the latter’s origin independence. When (5.7) and (5.9) are substituted into (5.22),
the only tensors that produce d;j, are R}, and R}, ;, multiplying ¢; (see (5.7)). Since the difference
Rijk = Rirs
multiplying c¢; therefore contains no occurrences of d;;, and remains origin independent.

is antisymmetric in j and &, the contributions in the symmetric 65 cancel. The expression

At electric octopole-magnetic quadrupole order, consideration of Gauss’ law for magnetism has
no effect on the invariance of the origin-independent expressions corresponding to the time-even
molecular polarizabilities in the expressions for the induced macroscopic moment densities. However,
for the time-odd contributions of magnetic molecules, it will be apparent later that there are terms
that vanish as described above, leaving the resulting expression origin dependent (see Section 5.2.5).
At higher multipole order there will be additional terms that vanish due to the appearance of multiple
gradients of the magnetic field. It is anticipated that these will not only break origin independence

of certain molecular polarizabilities, but also their intrinsic symmetry.

5.1.6 Relabelling the coefficients

The considerations in Sections 5.1.2-5.1.5 have been applied to the origin-independent precursor
expressions independently of each other. Therefore, no relations between the unknown coefficients
of one polarizability with those of any other have been established to this point. Consequently,
there has been no need to label the coefficients separately for all five polarizabilities. Instead of
starting with 51 consecutively labelled coefficients at the end of Section 5.1.2, the coefficients for
Xij> bijrts dijkl, I~/Z-jk and f[zfjk were labelled from 1 to 5, 1 to 12, 1 to 11, 1 to 8 and 1 to 15,
respectively (see 02-general.nb). At the end of Section 5.1.4 there were 30 coefficients in the
corresponding expressions, which were labelled from 1 to 3, 8, 7, 5 and 7, respectively (see for example
Equation (5.22) and 04-trace-m2.nb). The remainder of the calculation involves comparisons of
the five polarizabilities in the same expressions. Before continuing, the remaining unknowns in the
expressions for the invariant polarizabilities must therefore be separately labelled at this stage. Thus
the origin-independent precursor expressions for the polarizabilities, with the relabelled coefficients,

for use in the next section are (see 06-source.nb)
Xij = )?(Ql) + le(%/) + sz(fgl) + 03325'52)
= Qij + arw(eim Ry + €jmRin) + cow?Sijr + c3w?6:;Skrit, (5.23)
l;ijkl = 0413%,) + 05653,) + 065%,) + 075%,) + ng)g) + 096592) + cloi)?) + 0115594)
= ca; [Eigm (Rt + Rire) + Eikm (Rt + Rimg) + €itm (Rimi + Riemj )]
+ 52 (CojmRim + Eikm R + €itmRpm ) + 6= Eimn (58 Ripmn + 61 Rkmmn + Okt Rl )
+ c72 (8ikEtmn + 6j1€kmn + Oki€jmn) Rimn + 8Sijki + co(8kSitmm + 6j1Sikmm + OkiSijmm)
+ ¢10(0iSktmm + 0ikSjimm + 0iSikmm) + ¢11(0i0k + dikdji + 0:10 k) Srmmnn,» (5.24)
ch-jkl = clgd(l,) + 013J§§,) + cmdg) + 015J592) + clsdg’) + clydgl) + clgdg’)
=ci22 [€itm Ry — Rimg) + €itm (Rl — Riemy) + €jkm (Rigns — Rimi) + jim (Riynr — Rigmi)]
+ 132 055 (ErmnRimn + EtmnRiemn) + Okt (Eimn R + €jmnRimn) ]
+ c14Sijrt + €15(0iSkimm + 0k1Sijmm ) + €16 (0ikSjimm + 05Sjkmm + 05k Sitmm + 05iSikmm)
+ €170 011 Smmnn + €18(0i105% + 0ik051) Smmnn s (5.25)
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i’/ijk = CwINJ;(gl/) + C2ol~z;(32/) el + el + C231~fig(1)
= c19R}jy, + c20(Rips + Rijpi) + 2105 Ry + c22(0irRiyy + I Riy;)
+ ca3w(€ikiSjimm + €jkiSitmm.) (5.26)

I:Il{jk =C2 ([—if,;g) — I:L;g)) — (co5 + co6 + 3027)g;$) + Cg5gf;g) + Cg6gfg§)
+ 027ﬁl(?) + Czsﬁgl) + 029ﬁ§2) + C30g§3)
g{jk = 024(R;jk - ng]) — (co5 + co6 + 3027)73;;”' + 250 Ry + 0266ikR;lj

+ 270,k Ry + w(c28€ijiSkimm + €20€ik1Sjimm + €308 jkiSitmm)- (5.27)

The expressions for the building blocks in the first lines of (5.23)—(5.27) are listed in Appendix H.

5.1.7 Comparison of bound source densities
Based on (5.1) and (5.2), comparison of the bound source densities takes the forms
pt (bijk, digrr, Lijy, Hijp,) = pt) (Eijklaczijklai//ijkaf{{jk) ; (5.28)
g (Xig» bijhts dijrr, Lijp, Hijp,) = J& (f(ij;l;ijklajijklaigjka ~z{jk) : (5.29)

The comparisons (5.28) and (5.29), are performed in the notebook 06-source.nb. The relations
between the 30 unknowns in (5.23)—(5.27) that achieve (5.28) are

_1 3 3 3 3 9
€4 = 5C13 + 5C20 — §C24 + $C25 + §C26 + C27,
1 3 3 3
€5 = —3C13 + 5C19 + 5C24 — 5,
_ _3
ce = 3cr = 313,

_ 3 1
€8 = 7C14 — 7>

_1 1 3 3 3 (5.30)
Co9 = 1C15 + 5C16 + 3C23 — 5C28 + 5C30,
1 1 3 3
€10 = 7C15 + 5C16 — 3C23 + 5C28 — 5C30,
1 1
€11 = 7C17 + 5C18,
C21 = C26-
The comparison (5.29) further requires
1 1 1 1 1 3
€1 = 7C12 — 75C13 + C24 + 3C25 + 4C26 + Y C27,
1 1 1 1
C2 = —{5C15 + 15C16 + 5C28 + C29 + 5C30, (5.31)

_ 1 1 1 1 1 1
€3 = 15C15 — 75C16 T 15C17 — 75C18 — 5C28 — 5C30-

After comparison of the source densities, the origin-independent precursor expressions, corresponding

to the polarizabilities Xij, bijri, dijii, L’Z—jk and Hzfjk, now contain 18 unknown coefficients. The
choice of independents and dependents in (5.30) and (5.31) is an artefact of the way in which the
MATHEMATICA routines were executed. It is a straightforward matter to relabel the coefficients to
suit a specific preference. The most logical, and safest, procedure is to substitute (5.30) and (5.31)
in (5.23)—(5.27) and to relabel the 18 coefficients on the right-hand sides of (5.30) and (5.31) according

to
c12 — €1, €13 — C2, C14 — C3, C15 — C4, C16 — C5, C17 — C,
€18 — Cr, €19 — Cg, C20 — Cg, C22 — C10, C23 — C11, C24 — C12, (5.32)

C25 — (13, C26 — C14, C27 — C15, C28 — Ci6, C29 — C17, C30 — C18-
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Then (5.11)—(5.15) may be expressed in terms of the building blocks listed in Appendix H as

1 1
Xij = XQ) + 1 (c1 — 32+ c12 + 13 + €14 + 3c1s5) ng?

— % (c4 — 5 — 6c16 — 12¢17 — 6c13) Egl)
+ % (ca — c5 4 c6 — c7 — 6¢16 — 6e1g) )2592) (5.33)
= Xjis 5.34)
bijit = — 2(1 = 3¢3)B5) + L(ca + 2¢5 + 12611 — 616 + 6e15)bS)
+ H(ea + 25 — 12¢11 + 616 — 6c18)bS) + (6 + 2¢7)05)
+ i(cz 4 6¢cg — 3c12 + 3c13 + 3c14 + 4015)b§2/)
— 3 (1+ Sep — s — en2) W)+ dea (362 + 5 (5.35)
= birji = bikj, (5.36)
Jijkl = 0312591) + C4J592) + 0512593) + CGng) + C7J§)) + cld(l) + ng(2/) (5.37)
= djirt = dyij, (5.38)
L = es L) + oL + era ki) + ero L) + en LY (5.39)
= L;zk, (5.40)

Hij = ci (H;S) - H;é?)) — (c13 + 14 + 3c1s) HE) + crg HISD

+ 614H7I£§) + 615H7I§,3) + 61617‘119(1) + 61717‘119(2) + Clgggs). (541)

5.1.8 Linear independence

Because the basis tensors Qij, jok and S;ji; are linear combinations of the polarizability tensors
Xij, bijkts dijkls ka and H zgk’ (5.33)—(5.41) are not necessarily linearly independent. In this section
the conditions on the origin-independent expressions Xij, bijri, dijki, i/ijk and f{{jk to be linearly
independent are determined. A simplification of the analysis can be made by recognizing that,

because there are only three basis tensors, at most three of the invariant expressions can be non-zero.

In (5.33)—(5.41), only X;; contains Q;;, so X;; must be non-zero. Further inspection reveals that
both the two fourth-rank tensors bwkl and dwkl contain the fourth-rank tensor S;j;, whereas iwk
and ij contain only the trace of this tensor. Thus if by is zero (requiring inter alia from (5.35)
that c3 = 3), then dwkl cannot be zero, and vice versa. There are consequently four possibilities for
the remaining origin-independent expressions corresponding to the four polarizability tensors b;;y,

dijki, ngk and H namely

zgk’

1. H;jk = and bijrl = 0,
2. Hi; = and  diju =0,
3. L =0 and  byu =0,
4. Ll =0  and ik = 0.

The calculations to determine the relations between the 18 unknown coefficients in (5.33)—(5.41)
that produce (5.42)—(5.45) is contained in the notebook 07-1i-cases.nb. The linearly independent
solutions corresponding to (5.42)—(5.45) are discussed below. The calculations are contained in the
notebooks 08-1i-casel.nb, 09-1i-case2.nb, 10-1li-case3.nb and 11-1i-case4.nb.



44 CHAPTER 5: INVARIANT FORMULATION: THIRD ORDER

Case 1: FI.’jk =0and Z;ijkl =0

2

To achieve f{{jk =0 and I;ijkl = 0 requires (see 08-1i-casel.nb)

Cg =Cg=C11 =Cl2 =C13 =C14 = C15 = C16 = C17 = 18 = 0,
1

=73
¢y = —2cs, (5.46)
cg = —2c7,

cg = 1.

The invariant expressions corresponding to the polarizabilities x;;, dijr and L;jk are then

Xij = Qij + jwer (em Ry + €jRipy) + jw’esSijr — w2 (cs + ¢7)0i; Skt (5.47)
Jz‘jkl = %Sijkz + ¢5(0ikSjimm + 0i1Sjkmm + 0kSitmm + 0;1Sikmm)
— 26503 Skimm + Ok1Sijmm) + ¢7(8djk + 0ik0j1)Smmnn — 2703031 Smmnn
+ 501 [Eikm (Rt = Rimg) + €itm (R = Riomj)
+€jim (Rl = Rimi) + €jim (Rimk = Riema )] » (5.48)
Liji = Rige + c10 (0 Riy; + 0uRiyg) - (5.49)

To establish linear independence, each of the linear relations

Nij = LijraXut + @lijkim Ly + @2 Lijktmn ditmn (5.50)

Aijk = Wﬁl[ijklmf(lm + Iijklmnz;mn + WIijklmanlmnp; (551)

Aijkl = W72Iijklmn)?mn + Wﬁl[ijklmnpi’/mnp + Iijklmnqumnpq; (552)

must equal zero for the trivial solution k; = ko = ... = k; = 0, where the k; are arbitrary coeflicients

multiplying the linearly independent isotropic tensors in the I;; .. The factors involving w in (5.50)—
(5.52) have been introduced to make the arbitrary coefficients k; dimensionless. Thus, when ¢; is
replaced with k; in (C.16), (C.17) and (C.18), and after taking into account the symmetry of X;;,
i'-jk and Jijkl, (5.50) becomes

.

Nij = kiXij + Kk20ij Xkk +w (k:zé“ijki?c” + kagiji Ly, + k5€ikzi}kl)

+ w? (kGJijkk + kedigjk + ksdijdpn + k95z’j(§kkll) . (5.53)

Use of (5.47)—(5.49) in (5.53), followed by the substitutions of (5.5), (5.7) and (5.9), yields an expres-
sion with 9 arbitrary coefficients k;, four unknown coefficients (c1, ¢5, ¢z and c¢19) and consists of 137
terms. In the remainder of this calculation, the substitution of (5.5), (5.7) and (5.9) following use of
expressions involving Q;;, jok and ;i is implied.

The expressions for Case 1 are the ‘simplest’ of the four cases. This is because the tensors that
carry the most information (have the most independent components — see Appendix G) are zero. For
instance, the fourth-rank expression (5.52) for Case 1 has 49 arbitrary coefficients k;, four unknown
coefficients ¢; and consists of 1171 terms. The largest expression is the fourth-rank relation for
Case 4, which contains 4061 terms, 70 arbitrary k; and six unknown coefficients ¢;. To establish
linear independence, it is expedient therefore to start with the second-rank expressions to obtain
relations between the unknown ¢; of the invariant expressions. Once relations between some of the

¢; have been found, the expressions of higher rank become more manageable.
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The solution to (5.53) with A;; = 0, for the arbitrary k;, is

k= ky =0, (5.54)
k= —ky = Shs = m/l (5.55)
ko = %A, (5.56)
ky = %A, (5.57)
where
A= (1+12¢5 + 18¢7)ks + (1 — 245 — 36¢7) k. (5.58)

The solution consists of five dependent coefficients and two independents. The only k; that are zero
are k1 and kg, being the two coefficients from the term I,k Xr in (5.50).

It is not sufficient to solve the simultaneous set of equations k; = 0 for the unknown c¢;, because
it is possible that the invariant expressions possess more symmetry than the corresponding non-
invariant polarizability tensors (see, for example, the calculation for the time-odd tensors at electric
quadrupole-magnetic dipole order in Section 4.4, where ;i = siji is totally symmetric). Extra
symmetry would result in fewer terms in the expressions (5.50)—(5.52), and hence fewer dependencies
between the k; in (5.55)—(5.57). Equations (5.55)—(5.57) must therefore be examined in turn.

It is tempting to deduce from (5.55) that ¢; = 0, and that (5.56) and (5.57) imply there exists an
unresolvable linear relation between kg, ks and kg, or k7, ks and k9. For example, if ¢; = 0, inspection
of (5.56), (5.57) and (5.58) suggests that c; and ¢; cannot both be zero, and setting either ¢5 or ¢7 zero
would require the other to take on multiple values simultaneously. It should be recognized, however,
that the independent k; are not cast in stone, and eliminating ks in favour of kg leads to a different
conclusion. The systematic way to proceed is to avoid setting any of the ¢; to definite values until no
other choice exists.

Consider first the relation (5.55) for ks, which can be rewritten as
3(05 + 267)]{33 = 01[(1 + 12¢5 + 1807)]€8 + (1 — 24c¢5 — 3607)]{39]. (559)

All possibilities that lead to trivial solutions for k3, kg or kg should be investigated in turn. One
strategy is to substitute the relations obtained for c¢;, ¢5 and ¢7 into (5.47)-(5.49) in turn, and
solve A;; = 0 for each solution. Alternatively, the solutions can be substituted in the remaining
expressions for the independent k; until a logical inconsistency is obtained. The former procedure,
although computationally more time consuming, and possibly involving calculations that could be
avoided by careful logical consideration, is found to be less prone to error due to human prejudice.
The possibility ¢; = 0 should be deferred because (5.55)—(5.57) all contain the same factors
(¢5 + 2¢7) and (5.58). Hence, if an acceptable combination of ¢5 and ¢7 produces linear independence,

it is possible that ¢; can remain undetermined. Besides ¢; = 0, Equation (5.59) contains four trial

solutions:
1. ¢7 = —3cs, (5.60)
2. 7 =—2c5 — 15, (5.61)
3. cr=—2c5+ 3, (5.62)
4. Cy = C7 = 0. (563)

The trial solution (5.63) can be included because it produces symmetric contributions from ks and
kg, which is possible if Jijkl is totally symmetric (see (5.53)). It should be considered as a last resort,

however, not least because it can be produced by (5.60).
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The trial solution (5.60) in (5.47)—(5.49), substituted in the second-rank expression (5.53) with
A;; = 0, yields the set of solutions

o — (5.64)
ks = —ky = Lhs = 611?571, (5.65)
ke = 22 i 1k7, (5.66)

o — gzz : .. (5.67)

To obtain (5.64)—(5.67) from (5.54)—(5.57) would require that (5.54)—(5.57) be rearranged with k7
and kg as independents, followed by the substitution (5.60). Equations (5.65)—(5.67) allow three more
possibilities:

1. ¢5 = % (and hence ¢7 = —3), (5.68)
2. c5 = f% and ¢; =0 (and hence ¢7 = %), (5.69)
3. ¢ =0 with c¢5 determined as a result of the symmetry of czijkl. (5.70)

The argument used in (5.70) is possible because the coefficients kg, k7, ks and kg in (5.66) and (5.67)
all multiply contributions due to ch-jkl in (5.53), and the expression for ch-jkl in (5.48) contains cs.
Note that this argument cannot be used for (5.65) to obtain a relation between c¢; and cs say.
This is because in (5.53), ks, k4 and ks are due to contributions from E;jk, and k7 is due to Jijkl-
Eliminating k3, k4 and k5 so that k7 = 0 would require L, =0, or Lj;; = —Lj;;, neither of which
can be achieved from (5.49). Alternately, eliminating the k7 contribution from (5.53) would require
Jijkl = 0. Inspection of (5.48) shows that this is not possible either.

The first possibility (5.68) of the trial solution (5.60) in (5.47)—(5.49), substituted into the second-

rank expression (5.53) with A;; = 0, yields the revised set of solutions

ki =ky=ky =kg =0, (5.71)
kg = —k4 = %k5 = 201k6. (572)

Inspection of (5.72) shows that ¢; = 0 produces the trivial solution k; = 0 (k¢ becomes zero when
the calculation is repeated with ¢; = 0). Thus (5.47)—(5.49) with

c1=0, c5= % and ¢y = —ﬁ (5.73)

are a linearly independent set of origin-independent tensors for the second-rank expression (5.53).
The coefficient c¢;¢ remains unspecified. Because the three tensors X;;, i;jk and Jijkl are second-,
third- and fourth-rank tensors, it must now be verified that the solution (5.73) also produces linear
independence for the third- and fourth-rank linear combinations (5.51) and (5.52). Equation (5.51)
contains 20 arbitrary coefficients k;. Substitution of (5.47)—(5.49) with (5.73) in the third-rank

expression (5.51) and equating the result to zero gives

4)

ki=ky=- =k =k =0, (5.
5.75)

7
ki3 = —3k15 = $k1s = — k1o, (5.7
the terms involving k14, k16, k17 and koo having contracted to zero. The contributions to (5.51)
that are non-trivial in (5.75) all originate from the expression Iijklmnpczlmnp in (5.51), which contains
terms involving ki3 to kao. Now dijp given by (5.48) with (5.73) is

diji = 3Sijkt + 5 (0ikSjimm + 0uSjkmm + 0jkSitmm + 61Sikmm)
- %(&jsklmm + 6k18ijmm) - %(&léjk + 6ik5jl)8mmnn + %6ij5kl8mmnna (576)
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which has the symmetry of d;jx; (see Table 2.1) and contains no unknown coefficients. Thus there is
no way to eliminate the dependency (5.75). Therefore the solution corresponding to (5.73) must be
rejected.

The second possibility (5.69) of the trial solution (5.60) in (5.47)—(5.49), substituted into the
second-rank expression (5.53) with A;; = 0, leads directly to a linearly independent solution (see
08-1li-casel.nb and Section C.7). The origin-independent expressions (5.47)—(5.49) with (5.69) are

Nij = Qij — 5w Sijuk + 53w>8i; Sk, (5.77)
dijir = 3Sijet + 205 Sktmm + Ok1Sijmm) — ik Sjimm + 0aSikmm + 0jkSitmm + 611Sikmm)

+ §(0irdjt + 0udik — 20550k1)Smmnn (5.78)

Lz, = Rig, + cro (6 Riy; + 05 Ry) - (5.79)

The third possibility (5.70) of the trial solution (5.60) in (5.47)—(5.49), substituted in the second-

rank expression (5.53) with A;; = 0, gives

ki =ky=ky = ks = ks = 0, (5.80)
3cs + 1

ke = .81

6 6cs — 1 75 (5 8 )
605 —1

= kg. 5.82

8 3cs + 1 ? ( )

Clearly (5.81) and (5.82) contain the solutions of (5.68) and (5.69), which do not lead to an acceptable
linearly independent set of invariant tensors. The only recourse left is to examine the expressions
multiplying kg, k7, ks and ko in (5.53), and find a relation between these expressions such that those
multiplying k¢ and k7, and ks and kg are equal (since it has already been noted that ch-jkl cannot be
zero). Inspection of these terms in (5.53) reveals that if Jijkl is totally symmetric, then

kedijir + krdirji + ksdijdrm + kodijdru = (ke + kr)dijir + (ks + ko)dijdra, (5.83)

and kg or k7 and ks or kg would not be present in (5.53), leading to a linearly independent solution
for (5.47)~(5.49). Tt is straightforward to show that a totally symmetric form for d;;x; is possible only

for ¢5 = 0. Furthermore, the complete trial solution
cir=cs=cy=0 (5.84)

also results in linear independence of the third- and fourth-rank relations (5.51) and (5.52) (see
08-li-casel.nb).
The origin-independent expressions (5.47)—(5.49) with (5.84) are

Xij = Qij, (5.85)
dijii = 3Siji; (5.86)
i’/ijk = R;jk + c10 ((SikR;lj + (Sij;li) . (5.87)

The procedure described above must now be repeated for the trial solutions (5.61) and (5.62),
(5.63) being the same as the solution that leads to (5.85)—(5.87). The calculations proceed along the
same lines as the calculation described above and are not repeated here. They do not lead to any
linearly independent solutions for X;;, Jijkl and i’ijk (see 08-1i-casel.nb).

For Case 1 (page 44) origin-independent contributions to the material constants at electric
octopole-magnetic quadrupole order for non-magnetic media are obtained from the time-even parts

of (3.70), (3.73), (3.76), and (3.79) with the replacements x;; — Xij, ngk — E;jk, dijri — Jijkl and
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{bijw, Hijp. } — 0. The resulting expressions corresponding to (5.77)—(5.79) are

1215?) = SN [Sijkt — 6k1Sijmm + 01Sikmm + 6uSjkmm — 6i5Skimm
— 16601 mmnn + 30ij0k1Smmnn]| kiki,

Tz‘(g‘g) = — 3N [R;kj + 10 (6 R + 06 Riss) | ks

o - -1

XD = —N[Qij — 5w Siun + Zw?0i;Sk] -

5.88
5.89

(5.88)
(5.89)
(5.90)
(5.91)

5.91
The permittivity tensor given by (5.88) has the property AE? ) = 0; hence, for non-dissipative media,

the material constants given by (5.88)—(5.91) contain 20 independent components instead of 21 (see

Section 3.5). The expressions for the material constants corresponding to (5.85)—(5.87) are

A = LNSijukik, (5.92)
Ti(j3) = — N [Riy; + c10 (0 Rk + 06 Ry K, (5.93)
0P = -1, (5.94)
Xz(f) = —NQ;;. (5.95)

For non-dissipative media, the polarizabilities are real [4], so that the material constants (5.88)—(5.91)
and (5.92)—(5.95) are real and respect the symmetries (3.91)—(3.93).

The coefficient ¢1g is undetermined by the analysis presented above. If ¢1g is non-zero, (5.79)
and (5.87) give

Li; =Rl +cio (Rl +3R),;) = dewoR) ;. (5.96)

Hence (5.89), (5.90) and (5.93), (5.94) are non-zero, and are not compliant with the Post con-
straint (3.95). Materials that do not violate (3.95) would require ¢;o = 0. Materials whose symmetry
allows the violation of (3.95), on the other hand, might have a non-zero value of ¢y¢.

Case 2: ﬁ/jk =0 and Jijkl =0

)

The calculations that produce linearly independent solutions for Cases 2—4 ((5.43)—(5.45)) are similar
to the calculation for Case 1.
When H{jk = 0 and Jijkl = 0, there are two sets of linearly independent origin-independent

expressions for X;;, b;jr and f/gjk (see 09-1i-case2.nb):

Xij = Qij (5.97)
bijrt = — 2Sijki, (5.98)
Lij, = Rijp + cio (0 Riy; + 01 Riyz) (5.99)
and
Xij = Qijy (5.100)
bijkt = — 1Sijkt — 55 (€ijmRhm + Eikm Rijim + EitmRjim) » (5.101)
Li,=0. (5.102)

The solution (5.97)—(5.99) produces the same material constants (5.92)—(5.95) as the solution (5.85)—
(5.87), and complies with the Post constraint (3.95) in the same manner. The material constants
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obtained from the time-even parts of (3.70), (3.73), (3.76), and (3.79) with the replacements x;; — Xij,
bijki — I;ijkl and {L!., ,H! ., dijr} — 0, corresponding to (5.100)—(5.102), are

ijk *tigko
AD = N [E5Sim + 25 (Eom R + ikmRigga) ] bk, (5.103)
7Y =u =0, (5.104)
%= -~ NQy. (5.105)

Because Ti(f) and Ui(j’) are both zero, the material constants given by (5.103)—(5.105) contain 12
independent components, and the Post constraint (3.95) is trivially satisfied by (5.100)—(5.102).

)

Case 3: f/jk =0 and Bz‘jkz =0
The case when

Liyx=0 and by =0 (5.106)

produces two linearly independent solution sets (10-1i-case3.nb):

Xij = Qij — 1—12w28ijkk + ﬁw%ijskk” + %UJ (EiklR;kl + EjklR/ikl) , (5.107)

diji = 2Sijkt + 2(8ijSkimm + OkiSijmm) — 5 (OikSjimm + 6uSjkmm + 0k Sitmm + 61Sikmm)
+ (051 + 6185k — 20350k1)Smmnn (5.108)
Tij = Rijr — Ring — Rjgs + 0 Ritg (5.109)

and

Xij = Qij + 3w (et Ry + €jmiRigt) » (5.110)
dijii = $Sijkt, (5.111)
~z(jk = Rijk = Rirj — Rijpi + 05 Riyy. (5.112)

The material constants obtained from the time-even parts of (3.70), (3.73), (3.76), and (3.79) with the

— lejk and {L}..,bijx} — 0, corresponding to (5.107)—

~ 7 !
replacements xi; — Xij, dijki — dijrr, H: ik

ijk
(5.109), are

A® = SN [Sijki = 6riSijmm + 01Sikmm + 0itSjkmm — 0ijSkimm

- %6ik5jl8mmnn + %6ij5kl8mmnn} kkkl; (5113)
-3 = (3
Ti(j) = 3N (Rije — Rixg — Rijui + 865 Riu) ki = Tj(i)v (5.114)
Uz(_]?)) _ Ti(j?ﬁ7 (5.115)
Xz(f) = -N [Qij + %UJ (EiklR;kl + EjklR;kl) — %wQSijkk + ﬁwQ&jSkk”] . (5.116)
The material constants corresponding to (5.110)—(5.112), are
1215?) = N Sijnkiki, (5.117)
Ti(f) = %N( ;jk - R/ikj - }ki + 6in2lk) ki = Tj(f)a (5-118)
0P = -1, (5.119)
X = — N[ Qs+ hor (R + i) (5:120)

The permittivity tensor (5.113) has zero trace, AE? ) = 0, and the magnetoelectric tensors Ti(f’) and
Ui(]?’) corresponding to the solutions (5.107)—(5.109) and (5.110)—(5.112) are both symmetric; thus
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the material constants given by (5.113)—(5.116) contain 17 independent components, and those given
by (5.117)—(5.120) contain 18 independent components (see Section 3.5 and (3.92)).

The trace of the magnetoelectric coefficient corresponding to both solutions (5.107)—(5.109)
and (5.110)—(5.112) is

Tz’(ig) = 3N (Riip — Ripi — Rips + 0iRiy) ki

-2

= IN'R}kj, (5.121)
where (5.19) and the symmetry of R} in (5.8) were used. From (5.115), (5.119) and (5.121), and since
the trace R};; is not in general zero, the Post constraint (3.95) is not satisfied by the magnetoelectric

coefficients of either solution set (5.107)—(5.109) or (5.110)—(5.112).
Case 4: E;jk =0 and Jijkl =0

For the case when

Li,=0 and  dijm =0, (5.122)

there are two solutions (11-1i-case4.nb):

Xij = Qij + 5w (Em R + €k Ript) (5.123)
bijrt = — +Sijki, (5.124)
gz{jk = Riji, — Rirj — Rjri + 015 R (5.125)
and
Xij = Qij» (5.126)
bijit = — §Sijrt = 55 (€ijm Rictm + €k R + EitmRijpm) + (5.127)
H;, =0. (5.128)

The material constants resulting from (5.123)—(5.125) are the same as (5.117)—(5.120) for the solu-
tion (5.110)—(5.112), and those from (5.126)—(5.128) correspond with (5.103)—(5.105) for the solu-
tion (5.100)—(5.102). As for (5.110)—(5.112), the solution (5.123)—(5.125) is not compliant with the
Post constraint (3.95). The solution (5.126)—(5.128), like (5.100)—(5.102), satisfies the Post constraint
trivially.

5.1.9 Summary and Discussion

The analysis in Sections 5.1.1-5.1.8 produces eight origin-independent solution sets that satisfy the re-
quirements outlined in Section 5.1. The six solution sets (5.85)—(5.87), (5.97)—(5.99), (5.110)—(5.112),
(5.123)—(5.125), (5.100)—(5.102) and (5.126)—(5.128) exhibit a duality between l;ijkl and Jijkl [7], and

can be combined into three sets of equations

Xij = Qijs
3kdijri + 4(k — Dbijr = Siji,s
o g - (5.129)
ik = Riji + 10 (0iRyy; + 01 Ri) »
Hz{jk =0,
Xij = Qij + 50 (e Ry + €juiRig) »
3kdijin + 4(k — Dbijin = Sijui,
! ( ! ! (5.130)

L;jk =0,

r7! _ / / / !
ik = Rije — Rigj — Riji + 0ij Riggs
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Xij = Qij,
3kdijur + 4(k — Dbijr = Sijut — 5= (76 — 4) (€ijm Riim + Eikm R + CitmRigm ) (5.131)
i’/'jk = gz{jk =0,

.

where
k=0 or 1. (5.132)

The two solutions sets (5.77)~(5.79) and (5.107)—(5.109) arise because the extra symmetry of d;jx,
compared to the symmetry of I;ijkl (see Table 2.1 and Section C.7), supports the inclusion of the trace

terms of Sk in X4; and Jijkl without introducing a linear dependence. These two solution sets can
be obtained from (5.129) and (5.130) with x = 1 and the addition of

7%@«)25”]@]@ + iw%ijskk” (5.133)

and

2(6ijSkimm + 0r1Sijmm) — 5 (OikSjimm + 0iSjkmm + 0kSitmm + 051Sikmm)

) (5.134)
+5 (0ir0j1 + 010k — 20450k1)Smmnn

to xi; and Jijkl, respectively, in each solution set.

In Section 3.5 it was noted that the constitutive tensor for non-dissipative media has 21 inde-
pendent components. Materials with structural symmetry may have fewer independent components.
The material constants resulting from (5.77)—(5.79) have a permittivity tensor (5.88) with zero trace,
AS’ ) = 0, which reduces the number of independent components in the constitutive tensor to 20. The
material constants resulting from (5.130) and (5.107)—(5.109) have additional symmetry to (3.91)-
(3.93), because T;; and U;; are both symmetric for these solutions. This additional symmetry reduces
the number of independent components in the constitutive tensor to 18 for the solution (5.130), and
to 17 for the solution (5.107)—(5.109), due to the zero trace 121513) =0 of (5.113). Solution (5.131) re-
sults in T;; = U;; = 0, which reduces the number of independent components to only 12. Since there
is no basis to assume that all non-magnetic materials should be restricted to a symmetric response
in D due to B, or in H due to E (or no third-order response at all in the case of (5.131)), these
solutions should be rejected.

The solutions (5.130) and (5.107)—(5.109) have the additional property that the Post con-
straint (3.95) is violated. This would imply that all non-magnetic materials exhibiting an electric
octopole—magnetic quadrupole response, and whose symmetry does not prohibit (3.95), should nece-
sarily have a measurable property corresponding to (3.96). If a phenomenon is not prohibitted, it
may be observed; however, this does not imply that it must be observed. Thus the Post constraint
also rules out solutions (5.130) and (5.107)—(5.109).

The only pair of solutions, corresponding to the two & values in (5.132), that is faithful to the
symmetries (3.91)—(3.93) of the material constants, and hence allows all 21 independent components
in the constitutive tensor, is (5.129), with the corresponding material constants in (5.92)—(5.95).
The expression for E;jk in (5.129) contains the coefficient ¢19 which remains unresolved. If ¢qq is
non-zero, (5.129) is not compliant with the Post constraint (3.95). Hence materials that do not
violate (3.95) would require ¢19 = 0. Materials whose symmetry allows the violation of (3.95), on
the other hand, would have a non-zero value of c19. The determination of c;g must therefore be
postponed to experimental evaluation, or the consideration of additional constraints not recognized
here (see also Chapter 6).

The choice whether Bijkl or Jijkl is zero, depending on the value of k, cannot be resolved from

the analysis presented here. The duality of these two tensors is such that the source densities, the
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property tensors in the source densities, as well as the material constants and hence the response
fields, have the same form for either choice [7]. To distinguish between these tensors would also
require an experimental verification or additional insight.

Equations (5.129) yield origin-independent expressions for the property tensors @ijkl and ®;jx

when the replacements Xij — )NCija bijkl — Bijkl; dijkl — Jijkl; Llu — Lz]k and H!

I
ik — Hij, are made

n (3.27) and (3.33). The same expressions are obtained Whether k=0or kK =1. Thus
Oijr = 58kt + 55ikm Rijim — 3510 (kR — €kt Rim; ) (5.135)

and

D = %Sijkz + 55 (EkmRjim + €jimRigm) + 2zEikmEjin Qmn
- 2w 5-C10 (EUkRmml ElJlRmmk EiklR;nmj + EjklR;nmi) . (5.136)
Because (:)ijkl and @kﬂ contract with the symmetric products V;V;,V, and V V;, respectively, in the
charge and current densities, the order of the subscripts j, k and [ in (5.135), and k and [ in (5.136)
is arbitrary (see Section 3.2).
With the replacements Xi; — Xij, Dijwr — bijit, dijii — dijkt, L — L 1 and H — H{jk
n (5.1) and (5.2), the time-even contributions to the charge and current dens1tles at electrlc octopolef

magnetic quadrupole order for the solution (5.129) are
P =N (15Sijkt + 55€ikmRiim) Vi ViV E; (5.137)
and

Jz(3) = jwN [%Sijkl + i (sikaglm + Ejka;lm) + %Eikmfjln an] ViViE;. (5138)

The propagation equation to electric octopole-magnetic quadrupole order for non-magnetic media is
obtained from (3.49) with the replacements ®;j; — ®;; and @ — Pijr, (3.29), (4.56), (5.136)
and (3.17); thus

(6:;;V2 = ViV + pocow?di; + pow N [a; — L {eimvji — ejmvi} Vi
—{15Sijmt + 35 (EikmRijim + €jimRigm) + z€ikmEjinQmn } ViVi]) Ej = 0. (5.139)

The transition from the non-invariant fields (5.3) and (5.4) to invariant forms, with A(s) T(3)

ij 0 Tij
77(3) (3) . »
U;;” and Xij given by (5.92)—(5.95), is achieved with the “gauge field

HE = 3T (Hjy, — L, + Rgm) kv Ej; + T (xi5 — Qij)Bj + 3107 (05 Riyy, + i Ry ) kn E;
=T {3 (Hjix — Hyij) + 15 (0 Hpyy + 0 Hppj) — 5 (65 Ly + 0 L) — F5w0€itmbjnm } ki Ej
+ T {gw (imHyj + Ejlekzl) + 5w (dikjr — dijrr) + 579761 (diru — drar) } B;
— 5c10T {(0iHiyy + 5ikH1jl) — 4 (6 Hyy + dirHyy ;) — (0ij Ly, + dirLiy;)
+ % (8s5 L + 5ikL;-”) + %w (8ij€kim + Oik€jim) bumnn } kxEj, (5.140)
where the linear property (3.9) of the transform 7" was used.

The following origin-independent expression corresponding to the AC magnetizability (2.52) has
previously been published [51]:

= Xij — 5@ [eint (Hjpg + Lijg) + ejnt (Hipg + Ligg)] +w? [§ (bigun + bjinr) — 1dinjn]
+ §W6ij5klmHklm — w?6ij (&bkru — 2dkirt) (5.141)
= Qij > (EzklR]kl + Ejklekl) w S”kk + 24w 5z]Skkll; (5.142)
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which differs from the result oj} = \;; = Q;; found above (see (5.129)) [7]. The most general origin-
independent second-rank expression constructed from Q;;, R/, ik and S;jx1, and having the symmetry

of xi;, is (see 02-general.nb)
c1Qi5 + 2Quk0ij + 3w (€t Ry + Ripicint) + caw?Sijrn + c5w0i Skl (5.143)

so that (5.142) corresponds with (5.143) when

c1=1, c3=0, 03:—%, C4:71—12 and C5:ﬁ. (5.144)

Equation (5.141) was derived without also considering origin-independent expressions corresponding
to bijr1, dijri, Lu . and H ] - Inspection of the eight solutions presented for Cases 1-4 above shows
that (5.142) is not a member of a linearly independent set, and is therefore not an acceptable invariant
expression for the polarizability x;; [7]. (The result (5.142) differs from (5.107) only in the sign of
the contributions of R} .)

An origin-independent expression for the quadrupole—quadrupole polarizability has also been pre-
viously published [52]. In this work it was found that

z]kl Clsz]kl + 02(5zk8jlmm + 5zl8jkmm + 5jk51lmm + 5]l51kmm) (5145)

where C7 and Cs are arbitrary real numbers. The present work shows that either C = % and Cy = 0,
or Cl = 02 =0 (SO that Jijkl = 0)

5.2 Electric octopole-magnetic quadrupole order:
Magnetic molecules

For magnetic molecules, the contributions at electric octopole-magnetic quadrupole order to the
source densities are obtained from (3.27) in (3.21) and (3.33) in (3.22):
p®) =T [Wijp) V,; ViV, E;
=iT [—§ (Wijns — Yjirt) + dinji + 55€ikm (Ljim — Hjm1)] V;ViViE;, (5.146)
IO = T Qi) ViV E;
= wT [~§ (B = Vjirt) + 5 inj + 55 {€ikm (Ljim — Hjmi) = €jtm (Likm — Himi )}
+ LikmEjinXomn)| ViViEj. (5.147)

The contributions to the response fields are obtained from (3.70), (3.73), (3.76) and (3.79) in (3.60)
and (3.59):

3 3 3
DY = AP E; + T, B;

=T [§ (Vigu — Vjirs) — Tdine) knki By + 4T [ (Hije — Lirg)] ki Bj, (5.148)
H® v, 4 xPB,
=T [5 (Hjix — Ljri)] koEj +iT [xi;] By (5.149)

@ 1 D and xP

ij > i o ij o
are origin independent. As noted in Section 3.2, the induced source densities are origin indepen-

Neither the property tensors Il;;r; and €5, nor the material constants A;

dent because Il;;1; and ;15 contract with the symmetric products V;V;V,; and V;V, respectively.
In the following sections, origin-independent expressions corresponding to the time-odd molecular
polarizability tensors x;;, b}, dijn, Lijk and Hij, are determined. These origin-independent ex-

pressions have at least the symmetry of their origin-dependent counterparts, they leave the induced
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source densities (5.146) and (5.147) unchanged, and yield physically acceptable forms for the response
fields (5.148) and (5.149).
The MATHEMATICA notebooks referred to in this section are contained in the directory

mathematica/e3m2-m on the accompanying CD.

5.2.1 Time-odd basis tensors of electric octopole-magnetic quadrupole order

The calculation to determine the time-odd basis tensors at electric octopole-magnetic quadrupole
order for magnetic molecules is performed in the notebook 01-basis.nb. It is found that there are
just two linearly independent invariant tensors, in terms of which all time-odd origin-independent
expressions at electric octopole-magnetic quadrupole order can be expressed. These are

Q/ij = ng - iw&jkLku + %ngijllk (5.150)
- o, (5.151)

and

Rijk = Liji — 5 (G Lju + 06 Lin) — & (Hirj + Hjri) + 5 (ir Huy + 65 Hys)
+werim (3dijm — 5bm) (5.152)
= Rijik- (5.153)
There are no linearly independent, invariant linear extensions of Hjjy, b;jkl or d’ijkl. The symme-

tries (5.151) and (5.153) follow from the intrinsic symmetries of x;;, b}y, diizy Lije and Hyjp (see
Table 2.1).

5.2.2 General invariant expressions

General origin-independent precursor expressions, corresponding to the time-odd molecular polar-
izability tensors at electric octopole-magnetic quadrupole order, can be written down in terms
of (5.150), (5.152) and the general isotropic tensors (C.16)—(C.19). They are:

Xij = Lijht Qu + Wlijrim Ritm, ( )

B;jkl = w2 Lijkimn Qo + @ Lijktmnp Rmnp ( )

i1y = @ Lijkimn Qo + 9 Lijktmng Rmnp, (5.156)

Lije = @™ Tijrim Qm + Lijktmn Rimn ( )

Hijie = w ™ Tijiim Qi + Lijrimn Rimn ( )

where the factors involving w have been introduced to make the arbitrary coefficients ¢; in the isotropic

tensors I;; . dimensionless. Again, in practice, it is easier to construct the precursor expressions from
the building blocks in Section H.4 (see 02-general.nb).

5.2.3 DC limit

Inspection of (2.45), (2.47), (2.48), (2.50), (2.53), (2.54), (5.150) and (5.152), shows that each term
in (5.155) and (5.156), except those involving b;;, or d;;;,, which are proportional to w (see (2.45)
and (2.47)), is singular when w — 0. At electric octopole-magnetic quadrupole order, for the time-
odd molecular polarizabilities, no origin-independent combination can be constructed only from b ki
or d; ;. Thus

bij = 0, (5.159)
i1 = 0. (5.160)



5.2. EBM2: MAGNETIC MOLECULES 95

After the symmetries of xj; and L;;x (see Table 2.1) are enforced on (5.154) and (5.157) — or when
these are constructed from the building blocks in Sections H.4 — the three remaining invariant

expressions )Z’ij, Lij, and H;jj, contain 23 unknown coefficients.

5.2.4 The trace of the magnetic quadrupole moment is zero

The quantum-mechanical expression for the time-odd electric dipole-magnetic quadrupole polariz-
ability tensor Hjjx in (2.48) contains matrix elements of the magnetic quadrupole moment operator
which, in the absence of spin, has a vanishing trace (see also Section 5.1.4). This translates in H;j

to
H;j; = 0. (5.161)

The precursor expressions )Zgj, Eijk and f{ijk all contain terms involving the trace of R;jx. From (5.152),
and the symmetries of b};;, and d;;;; (see Table 2.1), it follows that

Rijj = —3Hij; = 0. (5.162)

Thus, the contributions (H.82) in (5.154), (H.111) and (H.112) in (5.157), and (H.129)—(H.131)
in (5.158) can be omitted.
The relation (5.161) is a property of the polarizability tensor H;j;i; thus the invariant counterpart

H;ji should also have this property. The requirement
Hij; =0 (5.163)

results in three relations between the coefficients of f{ijk (see 03-trace-m2.nb). The above means
that nine unknown coefficients are resolved, or multiply expressions that are zero, so leaving 14.
Note that in Reference 8 it was assumed that for magnetic molecules the trace of the magnetic

quadrupole moment is in general not zero, and hence the trace Hijj was included in the analysis.

5.2.5 Gauss’ law for magnetism

The expression for the induced electric dipole moment density P; in (4.1) contains the term
%NﬁijkaBj. Occurrences of §;; in the expression for ﬁijk will result in 6;,VyB; = V- B = 0.
The expression for H, ;i after Section 5.2.4 is (see 03-trace-m2.nb)

Hijx = coteiu Qi — crot (eim Q% — GijEhim Q) — c11(Rijk — Riky)
— (c12 + c13 + 3c14) Rjri + 120 Ruk + c130iRuj + c1406 Rui- (5.164)

Thus the contribution to Pl- of the last term in (5.164), with coefficient c14, is zero. Omitting this
term from (5.164) does not change the origin independence of I:Iijk, so that c14 may still be specified
arbitrarily. When (5.150) and (5.152) are substituted into (5.164), the only occurrences of d;; are in

the expression multiplied by c19, namely
— L (e Q) — dijerim Qm) =
-1 (Eile;l — Sij€kimXim) — 2(8;0Hus — 305 Huk) — 5(30:5 Lk — 0 L) (5.165)
The contribution of (5.165) to the induced dipole moment density is

P;

g7 [ i
o 3T [ = cros (€t Dy — 0ijerim Q) Vi Bj+ -] + -+

=4 5T [ = o {5 (X — SijerimXim) + §0i5Hun + 305 L} VieBj + -] + -+ .
(5.166)
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The two terms involving d,, in (5.165) have been omitted from the last line of (5.166), because
they produce V - B. Consequently, the expression in curly brackets in (5.166) does not possess the
origin independence of (5.165). Thus the weighted transform 7 --] in (5.166) cannot be replaced
by (3.17) to obtain an origin-independent expression for the induced dipole moment density P;. Origin
independence of ﬁijk in the expression for P;, and hence an origin-independent expression for P;, can
be obtained by setting (see 04-divB.nb)

C10 = 0. (5167)

At electric quadrupole-magnetic dipole order for magnetic molecules (Section 4.4), the term
fééﬂGmm is added to the property tensor II;;, through its appearance in the invariant basis ten-
sor wy; in (4.80), resulting in the origin-independent property tensor Il (see for example (4.107)).
When f[ijk is used in the charge density (4.68) instead of II;;i, the same expression for the charge
density is obtained. This is because the symmetry of the field gradients V;V; in (4.68) allows the
subscript 7 in the addition fiéﬂGmm to be replaced by k. Hence the additional term *%&chmm
contracts to zero with the antisymmetric tensor €;1;.

One may argue that the consideration of Gauss’ law for magnetism in this section is similar to the
role that the term J;;Gr plays in w;;. However, it should be noted that the charge density (4.126) is
identical to (4.68), which is origin independent regardless of whether the term &;;Gpm is present or
not. In the expressions for the induced multipole moments (4.1) and (4.4), the response fields (4.129)
and (4.130) and the material constants (4.116)—(4.119), there is no contraction that renders the terms

proportional to d;; G zero.

5.2.6 Comparison of bound source densities

After the considerations of Sections 5.2.3-5.2.5, the origin-independent expressions corresponding to

/ / U
Xij7 bijkl’ dijkl? Lijk and Hijk are

Xij = c1Qj; + coweiji Rk, (5.168)
I;/ijkl = Czlijkl =0, (5.169)
Liji = c32 (cim Qi+ e Qy) + cazbiErm Qm

+ csRiji + c6(Rikj + Rjki) + 70 Ruk + cs(dinRuj + 06 Rus ), (5.170)
Hiji = cotejnnQly — ci0(Rijk — Ring) — (c11 + c12 + 3c13) Rk
+ c110i;Ruk + 120 Ruj + 1306 R (5.171)

In (5.171) the replacements c¢11 — cig, c12 — €11, €13 — c12 and ¢14 — c13 were made after the
substitution of (5.167). Based on (5.146) and (5.147), comparison of the source densities takes the

forms

P (V550 dijras Lijes Hijre) = p®) (b/ijklvd;jkleijkaHijk) : (5.172)
3 N I
‘]i( ) (X;jv ;jklad;jkleijkaijk) - Ji( ) (nga ;jklvd;jklaLijkaHijk) : (5-173)
First, the replacements xi; — Xi;, Lijk — L-jk, Hij, — ﬁijk and {bgjkl,d;jkl} — 0 are made
in (5.146) and (5.147), followed by the substitution of (5.150) and (5.152). The resulting expressions

contain terms involving various traces of H;j,. Before continuing with the comparisons (5.172)
and (5.173), these traces should be eliminated using identities, based on (C.8), such as

EijkHur = itk — €k Hra + i g, (5.174)
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followed by the replacement Hjr, — 0 (see Section 5.2.4). This ensures that the zero trace of
H;j, (5.163) is not contained in other combinations of terms involving H;ji; (see 05-source.nb,
where all the different traces and the identities used to eliminate them are listed). As an alternative
to eliminating the traces of H;j; as described above, the replacement H;,, = —(Hize + Hiyy) can
be made after the components in the differences corresponding to (5.172) and (5.173) have been
calculated.

The equality (5.172) requires
c13 = —%(cs 4+ 2¢6 + c7 + 11 — 1),
C12 = Cr,
clo=c5— 1, (5.175)
cg = 2¢y,
c3 =0,

and (5.173) requires

1
c11 = —5(2c0 —c5 —cg — 2cg + 1),
2l . ) (5.176)
Cq = 5(61 — 1)

The invariant expressions corresponding to corresponding to x;, b’ij ko d; x> Liji and Hiji, obtained
from (5.168)~(5.171) with (5.175) and (5.176), are

Xij = 1955 + coweir R, (5.177)
~/ijkl = ijz =0, (5.178)
Lijk = csRijk + c(Rinj + Rjki) + crdiRun + cs(SinRuj + ;1 Rui)

+ (€1 = 1)556ij8km Qpy. (5.179)

Hijr = (cs — 1)(Rikj — Rijr) + (¢5 + 2¢6 — 1) Rjki
(2¢2 — 5 — ¢ — 2cs + 1) Ruk + c70iRu;
(202 — 305 — 506 — 207 — 268 + 3)5ijlli + (Cl — 1)%Ejkl Q;l (5180)

[N ST

+

5.2.7 Linear independence

At electric octopole—magnetic quadrupole order for magnetic molecules, there are only two time-odd
basis tensors (5.150) and (5.152). There can therefore be only two linearly independent origin-
independent expressions corresponding to the molecular polarizability tensors. The occurrences of
Qj; in Lijr and Hyp, in (5.179) and (5.180) contain at most one free subscript (i). As is evident
from (5.177), where Q;; occurs with two free subscripts (i and j), it is not possible to obtain x;;
from a linear combination of L;j; and Hjj,. Thus )E’ij must be non-zero, and either L;j; or Hyjx
must be zero. By construction, the terms on the right-hand sides of (5.179) and (5.180) are linearly
independent. The conditions on the unknown coefficients ¢; to cg that result in l~/; k= 0or H Z’ k= 0
can therefore be determined by inspection of (5.179) and (5.180). The resulting expressions are
required in subsequent calculations, so they are nevertheless determined using MATHEMATICA (see

06-li-cases.nb).
Case 1: _F_lz‘jk; =0
From (5.180),

Hijn =0 (5.181)
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is attained when
cit=c5 =1,
cg=cr =0, (5.182)
cg = Ca.

The resulting expressions for ﬁj and Eijk with (5.182) can be obtained by inspection, and are linearly

independent (see 07-1i-H-zero.nb). Thus
)~(;j = ng + coweijr Ruk (5.183)

and

Lijk = Riji + 20 Ruj + 0,1 Rui).- (5.184)
Origin-independent contributions to the material constants, at electric octopole-magnetic quadru-
pole order for magnetic media, are obtained from the time-odd parts of (3.70), (3.73), (3.76) and (3.79),

with the replacements x;i; — Xi;, Lijx — L-jk and {b;jkl, dgjkl, H;ji} — 0. The resulting expressions

are
AP =, (5.185)
Ti(jg) = — 3N [Rirj + 2 (65 Ruk + 06 Rui)] k., (5.186)
0y =10 =~ (17 ))* : (5.187)
X = iV [Q + coweigiRun] (5.188)

) = 0, the time-odd contributions (5.185)—(5.188) at electric octopole-magnetic quadru-

Because AS
pole order represent 15 independent components in the constitutive tensor.
By inspection of (5.186) and (5.187) it is evident that the solution (5.184) is compliant with the

Post constraint (3.95).

Case 2: ij =0

L;jr, = 0 can be determined by inspection of (5.179). The solution is

c1 =1,
cs =cg =cy =cg =0. (5.189)
Linear independence of )Z’ij and ﬁijk, when L-jk = 0, requires
cp=—3 (5.190)
(see 08-1i-L-zero.nb). Equations (5.177) and (5.180) with (5.189) and (5.190) become
Xij = Qij — sweijnRuk (5.191)
and
Hiji = Riji — Rikj — Rjki + 0i Ry (5.192)

Origin-independent contributions to the material constants, at electric octopole-magnetic quadru-
pole order for magnetic media, are obtained from the time-odd parts of (3.70), (3.73), (3.76),
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and (3.79), with the replacements x;; — Xi;, Hijx — f[ijk and {b;jkl, d;jkl, L;jk} — 0. The resulting

GXpI’GSSiOIlS are

215-? —0, (5.193)
Ti(jg) = 2iN [Rijk — Rikj — Rjki + 05 Run) ki = Tj(f), (5.194)
7(3) _ 73 _ #(3)) "

0P =F® = - (Tji ) , (5.195)
)N(Z.(f) = iN [Q}; — SweijnRus] - (5.196)

Because ;15]3) = 0, and Ti(jg) and f]i(jg) are both symmetric (see (5.194) and (5.195)) for the solu-
tions (5.191) and (5.192), the time-odd contributions (5.193)—(5.196) represent only 12 independent
components in the constitutive tensor.

Inspection of (5.194) and (5.195) shows that the solution (5.192) is also compliant with the Post
constraint (3.95).

5.2.8 Summary and Discussion

For non-dissipative media, the symmetries (3.91)—(3.93) restrict the maximum number of indepen-
dent components in the constitutive tensor to 21 (see Section 3.5). At electric octopole-magnetic
quadrupole order, the time-odd contribution to the electric permittivity (3.70) is

Az('?) =T [% (b/ijkl - b}z‘kl) - i'dgka} kiky. (5.197)

Since the origin-independent counterparts of the time-odd tensors b/ijkz and d; i at electric octopole—
magnetic quadrupole order are both zero (see Section 5.2.3), the invariant permittivity contribution

/L(-?), obtained by making the replacements b;,;;, — B;] g and dijp, — Jg

tribution to the constitutive tensor, from the time-odd tensors at electric octopole—magnetic quadru-

i 10 (5.197), is zero. The con-

pole order, can therefore have at most 15 independent components. The solutions that place the least
restriction on the allowed symmetries of macroscopic magnetic media at electric octopole-magnetic
quadrupole order, and which allow all 15 possible independent components in the constitutive tensor,
are (5.183) and (5.184) of Case 1 above. The solutions (5.191) and (5.192) for Case 2 allow only 12
independent components in the constitutive tensor, and should therefore be rejected.

The Post constraint (3.95) for the time-odd contributions (5.186) and (5.187) at electric octopole—
magnetic quadrupole order is automatically satisfied, as discussed in Section 3.5.

From (5.178) and Case 1 above, the origin-independent expressions corresponding to the time-odd

molecular polarizabilities at electric octopole-magnetic quadrupole order are

Xij = Qij + caweije Ruk, (5.198)
Lijk = Rigk + c2(0irRuj + 51 Rua), (5.199)
Egjkl = CEjkz = Hj, = 0. (5.200)

It is possible to write X;; in terms of the trace of Lijx by combining (5.198) and (5.199); then

X;j = Q;j + QchﬁEijkillk- (5.201)
To eliminate such a functional dependency requires
¢y =0, (5.202)
in which case (5.198) and (5.199) become
Xij = Qijs (5.203)

Liji = Rijk- (5.204)



60 CHAPTER 5: INVARIANT FORMULATION: THIRD ORDER

The solutions (5.203) and (5.204) correspond with the solutions published in Reference 8, where a
trace term involving R,;;;, which is zero if spin is not included (see Section 5.2.4), is incorporated in
Q.

Equations (5.198)—(5.200) yield origin-independent expressions for the property tensors II,;; and
Q1 when the replacements ng — f(gj, Liji — Zijk and {bgjkl,d;jkl,Hijk} — 0 are made in (3.28)
and (3.34). Thus

1L = i [€itmRjim + 2 (EikiRmmj — €ijk Rmmi)] (5.205)

and

Qinji = L CitmEiin Donn + 55 (EkmRjim — EjimRikm) + 22 (EiriRummyj + €jxt Rmmi) - (5.206)
It is easily verified that Qikjl possesses the symmetry (3.42).

The solutions (5.183) and (5.184) of Case 1, and (5.191) and (5.192) of Case 2, in Section 5.2.7,
result in the same expressions for the time-odd contributions to the charge and current densities at

electric octopole—magnetic quadrupole; namely

p® = 3 iN€ikmRjim V; Vi VI E;, (5.207)
IO = N [ (tmRiim — €jimRitm) + 2eitmjin Qn] ViVIE;j. (5.208)

The propagation equation to electric octopole-magnetic quadrupole order in magnetic media is
obtained from (349) with the replacements q)ijk — (i)ijk; Qijk — Qijk; (I)ikjl — (i)ikjl and Qikjl —

Quiji, (3.29), (3.30), (4.56), (4.125), (5.136), (5.206) and (3.17); thus
(5ijv2 — ViV, + M0€0w25ij + M0w2N [Oéij — ia;j
— L e — gjmva} Vi + £ {eimwi + €juwi — wsie} Vi
—{5Sijn + 55 (Eikm R + €jimRigm) + 22ikmEjin Qmn } Vi Vi
+i {55 (CikmRjim — €jimRikm) + —z€ikmEjin Dnn } ViVi]) E; = 0. (5.209)
3)

The transition from the non-invariant fields (5.148) and (5.149) to invariant forms, with fl” ,

Ti(jg), f]i(jg) and )N(Z(?) given by (5.185)—(5.188), is achieved with the “gauge field”

HE = — 3T (Hjix — Lji + Rywi) ki By — T (xiy — Q) By
— 27 (0ijRuk + 0 Run) ki E; + cowT (451 Rur) By, (5.210)

where the linear property (3.9) of the transform 7 was used. Alternative expressions, where the
origin-independent basis tensors Q;; and R;j), are eliminated in favour of xj;, b4, di;x;» Lijk and
H;ji,, or Faraday’s law is used to write the magnetic field B in terms of E, are presented in the
notebook 10-gauge .nb.

The expressions (5.198)—(5.200) differ from those presented in Reference 8. Firstly, the definition

of the origin-independent basis tensor ng in (5.150) does not include the trace term

—qweijkRiu = sweikHp, (5.211)
which was introduced in Reference 8 to ‘simplify the analysis’. This modification has no effect on
the final expressions as (5.211) is identically zero in the absence of spin. Secondly, in Reference 8,
origin-independent expressions for the property tensors (3.28) and (3.34) were presented without
considering additions which contract to zero, with the symmetric products V;V;V; and V;V;, in
the source densities (5.146) and (5.147), respectively. This is reflected in the unknown coefficient ¢y
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(see (5.205) and (5.206)). Equations (43) and (47) of Reference 8 correspond with (5.198) and (5.199)

when
co =0, (5.212)

and the trace term (5.211) is set to zero in the absence of spin. The analysis presented here can-
not resolve the coefficient cs. It may be possible to determine a value for co from experimental
measurements of the material constants, otherwise additional insight on theoretical constraints, not

recognized here, is needed.



Chapter 6

Summary and conclusion

A consistent invariant multipole theory of induced macroscopic fields for a linear, homogeneous,
anisotropic dielectric, interacting with harmonic plane electromagnetic waves, has been obtained
up to electric octopole-magnetic quadrupole order. The procedure has involved the determination of
origin-independent expressions corresponding to the molecular polarizabilities in quantum-mechanical
expressions for the multipole moments (2.33)—(2.37), which depend in general on the choice of molec-
ular coordinate origin. These origin-independent expressions are summarised in Table 6.1 in terms

of the origin-independent basis tensors listed in Table 6.2.

Multipole order Origin-independent polarizability tensors ‘ Equation ‘
Qij = Qij (4.6)
Electric dipole ) )
&y = ol (+6)
é;j = Vij (450)
Electric quadrupole— dijh =0 (4.51)
magnetic dipole Gij = wij (4.112)
ik = Sijk (4.113)
Xij 1Qa (5.85) or (5.97)
bijr = 5 (K — 1)81-]-“} e —Oorl (5.98) or (5.42)
diji = $6Sijrl (5.43) or (5.86)
L =Ry +a (5ikR§lj + 5ijfli) (5.87) or (5.99)
7l = 5.42) or (5.43
Electric octopole— Hije =0 (5.42) or (5.43)
magnetic quadrupole ~)N(éj = Qj; + coweijk Ruk (5.183)
li;jkl =0 (5.159)
By =0 (5.160)
Liji = Rijr + c2(dRuj + 66 Rui) (5.184)
Hie =0 (5.181)

Table 6.1: Origin-independent expressions corresponding to the molecular polarizabilities up to
electric octopole-magnetic quadrupole order. ¢; corresponds with ¢1g in (5.87) and (5.99).

Electromagnetic observables like the bound source densities p(r, t) and J(r, ) in (3.21) and (3.22),
and the propagation equation (3.49), were found to be independent of the choice of molecular coor-
dinate origin. Spatial averages of these quantities can therefore be expressed in terms of the number
density of molecules A (see (3.17)). When the molecular polarizabilities in the expressions for the
bound source densities and the propagation equation are replaced by their invariant counterparts,
listed in Table 6.1, the bound source densities and propagation equation are unchanged. To electric
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leﬂtlpole Origin-independent basis tensors Time nature | Equation
order
Electric ij = i Time even (4.6)
dipole o, = —al, Time odd (4.6)
Vij = G;J — %Wsjklakli Time even (424)
Electric
quadrupolef Wiy = Gij — %5iijk — %wsjkla;ﬁh 480)
magnetic .
dipole sijk = 3 (alp + @hpi + i) Time odd 4.93)
= Sjik = Sikj
Qij = Xij + 15w (dijrr — dinj) — 5707 8i5 (diku — dran) — §w (€int Hygy + €01 Hyip) (5.5)
= Qj
ik = Lijy — i (5ikL;u + 6 Liy) — 5 ( iy Hjp) + 3 (GarHyyj + 0 Hyyy) — Fwerimblijm Time even (5.7)
= /nk
Electric
octopole Sijkt = dijit + dikjt + ditjk — bijrr — bjikt — bkiji — buij (5.9)
magnetic = Sjikt = Skjit = Sijki
quadrupole
Qi; = Xij — 1weijk L + Sweijn Hur, (5.150)
= —_ Q;—i .
Time odd
Rijk = Lijk — 3O Lju + 6jxLin) — 5(Hirg + Hjpi) + § GeHuj + 655 Hus) + werim (5diijm — 3blijm) (5.152)
= Rijir

Table 6.2: Time-even and time-odd origin-independent basis tensors up to electric octopole-magnetic quadrupole order. o;, oz;j, Sijks Qij, Sijrr and ng
are polar tensors, and vj;, w;j, Rj;), and R;j are axial tensors.

€9
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octopole-magnetic quadrupole order the bound charge density is given by

Py = N(éw + ’L'ﬁij)VjEi +N(éijk + iﬁijk)VijEi +N(éijkl + iﬁijkl)VijVlEi (6.1)
= - N (Oéij + ia/ij) VjEi *N (%Eiklvﬂ + i [Eiklw]‘l — wsijk]) VJVkEZ
+N([%5ijkz + i&km }lm} + isika]’lm) V;VV E;, (6.2)

and the bound current density by

Jo; = wN (z’(i)ij + Qij) E;j +wN (i‘i)ijk + Qijk) ViEj +wN (i‘i)z'kjl + Qikjl) ViViEj (6.3)
= —wN (icy; + Ozgj) E; + wN (L [gimvj — ejmval + L [eimwi + €jmwi — wsijr)) ViE;
+wN (i [$5Sikt + 55 {EikmRim + EjkmRiim } + 22 EikmEjin Qmn)
+ [ {eikmRjim — €jimRikm} + 2zEikmEjin Dnn)) Ve ViE;. (6.4)

As required, Equations (6.2) and (6.4) reduce to (3.21) and (3.22) when the origin-independent basis
tensors are replaced by their expressions listed in Table 6.2. The propagation equation in magnetic

media, to electric octopole-magnetic quadrupole order, is given by

(5ijv2 - V;V; + M0€0w25ij - ,LLouJQN |:(i)1j + (i)ijkvk + @kﬂvkvl}

+iu0w2/\f [QU + Qijka + Qiklele:D Ej =0. (65)
In terms of the invariant basis tensors in Table 6.2, Equation (6.5) is

2 2 2 .y
(6:;V? = ViV + pocow?dij + pow’ N ey — iaj;
L .
— —Hemvi — gjuvat Vi + S {emwi + €juwa — wsir} Vi
1 1 / / 1
—{HSijm + 5 (Eika]‘lm + €jtmRigm) + 2z€ikmEjin Qmn } Vi Vi

+i {55 (EikmRjim — EjimRikm) + —z€ikmEjin D } ViVi]) E; =0, (6.6)

which reduces to (3.49) when the invariant tensors are replaced by the expressions in Table 6.2.

The invariant property tensors (:)ij___, ﬁij___, <i>ij___ and Qu in (6.1), (6.3) and (6.5) are summarized
in Table 6.3. The assignment of the subscripts in the expressions for éijk, ﬁijk, (:)Z-jkl, ﬁijkl, Ci)ika and
Qikjl is not unique, because these tensors are contracted with symmetric products of field gradients
in the bound charge and current densities (6.1) and (6.3), and the propagation equation (6.5) (see
Section 3.2).

The expressions multiplying ¢; and cs in (:)ijkl and ﬁijkl contract to zero with the symetric product
V;ViV, in (6.1), and the expressions multiplying ¢; and ¢z in @kﬂ and Qikﬂ contract to zero with
the symetric product V;V; in (6.3) and (6.5). The unknowns ¢; and ¢y therefore do not affect the
expressions for the bound charge and current densities, and the propagation equation.

The multipole expressions for the induced multipole moment densities (3.10)—(3.14) and the dy-
namic response fields D(E, B) and H(E, B) (3.54)—(3.55), on the other hand, depend on the choice
of molecular coordinate origin, and hence cannot be specified uniquely in a spatial average, thus lead-
ing to non-unique macroscopic expressions for these quantities, and hence an unphysical macroscopic
theory (see Chapter 3).

When the molecular polarizabilities in the expressions for the material constants (3.61)—(3.64) are
replaced by the corresponding expressions listed in Table 6.1, a fully invariant, and hence physically

acceptable theory for linear, homogeneous, anisotropic media is obtained. The invariant material
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Multipole AT Time
p Origin-independent property tensors
order nature
Gij = —Qyj Time
E'lectrlc b= —ou; even
dipole —
Hij = —Oé;j Time
e /
Q’Lj = —aij odd
0. = — Lo v
ijk — wgzklvjl
~ Time
Dy = L(eimvi — €jrvir)
. J ikl Vj Jki Ui
Electric @ even
quadrupole— = —Djir
magnetic ” 1
: gl Wijr = —Zeimwii + Sijk
dipole a L . Time
ijk = LEiklWjl T 5EjkIWil — Sijk odd
= Ok
e 1 1 / 1 / /
Oijkt = 15Sijkt + 35€ikm Riim + 155 (ki Ripm; — €ijk Ronmi)
T 1 1 / / 1 .
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Table 6.3: Origin-independent expressions for the property tensors appearing in the charge and
current densities, and the propagation equation.

constants are given by

Aij = eo0i; + N (cij —iad; + kisie + krkiSin) , (6.7)
Tij = N (wij— ivig— Sk [Rip; + iRins + c1{6;Rin+ xRl } + ica{dijRun+ 66 Rui}t]),  (6.8)
Uj= -1, (6.9)
Xij=pgtoi; —N (Qij — Qi — icowe ik Ruk) - (6.10)

The invariant material constants (6.7)—(6.10) yield physically acceptable, invariant expressions for the
response fields (3.59). The constitutive tensor in (3.59), to electric octopole-magnetic quadrupole

order, is
C=Cc040W4c® 406, (6.11)

Here, the vacuum contribution is given by

& (Sl 0
O R (6.12)
0 g dij

and the electric dipole, electric quadrupole-magnetic dipole and electric octopole-magnetic quadru-
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pole order contributions are

5 0 L0
ol =N (O” ) —iN (a” ) , (6.13)
0 0 0 0

0 Viq k Si Wy
o — _W< J) +/\/< Rk ]> (6.14)
Vji 0 —Wjq
B _ SkikiSijm — klekJ —1kkRik;
%kkR;ki - %kknykz Q/ij
% 0 — 5ki(0i; Ry, + 656 Ryy)
+c
ki (51'3‘732% + 5“€R;lj) 0
0 — Lo (8, Ruk + 06 Ry
+ieN | 2k (0 Rk + 0jRus) ) (6.15)
—5kr(0i; Rur + dixRus) weijk Ruk

Equations (6.12)—(6.15) differ from (57)—(60) in Reference [8] only in the last two terms in (6.15),
which contain the arbitrary real coefficients ¢; and cs.

The expressions in Table 6.1 contain one parameter x, which is either zero or one, resulting from
a duality between the invariant expressions corresponding to the electric dipole—electric octopole po-
larizability b;;x; and the electric quadrupole—electric quadrupole polarizability d;jx; [7]. Either choice,
k =0 or k = 1, leads to the same bound source densities (3.59) and (6.4), propagation equation (6.6),
dynamic response fields and material constants (6.7)—(6.10). The two arbitrary unknown coefficients,
c1 in the invariant expression corresponding to the time-even electric quadrupole-magnetic dipole po-

larizability L and cq in the expressions corresponding to the time-odd magnetic dipole-magnetic

ijk?
dipole and thje electric quadrupole-magnetic dipole polarizabilities ng and L;ji, respectively, do
not affect the bound source densities or the propagation equation, but result in additional terms
in the expressions for the magnetoelectric tensors (6.8) and (6.9), and the magnetic susceptibility
tensor (6.10), at electric octopole-magnetic quadrupole order.

Because the two arbitrary coefficients ¢; and ¢y appear in the expressions of the material constants
and hence the response fields, which in principle are measurable properties of a material, it should
be possible to determine a value for these experimentally. The parameter k, on the other hand, can
only be determined experimentally from observations of either the electric dipole—electric octopole

polarizability b;ji;, or the electric quadrupole—electric quadrupole polarizability d;jx;.
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Sample calculation of origin dependence

The derivation of the origin dependence of the magnetic quadrupole moment Amy;; is given. This
is then used to find the origin dependence of the time-even electric dipole-magnetic quadrupole
polarizability tensor HZ’J,C A possible inconsistency due to the origin dependence of the magnetic
octopole is then presented.

To simplify the notation, the summation over all particles in (2.61) is assumed. Then, rewrit-
ing (2.61) with the terms grouped for clarity,

4
Amij = — gd] (%Eiklrknl) — %Eikl [dk (TjHl + Hﬂ’j) — dedkHl] . (Al)

The first term in (A.1) is simply —3d;m; (see (2.16)), and the last term is related to the commutator

[H(O), n} - f%m, (A.2)

where H(®) is given by (2.2). Pre- and post-multiplying (A.2) by pj = qr; and adding gives

iqh
Pj [H(O),Tl} + [H(O),Tl} P = —i(erl + lej). (A.S)
m
It is straightforward to show that
Pj [H(O)m} = [H(O),sz} —q {H(O)%} T, (A4)

hence use of (A.4) in (A.3), expanding the commutators in r, and rearranging gives
m
(rj Tl + Iyrj) = o ([H(O), q]'z} —pH O, +ij(O)Tl) : (A.5)

The last two terms on the right-hand side of (A.5) can be made to cancel using the identity (C.6),
which then brings in a term with two Levi-Civita tensors. Use of (C.6), and multiplying the last two
terms on the right-hand side of (A.5) by e, yields

Eikl (-PzH(O)Tj —l—ij(O)?“z) = CikiEitwEuwvnwDu H 0T,
= (5iw5kj - 5ij5kw)5uvauH(O)rv
= (5iw6kj - 6ij6kw)5uvw (unTvH(O) +ry |:H(O)ap'ui|) 5 (A6)

where (C.4) was used. The term Euvwruro H® in (A.6) is zero because €4, 18 antisymmetric in
u and v, and the product r,r, is symmetric in v and v. Thus (A.6) with (A.2) and using the
definition (2.16) yields

Eikl <7le(O)Tj + ij(O)Tl) = —2ih (5jkmi — 5ijmk) . (A?)
Then (A.5) multiplied by &;5; with (A.7) becomes

eirt (1L + Iyry) = (—ihg/m) i {H(O), le} + (2m/q)(dxmi — dijmu). (A.8)
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Finally, (2.16), (A.2) and (A.8) in (A.1) give Equation (2.63).
The origin dependence of H/ i 1s obtained from

ik = Hij — Hi. (A.9)

ij
The polarizability H ! ik involves matrix elements calculated with respect to the new origin O. Before
continuing, it is shown that the state vectors |n) and |s) are unaffected when the molecular origin
is shifted from O to O. Consider the matrix element (f),, of a function f(R, r(®)), where R is the
position vector of the origin O of a molecule relative to some origin, and 7(®) is the position vector
of particle a of the molecule with respect to the origin O (see Figure A.1). Then

(fhns = (n|f (B )

s> - / ViR S (R, r<a>) bs(R)dR. (A.10)

When the molecular coordinate origin is shifted from O to O by d, the matrix element calculated

with respect to the new origin is (see Figure A.1)

(s = /w;(R +d)f (R+d, 7)) g, (R+ d)d(R + d), (A.11)
By changing the integration variable from R+ d to R in (A.11), one obtains

Tl = [ vnf (R 7)) ()R
= (fns, (A.12)

because d is constant and the states are orthogonal.

Figure A.1: Displacement of molecular coordinate origin relative to which the positions of molecular
constituents are specified.

Use of (2.49) and (A.12) in (A.9) results in

= = 2 T { () () — P )0}

2
- ﬁ szsnz-m {<Ap1 +pl>ns <Amjk + mjk>sn - <pi>ns <mjk>sn} ’

- % ZWZS"Im {<Ap1>ns <Amjk>sn + <Api>ns <mjk>sn + <pi>ns <Amik>sn} : (Alg)

From (2.57)

(Api),s = (n|—diq| s) = —d;q(n|s) =0 (A.14)
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for orthogonal kets |n) and |s), so the first two terms in (A.13) are zero. Expanding the commutator
in (2.63) and substituting the result in (A.13) using (A.14) yields

2 2
A z{jk = 7% ZsznIm {Qdk <pi>ns (mj>sn + g(sjkdl <pi>ns <ml>sn

7

= grEitmdi (Di)ns (<H(O)(2dkpm - ka)>sn - <(2dkpm - ka)H(0)>nS )} . (A.15)

The Hamiltonian H(® in the last two terms of (A.15) operates to the left and right, respectively, to

(s
From Zm{ic} = Re{c}, (2.38), (2.40), (2.43) and (2.29) in (A.15), and simplifying the result, one
obtains (2.75).

The calculation of Am,;, proceeds in a similar way to the calculation for Am,; presented above.
The result is

produce eigenvalues

HO — WS(O) (s] and H(O)‘ n> = Wéo)‘ n> .

3 9
Amijk == v?\Cl]dkT)’LZ - Z (5ijdk + 5zkdj) dlml - g (djmzk + dkmij)

3
- 8_h5ilmdl {H(O), 2d;dgpm — djqrm — dkQjm + qjkm:|
+ s—;filmdl (rjrkH(O)rm — TmH(O)Tka) . (A.16)

The last two terms of (A.16) cannot be written in terms of magnetic multipoles, or as a commutator
of H® and electric multipoles (so that a factor ws, is produced in the result). These terms can be
written in terms of electric dipole moments as follows:

31

3 3ih
%Eilmdl (TkaH(O)Tm - TmH(O)Tka) = *%Ez‘lmdl [H(O), ijm:| +—d (Ez‘jlpk + Eiklpj)- (A-17)

8m

The last two terms on the right-hand side of (A.17) do not, however, yield expressions for multipole
polarizabilities when used in the calculation of the origin dependence of polarizabilities of higher
multipole order (as happens in the calculation for H}; above). It is unclear how one would proceed
at higher multipole order without an appropriate expression for the origin dependence of the magnetic
octopole.



Appendix B

Computer algebra

This appendix contains a description of the MATHEMATICA modules and routines used to perform the
simplifications of Cartesian tensor expressions in Chapter 4, Appendix C and Appendix H. All the
calculations were performed using MATHEMATICA version 8.0.4, on a dual processor AMD Athlon MP
2400+ personal computer, running a custom-compiled Linux operating system with kernel version
2.6.30.9.

All directory paths and file locations quoted in this appendix are relative to the root directory of
the accompanying CD. Running the commands in a MATHEMATICA notebook opened directly from
the CD will likely result in an error. The reason is twofold: firstly MATHEMATICA will try to change
the file, and the CD is write-protected; secondly, many notebooks use expressions that are loaded
from MATHEMATICA definition files, which are machine dependent. A solution would be to copy
the entire contents of the CD to some local directory and then regenerate the machine dependent
definition files. Detailed instructions are given in the README file in the root directory of the CD.

All the software on the CD was tested on the above-mentioned Linux platform. Any unexpected
success, as a result of running the software on another operating system, will be purely by chance.

Most of the routines described below were written as the need for them arose. The software
was never intended to be released commercially, or used for any other purpose than to facilitate the
calculations in this thesis. For these reasons many routines lack generality and adequate protection
from users not familiar with their intended use. It is likely that substantial performance gains can
be achieved for many of the routines. Particularly, the algorithm that calculates the components
of tensor expressions is slow, and does not factor tensors that occur with different coefficients. For

instance the components of A;;j; in an expression like
c1Aijrl + c2Aiji

get computed twice. A function that factorizes such expressions was written later (see the descrip-
tion of FactorizeTensors[ ] on page 74) and could easily be incorporated in the Components|[ ]
routine. In the calculations, FactorizeTensors[ ] is simply executed as a separate call before
Components|[ ].

To avoid confusion, the code examples, and command input and output, provided in this appendix

are reproduced without additional punctuation.

B.1 Cartesian tensor module

The module cTensor.m contains the routines that perform algebraic manipulation of Cartesian tensor
expressions. Only the routines available to the user are described here. Some comments (often of
limited helpfulness) regarding the usage of the private routines are contained in the source file.
After opening MATHEMATICA, and before any variables are defined, the module cTensor .m should
be loaded with the command
<< "mathematica/routines/cTensor.m"

The tensor subscripts are protected for obvious reasons, and are contained in the variable

70
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$PreferredSubscripts. The MATHEMATICA concept “Context‘” was discovered after a substan-
tial amount of code had been written. Placing the subscripts in their own context was not deemed
a priority. The only other publicly accessible variable is $cTensors, which contains a list of defined
tensors.

The available routines are listed in the next section with a brief description of their usage.

B.1.1 Routines in cTensor.m

e DefCT[A,r,{s}]
This defines a tensor A of rank r and symmetry s. The first two arguments are required.
The last argument is optional and should consist of a list of the positions of the subscripts that
possess symmetry. The symmetry list should list all pairs of subscripts that have symmetry, and
should make no assumption about any implied symmetry. Antisymmetric pairs are indicated by
a negative sign. The Kronecker delta (d;;) and the Levi-Civita tensor (g;;,) are predefined. As
an example, the fourth-rank electric dipole—electric octopole tensor for a non-magnetic molecule
(bijkl = bikjl = bijlk) would be defined as
DefCT[b,4,{{2,3},{2,4},{3,4}}]
Symmetry of pairs of subscripts is entered as a nested list. Thus, the electric quadrupole—electric
quadrupole polarizability tensor for a magnetic molecule (dj;;; = dj;;; = —djy;;) is defined as
DefCT[d,4,{{1,2},{3,4},{{-1,2},{3,4}}}]
The negative sign indicating antisymmetry can be placed before any of the positions in the last
set of braces.

Tensors that have been defined with DefCT[ ] are entered and used with the function notation.
For example, the expression di,,b;jkm is entered as
CT[6,{1,m}ICT[b,{i,j,k,m}]

The choice of tensor symbol is left to the user. Any symbol that can be used in MATHEMATICA
as a Symbol should work, including protected symbols, since the definition DefCT[ ] places the
symbol in the protected ‘Context’ cTensor ‘. Use of esoteric symbols and operators is, however,

discouraged.

e UndefCT[A]
Remove the tensor A from the list of definitions. To redefine a tensor, it should first be undefined,

before issuing a modified definition with DefCT[ ].

e SimplifyCT[expression,order,altorder]
Simplify a tensor expression. The second and third arguments are optional, and affect the way
in which products of Levi-Civita tensors are simplified. If an expression contains more than one
Levi-Civita tensor, these are simplified in pairs. The result often depends on the order in which
the pairs are evaluated. The order argument is a list of the three numbers 0,1 and 2. The
default is {2,1,0} which instructs SimplifyCT[ ] to first evaluate pairs of Levi-Civita tensors
that have two common subscripts, then one, and lastly any pairs with no common subscripts.
The last argument instructs SimplifyCT[ ] to try a different ordering of the pairs. The value of
altorder is either True or False (the default). Either order, altorder or both may be passed.

If both are passed, then the list argument must be passed before the True/False argument.

For example,
SimplifyCT[CT[5,{1,m}] CT[b,{i,k,m,j}]]

or, equivalently, in the often more convenient postfix form,
CT[5,{1,m}] CT[b,{i,k,m,j}] // SimplifyCT



72

APPENDIX B: COMPUTER ALGEBRA

produces
CT[b,{i,j,k,1}]

An example of the use of the optional arguments is given with the discussion of the function
CommuteCT[ ] below.

DisplayCT [expression]
Display a tensor expression in a more human-friendly way. A typical example of the use of
DisplayCT[ ] is

temp = CT[6,{1,m}] CT[b,{i,k,m,j}] // SimplifyCT;

% // DisplayCT
The above command stores the output from the SimplifyCT[ ] in the temporary variable temp
and displays

bijx
The output from DisplayCT[ ] should not be used in subsequent calculations.

Components [expression]
Evaluates the components of a tensor expression. For a tensor of rank r, the output is a list of
length 3". Thus the components of the second-rank electric dipole-magnetic dipole tensor G;;
can be computed with

CT[G,{i,j}] // Components
which produces

{cTlG,{1,1}], CT[G,{2,1}], CTI[G,{3,1}], CT[G,{1,2}],

crie,{2,2}], crlG,{3,2}], cTlG,{1,3}], CT[G,{2,3}], CT[G,{3,3}]1}

The routines DisplayCT[ ] and SimplifyCT[ ] are not overloaded to operate on lists. In order
to view the output from Components[ ], the next command should therefore be

DisplayCT /@ %
to produce

{G11,Ga1,G31, G2, Goz, G32, G13, Gaz, Gz}

ListComponents[ ]

In the example of the second-rank tensor G;; for the Components[ ] routine, it is easy to
recognize each component. Because the output of Components[ ] is a one-dimensional list, this
is not always the case, especially when subscripts are contracted. ListComponents[ ] shows
what components are present at each position in the list. The output of ListComponents[ ]
will vary according to the rank of the previously computed tensor expression, no matter which

function was employed.

GetTensorOrder([ ]

The symbols of the defined tensors are stored as a list. The symbol of each new definition is
appended at the end of this list. The order in which the tensor symbols are listed affects the
way in which dummy subscripts are assigned. The dummy subscripts appearing first in the
$preferredSubscripts list are assigned to the tensor which appears first in the list of tensor
symbols. This matters only when aesthetics are important. The next command can be used to
change this.

SetTensorOrder [{symbols}]
Define a new order for the list of tensor symbols. Execute the previous command and copy,

paste and edit its output into SetTensorOrder[ ] as desired.
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e CommuteCT [tensor,positions]
There are two versions of this routine which commutes tensor subscripts. This version, with
two arguments, commutes a pair of subscripts, indicated by the list positions, of the tensor
passed in the first argument.
CommuteCT [CT[G,{i,j}],{1,2}]
produces
CTIG,{j,i}] + CT[G,{u$1,v$1}] CTle,{i,j,w$1}] CTLe,{u$l,v$1l,w$1}]
When simplified, this version usually reproduces the original input. It can be useful when the

tensor multiplies a tensor expression involving Levi-Civita tensors.

e CommuteCT [expression,symbols,positions]

This version of CommuteCT[ ] commutes subscripts on different tensors. The expression can
consist of any number of tensors. The second argument is a list of the two tensor symbols whose
subscripts are to be commuted, and the last argument indicates the position of the subscripts
on each tensor. When the resulting expression is simplified, it usually produces the original
expression. Here use of the optional arguments to SimplifyCT[ ] can give different results.
For instance

CommuteCT [CT[G,{i,j}] CT[e,{k,1,m}],{G,e},{2,1}] // SimplifyCT[#,Truel&;

% // DisplayCT
gives

Gimejrt — GuEjrm + GikEjim
and

CommuteCT [CT[G,{i,j}] CTle,{k,1,m}],{G,e},{2,1}] // SimplifyCT[#,{0,1,2}1&;

% // DisplayCT
gives

Gik€jim — GindmEjin + Gindri€jmn + Ginbimerin — Gindji€kmn
There are several unresolved issues with the module cTensor.m. The main issues are briefly listed.

e When a first-rank tensor appears in a product of tensors, the subscripts on each factor are not

commuted. For instance, the expression

d;d;Gy; + did;G;
will not simplify to

2d;d;Gj.
To program the recognition of such symmetries, a product of first-rank tensors can be redefined
as an appropriate totally symmetric tensor. Until this has been implemented, a substitution
rule like

{CTld,{i_}¥] CT[d,{j_}] -> CcT[d2,{i,j}], CT[4,{i_}1"2 -> CT[d2,{i,i}]}
will convert occurrences of two first-rank tensors to a (predefined) symmetric second-rank tensor.

e The routines that order a tensor’s subscripts canonically, according to the symmetries of the
subscripts, has not been tested thoroughly for tensors of rank higher than four. There is,
however, no reason why they should fail. Likewise, symmetries of groups of more than two

subscripts have also not been tested.

e There is one known case where a symmetry combination is not simplified. This is an oversight
which has not yet been implemented. The expression €;;1d;;;; should evaluate to zero, because
the electric quadrupole—electric quadrupole tensor dy;;; = dji1, thus introducing symmetry in 4
and j. Such occurrences are rare, and can easily be addressed manually. Solving identities that

contain such combinations by comparing components does not affect the result.
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e When simplifying large expressions it is sometimes necessary to use SimplifyCT[ ] twice.

B.2 Miscellaneous functions

The module functions.m contains miscellaneous routines that perform operations on tensor expres-
sions. Only a few of the routines in this module are used in the calculations — these are described
below. The unused routines date from earlier experimentation and have not been purged for the
reason encapsulated in the well-known paradigm: “if it ain’t broken, don’t fix it”.

Some of the routines in functions.m depend on the routines in cTensor .m, which must therefore
be loaded first. After opening MATHEMATICA and loading the module cTensor.m, the functions.m
module can be loaded with the command

<< "mathematica/routines/functions.m"

The routines from functions.m used in the calculations are described in the next section.

B.2.1 Routines in functions.m

e GenerateCoefficients[int,string]
A simple macro to generate a list of length int of numbered symbols with prefix string. The
default of the optional argument string is "c".
GenerateCoefficients[3,"k"]
produces
{k1, k2, k3}

e FactorizeTensors [expression,string]

This function returns a list of two values. The first is a sum of all the unique tensor forms
in expression, each with a single coefficient constructed from string, the second is a list
of replacements rules that restore the original coefficients. The second argument is optional
and defaults to string="tmp". As an example, consider the expression for X;; in (5.33). If
expression is the right-hand side of (5.33), then

{expr,rule} = FactorizeTensors[expression];

expr // DisplayCT

rule
produces

tmpl Qij + tmp2 Sijkl + tmp3 5ij5kkll + tmp4 EiklR;‘kl + tmpb EjklR;kl

{tmpl — 1,tmp2 — —%uﬂ (¢4 — 5 — 6c16 — 12¢17 — 6e1g) , tmp3 — ...}
The factorization in the list for rule in the line above is artificial. MATHEMATICA has its own

idea about how humans wish to view the results.

e ExtractRelations[cc,coeff,list]
Returns a matrix, with columns corresponding to the coefficients coeff, and rows corresponding
to the relations of the components of the tensors listed in 1ist, from the matrix of components
cc. An example should make this a little clearer. Consider the tensor identity

c1Gij = 2Gij + 304G, (B.1)

which must be solved for the unknown coefficients ¢;, ca and c3. (The solution here is obvious.
However, when considering expressions with hundreds of terms, involving 5 tensors of different
rank in all possible combinations with isotropic tensors, the situation is different: Linear de-
pendencies creep in and a calculation that might take a human weeks to perform can be done
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in seconds on a computer.) The first step is to determine cc, the components of the difference

c1Gij — (2Gij + ¢30;;Grr). This yields a list of nine components

{=c1G11 + c2G11 + c3G11 + ¢3Ga2 + ¢3G33, c2Ga1 — c1Ga1, caG31 — ¢1Gay,
c2G12 — c1G12, —c1Ga2 + c2Gaz + c3G 11 + c3G22 + c3G33, c2Gaa — c1Gaa,
c2G13 — c1G13, c2Gag — c1Ga3, —c1Gaz + c2Gas + c3G11 + c3G22 + c3G33}, (B.2)

each of which must be equated to zero. In this case the coefficients coeff would be {c1,c2,c3},
and list a list of symbols in the expression, which here would be {G}. Since the components of
G; are in general non-zero, the first entry in (B.2) contains two distinct equations, —c1+ca+c3 =
0 and ¢3 = 0, and produces three entries in the returned matrix: {—1,1,1,0}, {0,0,1,0} and
{0,0,1,0}. In the above example, ExtractRelations[ ] returns a matrix with 15 rows, three
of which are unique. The result of

mm = ExtractRelations[cc,coeff,list] // RowReduce // DeleteDuplicates
for the above example gives mm equal to

{{1,-1,0,0},{0,0,1,0},{0,0,0,0}}
The next three routines used together translate the output from ExtractRelations[ ] to a
list of rules suitable for substitution into the original expressions, which usually would be either
the left- or right-hand side of (B.1).

e ListIndependents[mm,coeff]

Returns a lists of the dependent coefficients from coeff corresponding to the first non-zero
entries of each row in the row-reduced matrix mm. The name of the routine is historical. The
dangers of upsetting dependent routines in the code far outweigh the aesthetic advantages
gained by renaming it. With the value of mm from the example above

dcoeff = ListIndependents[mm,coeff]
returns dcoeff equal to

{c1, c3}

e MatrixToEquations [mm,coeff]
Returns a list of rules corresponding to the relations represented by the non-zero rows of the
row-reduced matrix mm, with columns corresponding to the coefficients coeff. With the value
of mm from the example above, and coeff = {cl, c2, c3},
rules = MatrixToEquations [mm,coeff]
returns rules equal to
{c1-c2->0, c3->0, 0->0%}

e RearrangeEquations([rules,dcoeff]
The output from MatrixToEquations[ ] cannot be used to make a substitution. The list of
rules returned by MatrixToEquations[ ] must first be rearranged with the dependent coeffi-
cients dcoeff on the left-hand side of each rule. Thus if rules is given by the output from the
previous example, and dcoef = {c1, c¢3}, then
replace = RearrangeEquations[rules,dcoeff]
returns

replace = {c1->c2, c3->0}

The routines described in this section are used in the various notebooks whenever tensor identities
are solved. A more realistic example is now presented to illustrate how these routines are used in
conjunction with each other. The comparison (5.28) is performed in the notebook 06-source.nb.

The essential code from this calculation is:
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coeff = GenerateCoefficients[30];

tensorlist = {x, b, d, H, L};

diff = (tildep - (chargelil] // SimplifyCT)) // Expand;

{expr, rule} = FactorizeTensors[diff];

cc = Components[expr] /. rule // Expand;

ExtractRelations[cc, coeff, temnsorlist];

mm = % // DeleteDuplicates // Expand // RowReduce // DeleteDuplicates;
rules = MatrixToEquations[mm, coeff];

dcoeff = ListIndependents[mm, coeff];

10. chargeRule = RearrangeEquations[rules, dcoeff]

For clarity, some of the lines above have been expanded in terms of the symbols used in the example

given in the explanations of the routines in this section. Use of the MATHEMATICA object % — which

represents the output from the previous calculation — has also been avoided. In case the above code

is not self-explanatory, comments are provided below.

1.

2.

10.

The 30 coefficients corresponding to the 30 unknowns in (5.23)—(5.27) are generated.

The symbols of the time-even tensors at electric octopole-magnetic quadrupole order that
appear in these expressions are placed in a variable. (This facilitates reusing the code in other

calculations).

. tildep is the name given to the right-hand side of (5.28) and charge[i] is a module containing

the expression for the charge density (5.1), corresponding to the left-hand side of (5.28). Note
that in the calculations this module is a first-rank tensor. This is because the field F; plays no
role in the comparison, and is therefore not included in the expressions for the charge density.
The MATHEMATICA function Expand[ ] is used liberally because the expressions often contain
substitutions, with the result that the substituted expressions are placed in brackets. Expanding

the expression can lead to cancellation of terms.

. This normally results in a shorter expression that is evaluated orders-of-magnitude times faster

by the routine Components[ ] in the next step (see the comment at the beginning of this

appendix).

. Construct a matrix corresponding to the components of the difference of the left- and right-hand

sides of (5.28).

. Extract a matrix of the relations that are required for each component in the matrix cc calcu-

lated in Step 5, corresponding to the difference in Step 3, to be zero.

Perform a row reduction on the output from the previous step and delete duplicate entries.

. Convert the matrix of relations to a set of rules.

. Make a list of the dependent coefficients that will be substituted out of the initial expressions.

Create a substitution rule from the list of relations and the dependent coefficients.
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Isotropic tensors

An isotropic tensor is a tensor that is invariant under rotation. It can be shown [53] that the only

isotropic tensor of rank two is the Kronecker delta

1=
5ij_{0 it (C.1)

The only isotropic tensor of rank three is the Levi-Civita tensor [53]

0 if any two subscripts are equal
gijk =1  if ijk is a cyclic permutation of 123 (C.2)

—1 if ¢jk is an anticyclic permutation of 123,

where, for Cartesian tensors, 7, j and k = 1,2 or 3.

C.1 Identities

The following identities between the Kronecker delta ¢;; in (C.1), and the Levi-Civita tensor &;j
in (C.2) are readily established:

€ijk€lmn = 6il (5]m5kn - 5jn5km) + 5zm(5]n5kl - 5jl5kn) + 5zn(5jl5km - 5jm5kl); (03)
€ijmEkim = Oik0j1 — 03105k, (C.4)
EiklEjkl = 205. (C.5)

To prove (C.3), one first establishes that any repeated subscripts in the sets ¢, j and k, or I, m and
n, yield zero for the right-hand side of (C.3), as is required by the left-hand side, and that both sides
are antisymmetric on exchange of any two subscripts in either of these sets. Because the subscripts
can be permuted cyclically, it then suffices to consider components for a particular case, ijk = 123
say. The identity (C.4) follows from (C.3) by setting k = n in (C.3), and (C.5) follows from (C.4) by
setting j = [ in (C.4).

The identity (C.4) can be employed to obtain a useful relation that interchanges any two subscripts

of a tensor. It is sufficient to consider a non-symmetric second-rank tensor 7j;:

Tij =T+ Ty — T
=Ty + (0i1051 — 0:10 %) T
=Tji + €ijmErim Tl (C.6)
Consider the product €;;,7;. If any subscript of the Levi-Civita tensor, k say, is swapped with the
subscript of Tj, then (C.6) yields
giikTl = €ijiTh + ErtwEnvw (EijuTy), (C.7)
with similar expressions when ¢ or j are swapped with [. Use of (C.4) with the product eyvwEiju

in (C.7) yields the identity
ik Tl — €jmTs + erdy — €13;Th = 0. (C.8)

7



78 APPENDIX C: ISOTROPIC TENSORS

C.2 The number of isotropic tensors

The isotropic tensors of even rank N > 2 are products of N/2 Kronecker deltas, each with distinct
subscript permutations (after taking into account the symmetry d;; = d,;). A particular subscript can
combine in (N — 1) ways with the other subscripts on one of the Kronecker deltas in each product.
Each such combination leaves (N — 2) subscripts to be assigned on the remaining N/2 — 1 Kronecker
deltas. Repeating this procedure, and using the product rule for combinations, shows that for even
N there are

(N-1)x(N-=3)x---x3x1=(N-1! (C.9)
such permutations. For example, there are three isotropic tensors of rank four
5ij5kl7 5ik5jl and 5il5jk- (ClO)

For rank six there are 5 x 3 = 15 combinations and for rank 8 there are 105 combinations. A method
to generate these tensors is given in Section C.4.

The number of linearly independent combinations of isotropic tensors of even rank differs from (C.9)
for N > 8. It can be shown that for tensors of even rank N = 2p, the number of linearly independent

isotropic tensors is [54]

S (20)!(2p —3p+ 1)
(2p —2q +1)lglg!

1+ (C.11)

qg=1

A method to generate a linearly independent set of isotropic tensors of even rank greater than six is
outlined in Section C.5.

The isotropic tensors of odd rank N > 3 are products of (N — 3)/2 Kronecker deltas and a

Levi-Civita tensor. The subscripts on each Levi-Civita tensor can be selected in

()=

ways. Once the subscripts on each Levi-Civita tensor are assigned, there remain (N — 3) subscripts
which populate the Kronecker deltas. Thus for isotropic tensors of odd rank N > 3 there are
N! _ NN —4)!!

g WD = T (C.12)

combinations with distinct subscript permutations. The combinations obtained in this way are not
linearly independent because of the relation (C.8). The number of linearly independent combinations
of isotropic tensors of odd rank N = 2p + 1 is [54]"

—  (2p+1)(3¢ —2p)
— (2p—2q+1)lg!(g+ 1)1

(C.13)

Q

For example, there are 10 isotropic tensors of rank five with distinct subscript permutations, six of

which are linearly independent:
€ijkOtms  €iji0kms  €ijmOkls EikiOjms EikmOji  and €m0k (C.14)

Four equivalent linearly independent sets can be obtained from (C.14) by permuting the subscripts
cyclically. A method to generate a linearly independent set of isotropic tensors of odd rank greater

than three is outlined in Section C.5.

TThe expression for the number of basic tensor products of odd rank in the paper of Boyle and Matthews [54]
contains a typographical error and should read (2p + 1)!/[3 x 2P(p — 1)!], instead of (2p + 1)!/[3 x 2P!(p — 1)!]. It is
straightforward to show that for N > 3, (2p + 1)!/[3 x 2P (p — 1)!] = NI(N — H!I/[(N — 3)!3!], where N = 2p + 1.
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C.3 General isotropic tensors

If Ig)} is the i*? linearly independent isotropic tensor of rank r, then the most general isotropic tensor

of rank r is

N’V‘

Ipy =Y oIy, (C.15)

i=1
where ¢; are arbitrary real coefficients and N, is the number of linearly independent isotropic tensors

of rank r. The calculations in Chapter 4 require general isotropic tensors, with linearly independent

terms, of rank four to eight. These are (see iso.nb):

T4y = c10450k1 + c20ik 051 + 30105k, (C.16)
Itsy = c10jk€im + c20j1€ikm + €30jmEikt + Cadki€ijm + C50kmEiji + C601mEijk, (C.17)
Itey = ¢10i0k10mn + €20i50km0in + 30i50kn0im + 40ik0j10mn + €50ik0m0in
+ €60ik0nOtm + 1010 jk0mn + 8016 jmOkn + €90:10jr0km + €100im 5k 0in
+ €110im0510kn + €120imjndkt + €130in0jx01m + €140in0510km + €150in0jm Ik, (C.18)
Ii7y = C10knOipEijm + C20k10npEijm + C30kpOmnEiji + Ca0knOmpEijt + C50kmOnpEiji + C601pOmnEijh
+ €701 0mpEijk + C801mOnpEijk + C90jkOimEinp + €100k0nEimp + €110k 01pEimn
+ c120m0knEitp + €130k0mnEilp + €140jmOkpEitn + C150;50mpEiln + €160 0kpEilm
+ 170k 0npEitm + €180n0imEikp + €190;mOinEikp + €200510mnEikp + C210p01mEikn
+ 220 jm O1pEikn + C23010mpEikn + €240;p0inEikm + €250 01pEikm + C260510npEikm
+ 270 p0mnEikl + €280 jnOmpEikl + €290 jmOnpEiki + €300knOimEijp + €310kmIinEijp
+ €320810mnEijp + €330kpOimEijn + C340kmOipEijn + C350k10mpEijn + C360kpOinEijm (C.19)
Iigy = 1050 jmOknOip + €20iq0jmOkpOin + €30iq0jnOkiOmp + €40iq0inOkmOip + €50iq0jn0kpOim
+ ¢60ig0ipOkiOmn + €70iq0pOkmOin + €80ig0ipOkndim + €90ij0kndigOmp + €100:50kpOngdim
+ €110i0kpOinOmq + €120i§0kp0iqOmn + €130 0kgOnpOim + €140:50kq01n0mp + €150i50kq0ipOmn
+ 160ik010mgOnp + C170i60jm01q0np + €180:10jn0pqOim + €190ik0in01g0mp + 200510 jp0ngOim
+ 21030 p0indmqg + €220i105p01g0mn + €230:10;q0np0im + €240ik05401ndmp + €250i£05¢01p0mn
+ 260110k 0mn0pqg + C270i10 1 OmpOng + 28010k 0mqOnp + €200i10m OkgOnp + 300510 jn0kmIpg
+ 31041050 0kqOmp + €320i10 jpOkm Ong + €330i10jpOknOmqg + €340410p0kgOmn + €350i10jqOkm Onp
+ ¢360i10q0knOmp + €370510,0kpOmn + €380im Ik 01n0pq + €390im 61 01p0ng + €400:50k1OmqOnp
010 8181g0mp + C120m 810k Ong + C130m8110kpOng + C100m8110kgOrp + Ca30imSimOkiOng
+ 460im0jn0kqlip + Ca70impOkidng + €480im ipOrndiq + €490im0ip0rqOin + c500im0;q0kiOnp
+ ¢510im9q0kndip + €5205m 05q0kpdin + €530in0;k0pq0im + 5405 0101p0mq + €550in 05k 0140mp
+ ¢560in010kmOpg + €570in0510kpOmg + €580in010kgOmp + €590in0jm OkiOpg + C600indjmSrpdig
4 C610in05mBrgSip + C620in050k10ma + C630in010kmta + Coa0ind0ngSim + Co50inbja0kiOmp
+ €660in0q0kmO1p + €670in0;q0kpOim + C680ip0;kOngOim + C690ip0ikdinbmq + €700ij0km S1g0np
+ e710ip0k01g0mn + €720ip0;10kmOng + €730ip010kn0mq + €720ip0;10kqOmn + €750ip0m Ok1Ong
+ ¢760ip0jm OknOiq + €770ip0 jmOkqOin + €780ip0jnOki0mq + €790ip0indkmdiq + €800ip0jnOrqlim
+ €810:j0kn0pqOim + €820ip0;5q0k10mn + €830ip0;q0kmOin + €840ip0ig0kndim + €850iq0;k0npOim
+ €860ig0jk01n0mp + €870iq0k01pOmn + C880iq0510kmOnp + €890ig0j10knOmp + €900iq0;iOkpOmn
+ €910iq0jm Ok10np- (C.20)
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In the next two sections, methods to obtain sets of basic isotropic tensors of rank r > 3 are
presented. A method to reduce a set of basic isotropic tensors to a linearly independent set is
described in Section C.6. The methods employ MATHEMATICA and are contained in the notebook

isotropic.nb.

C.4 [Isotropic tensors of even rank

Isotropic tensors of even rank are linear combinations of products of Kronecker deltas with distinct
subscript permutations. The procedure to generate a complete set of isotropic tensors of even rank
is equivalent to populating the Kronecker deltas of each product with distinct subscripts. This can

be achieved as follows:

1. Generate all the subsets of length two from a set of unique subscripts corresponding to the rank

of the tensor required.
2. Generate all the subsets of length %rank from the set of pairs generated in the previous step.
3. Remove all the subsets with repeated subscripts from the set generated in Step 2.

The above procedure can be programmed in one line, but is computationally expensive:

Select [DeleteDuplicates /@ Flatten /@ Subsets[Subsets[

Take [$PreferredSubscripts, rank],{2}], {rank/2}], Length[#] == rank&]

(To generate isotropic tensors by the method above is impractical for rank greater than 10, because
in Step 2 unneeded subsets are generated.)

Avoiding redundant computation makes the algorithm more complicated, but reduces computa-
tion time dramatically. The procedure consists of a while loop that starts with four subscripts which
are incremented by two until the required rank is attained. The procedure is as follows (the output

corresponds to that from the generation of the sixth-rank isotropic tensors):

1. Generate the subscripts of the isotropic tensors of rank 4 using the previous method, or input
them directly. Store this set in a variable (previous) to be used in each subsequent loop.
previous = {{i,j,k,1},{i,k,j,1},{i,1,j,k}}

2. generate an inverse ordering of previous using MATHEMATICA’s Ordering[ ] function.
order = {{1,2,3,4},{1,3,2,4},{1,4,2,3}}

3. Increment the number of subscripts by two and generate a set of subscripts of this length.

subs = {i,j,k,1,m,n}

4. Choose any subscript from the set generated in the previous step. Create a set of pairs of
subscripts, each pair containing the selected subscript and one subscript from the rest of the
set. (The number of pairs is one less than the number of subscripts.) When the selected
subscript is i, then

subsets = {{i,j},{i,k},{i,1},{i,m},{i,n}}

5. Loop the subscript pairs from Step 4.

(a) Apply the ordering of Step 2 to the complement of the subscripts from Step 3 and the pair
being looped (only the first complement is reproduced below).
complements = {{k,1,m,n},{k,m,1,n},{k,n,1,m}}

(b) Distribute the pair into the corresponding set of ordered complements.
{{i,j,k,1,m,n},{i,j,k,m,1,n},{i,j,k,n,1,m}}
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(c) Join the output into a single list
sublist = Join[sublist,{{i,j,k,1,m,n},{i,j,k,m,1,n},{i,j,k,n,1,m}}]

6. Store the resulting set as previous.

previous = sublist
7. Increment the rank by two (if the required rank is greater than six) and continue with Step 2.

The second method is 23 times faster for rank 8 than the first method, and 247 times faster for rank
10. The first method uses all available memory (4 Gb) for rank 12 and higher. The second method
generates the 135135 isotropic tensors of rank 14 in about 20 seconds. There are 2027025 rank-16
isotropic tensors: these take about five minutes to generate and use 65% of available memory (see
Appendix B).

C.5 Isotropic tensors of odd rank

Obtaining all the permutations of odd rank, by combining a Levi-Civita tensor with a product of
Kronecker deltas, is a simple extension of the method used for even rank. Here one generates all the
subsets of length three. Each subset is then distributed into the even-rank isotropic tensors obtained

from the complement of the set of subscripts and the subset of length three.

C.6 Linearly independent sets of isotropic tensors

The sets of isotropic tensors of even rank greater than six, and of odd rank greater than three, are
not linearly independent because of the relation (C.8). Because the odd-rank tensors all contain a
Levi-Civita tensor, this is obvious. For even-rank tensors, the reason is less obvious and is easiest

illustrated by example. Consider the identically zero combination

— Big0ip0knOim + Gip0igOhnOrm + GiqOinOkpOim — Oiniq0kpOim
— Bip0 i OkgOim + 0indpOkaOrm + GiqBipOkmOm — OipdjqSkmdin
— 81q0mOkpOim + Gim8iqOkpOin + Oip®imOkgOin — GimipOkqdin
— 8180 OkmOip + 0in6q0kmOip + 6iq0imOkndip — GimiqOknip
— 8in0jmOraOtp + GimBinOkaOip + SipOinOkmdia — Gin6p0hmOig
— 650 5mOkn0iq + GimOipOknOig + 6injmOkpOia — GimOinOkpdlg. (C.21)

By means of the identity (C.3), (C.21) becomes
Eijk (5lm€npq - 5ln€mpq + 5lp5mnq - 5lq€mnp); (022)

which, from (C.8), is zero.

Recognizing all the relations such as (C.21) to reduce the 105 basic isotropic tensors of rank 8
to a linearly independent set as in (C.20) is a formidable task. The following algorithm describes a
method to obtain a linearly independent set of isotropic tensors using MATHEMATICA.

1. Form a matrix of the components of each isotropic tensor in the linearly dependent set. The
rows correspond to the isotropic tensors, and the columns are the components. For rank five

this is a 10 x 243 matrix, and for rank seven a 105 x 729 matrix.

2. Generate a unique symbol for each isotropic tensor in the linearly dependent set and place these
on the diagonal of a unit matrix. (Better performance was attained, and less memory used,

when prime numbers were used instead of unique symbols.)
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3. Form the augmented matrix from the matrix of components obtained in Step 1, and the matrix

of symbols obtained in Step 2, and perform a row reduction.

4. The first row, that contains zeroes in the first 3""% columns of the matrix obtained in Step 3,
corresponds to the first dependent. For rank five, this is row seven, which has the form
{0,0,...,0,1,0,0,0,-%,%,-% 0,0,0}
The denominator is the symbol corresponding to the first dependent isotropic tensor, the other
symbols correspond to independents. Each of the rows, that contain zeroes in the first 3721k
columns, therefore represents a relation between one dependent and other independent isotropic

tensors. Construct a list of symbols corresponding to the dependents from the denominators.

5. Construct a list of symbols corresponding to the independent isotropic tensors from the com-

plement of the symbols from Step 2 and those from Step 4.

6. The independent isotropic tensors can now be obtained from the symbols corresponding to
them.

7. If required, the linearly independent relations between the isotropic tensors can be obtained

from the rows with zeroes in the first 3"*** columns identified in Step 4.

The major drawback of the above method is that the matrix of components consists of 3% columns,
plus an additional number of columns corresponding to the number of symbols, given by (C.12).
MATHEMATICA takes 3% seconds to row reduce the matrix for rank seven. For rank 9, the matrix
consists of 1260 rows and (19683 + 1260) columns. The time taken to row reduce the augmented
matrix for rank 9 was just over three hours, and the memory used about 2 Gb. The method described
above failed for rank 10. The isotropic tensors of rank 10 in the notebook iso.nb were determined
by making small improvements, like using prime numbers as described in Step 2 above, and using
lists for the Kronecker and Levi-Civita tensors instead of defining them as tensors. Sensible use
of sparse matrices should make it possible to determine linearly independent sets of higher-rank
isotropic tensors if needed. This author is not aware of published results for linearly independent sets

of isotropic tensors of rank seven or higher.

C.7 Isotropic tensors contracted with symmetric tensors

In the calculations of linear independence, tensors with different symmetries are considered. When a
general linearly independent isotropic tensor is contracted with a tensor that has intrinsic symmetry,
some terms yield zero, and some terms acquire the same symmetry. Before linear independence can
be established between tensors with intrinsic symmetries, the general isotropic tensors must therefore
be modified accordingly.

In general, it is not sufficient to contract a symmetric tensor with a general isotropic tensor and
then to remove duplicate terms and those that yield zero. It is possible that the intrinsic symmetry
of the tensor introduces linear dependences, which must also be removed. Consider, for example,
the electric quadrupole—electric quadrupole tensor d;;;. In the calculation of linear independence at
electric octopole-magnetic quadrupole order for non-magnetics, the corresponding invariant tensor
Jijkl is contracted with seventh- and eight-rank isotropic tensors to obtain linear combinations of
rank three and four, respectively. The seventh-rank general isotropic tensor consists of 36 terms, and

simplification of

Iijklmnpdlmnp (023)
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yields
C1€ijk Aimim + €285k Dimm + C3€i1Akmim + C4€i1Akimm + C5€ikidjimm + C6€ikidjmim + Cr€itmdjtkm -
(C.24)
The terms in (C.24) are, however, not linearly independent because
Eitmjtem = 3Eijkdimim — 3€ijkQumm — €ijidkmim + €ijidiimm — Eikidjimm + €ikidjmim-  (C.25)

To establish linear independence of the invariant tensor Jijkl, the relation (C.25) must also be taken
into account. The seventh-rank tensor with which Jijkl must be contracted, has only six terms. If
the last term is eliminated, then the seventh-rank general isotropic tensor in the calculations of linear

independence at electric octopole-magnetic quadrupole order for non-magnetics is

Cl(slp(smngijk + 025lm6np€ijk + C35kn61p€ijm + C45kl6np€ijm + C55jn61m5ikp + 065jm61n5ikp- (026)



Appendix D

Mathematical structure

The theory reviewed in Chapter 2 describes the interaction between a physical cause (the fields,
their gradients and time derivatives), and a physical effect (multipole moments, source densities).
The relation between cause and effect is described by a property tensor, which is in general origin
dependent. The source densities (3.21) and (3.22) are origin independent due to a Van Vleck—
Buckingham type cancellation of the origin dependences of tensors of the same multipole order in their
expressions [6-8]. However, the property tensors ©;;; and ®;; which appear in (3.21) and (3.22) are
not origin independent (Chapters 3 and 4). In this appendix a procedure is described to determine
the combinations of the polarizability tensors that yield invariant property tensors like ©;;; and
®;151, whilst leaving (3.21) and (3.22) unchanged.

In order to find origin-independent combinations of polarizabilities, one needs to solve tensor
equations consisting of linear combinations of property tensors (of different rank and contracted with
appropriate isotropic tensors — Section D.2). Because tensors are completely described by their
components, any identity must hold for each component. Thus a tensor identity of rank r in D
dimensions yields D" simultaneous linear equations. At higher multipole order, the equations involve
tensors of higher rank (some of rank four at electric octopole-magnetic quadrupole order). The
number of equations and unknowns involved makes manual solution a formidable task. Computer
algebra packages are able to simplify this task, at the same time minimizing human error.

It is expedient to adapt the standard tensor notation (Section D.1), to allow generalization of the

results from multipole theory (Chapter 2), and to facilitate the computer calculations.

D.1 Notation

In this section, notation is introduced that facilitates generalization of tensor expressions, particu-
larly when these are infinite sums. The notation introduced here was conceived for the purpose of
expressing the relations in Sections D.2-D.4, and the results in Appendix F. This author is not aware

of similar notation in the literature.

1. Combinations of Cartesian tensors Tjji..., where 4,7, k,... = 1,2 or 3, are considered.

2. If the tensor subscripts are not explicitly needed, the notation 7', is used for a tensor of rank
r. Thus

Ty = Tij- (D.1)

3. When considering a product of tensors, the positions of the free indices and dummy indices
are indicated using a list notation. The free subscripts are given by the unmatched entries in
the lists of subscripts of the tensors in the product, and contracted subscripts are indicated by
equal entries in the same positions. Thus, the outer product of a fifth-rank and a third-rank

tensor is written as
Aijkim Brim = Ag2.3yBo,3}- (D.2)

84
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The first position in the subscript list of A is unmatched in the list of B, indicating that A has
two free subscripts. The number of subscripts in the second positions are matched, indicating
that these are contracted. The rank of each tensor is the sum of the entries in its subscript list.
As a further example, the vector potential (2.7)

Ai(T‘, t) = E€ijk {%Bj((),i)?"k =+ % [VlBj(’I’,t>]0Tle =+ é [valBj(’I’,t>]OTle7’m + - }

can be expressed as

7
A = ——B _ _11, D.3
{1} 5{1,1,1}; (,u + 1)! {0,1,0,u—1}7{0,0,1,u—1} ( )

where
[VijVl .. 'Bi(r7t>]0 = Bijkl.., = B{H}’ (D4)
TiTiTk o = Tijk... = T{U}. (D5

All trailing zeroes in the subscript lists can be safely omitted (i.e. A;1y = Af1,0,0,03)-
4. Tensors are labelled with a counter in round brackets: T{(i)_} is the i*® tensor of rank r;.

5. Isotropic tensors of rank r are denoted Zy,.;. The most general linearly independent combination
of isotropic tensors of rank r is (see Appendix C)

N
_ (i)
Iy =Y eIy, (D.6)
i=1

where ¢; are arbitrary real coefficients and N, is the number of linearly independent isotropic

tensors of rank 7.

6. Origin-independent tensors are indicated by a tilde. If T7,, is an origin-dependent tensor of

rank r, then T{T} is the origin-independent linear extension of T%,y (see Section D.3).

D.2 Linear independence

Tensors of different rank can be compared by forming products with other tensors to form tensors of
the same rank. In order to preserve the behaviour of the tensors under rotations of the reference frame,
these products should be with isotropic tensors. The tensors A;; and B;;; have a linear dependency
if, for instance, €;j1 A = ké;jBry, where k is a constant. To eliminate all such possibilities, it is
necessary to consider contractions of tensors of different rank with the appropriate general sets of
linearly independent isotropic tensors as described below.

Consider a set of tensors {Tf;)}} of different rank with ¢ = 1, 2, ..., N and r; > 2. If the set

{r;} = U{r;} represents the set of distinct ranks of the Tfi)}, the most general linear combinations

for each rank r;, constructed from {Tfiz}} and isotropic tensors, are given by

N
G _ (4)
A{J?“j} - ZI{TJ"”}T{O,T.;}' (D.7)
i=1

Equation (D.7) consists of two sets of equations. For each unique tensor rank r; there is a sum
consisting of D™/ simultaneous equations in cgj ) unknowns, where D is the physical dimension (three
for Cartesian tensors), k =1, ..., N,gj), and N,EJ) is the sum of the number of linearly independent

isotropic tensors of rank r; + r; for each i.
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Consider, for example, the set of tensors
1) (2
{sz])»vT~{(3%} = {4, Biji}- (D.8)
Here N = 2 and the distinct ranks are {ri, 72} = {2,3}. The two linear combinations in (D.7) are

1 _ (1) ()
A{rl} - I{TlaTl}T{O,rl} + I{Tlﬂ“z}T{O,rz}

1 2
= 1{272}T{(0,)2} + 1{213}T{(0,)3} (D.9)
and
(2 _ (1) (2)
A{rz} - I{T21T1}T{O,r1} + I{T27T2}T{0,7v2}
_ (1) (2)
= 1{372}T{072} + I{B,B}T{013}7 (D.10)
which are equivalent to
Az('gl‘) = Lijai Art + Lijrim Brim, (D.11)
and
Az(]QI)v = Lijkim Atm + Lijkimn Bimn, (D.12)

respectively. Equation (D.11) consists of 32 = 9 equations, each with N, ,gl) =3+ 6 =9 unknowns ¢
(see (C.16) and (C.17)). Equation (D.12) consists of 3% = 27 equations, each with N,EQ) =6+15=21
unknowns ¢, (see (C.17) and (C.18)).

The tensors {T{(:_)Z}} are linearly independent if each A) = 0 only for the trivial solutions

I =o. (D.13)

If rmax is the maximum {r;}, the question of whether it is sufficient to consider only the linear
combinations Ay, . 3 has not been considered. In practice, it is easier to first consider the linear
combinations of smallest rank, as is done in Chapter 4. Linear independence of the combinations of
higher rank then follows in a straightforward way due to the relations required by linear independence
of the combinations of lower rank.

D.3 Origin independence
A tensor T of multipole order n is translationally invariant if it has the property
AT™ =0, (D.14)

where A is a substitution operator that replaces T™ by its change T™ — T™ due to a shift of the

coordinate origin. In general
AT™ = f(T™) £ 0, (D.15)
where n > m > 1,
AT! =0, (D.16)

and f is a linear function of tensors (of lower multipole order) contracted with isotropic tensors, and
products of the displacement of the origin d (see (2.64)—(2.79)).
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At each multipole order, there is a finite set of polarizability tensors T (see (2.38)—(2.53) and
Table F.1). Origin-independent extensions of T{(Z_)} of the form

T =10+ 9 (T T ) (D.17)

are determined such that the T{(?} are linearly independent, T{(?} and T{(i ,)} are of the same multipole
order and g is a linear function of I{T,T/}T{(g)r,}. Furthermore, the extensions T{(:_)} must yield observ-

ables that are unchanged when they are used in place of the origin-dependent T{(Z)} in expressions for

origin-independent observables (the bound source densities, Chapter 4).

D.4 Basis tensors

For a given rank, at a particular multipole order, an infinite set of linear combinations can be con-
structed from the finite set of the origin-dependent polarizabilities combined with isotropic ten-
sors. In order to determine origin-independent linear extensions of the polarizability tensors of the
form (D.17), it is helpful to first determine a set of origin-independent tensors that form a basis for
the subset of all origin-independent tensors at a particular multipole order.

In general, there can be more than one polarizability tensor of a certain rank at each multipole
order (for example, for a non-magnetic molecule at electric octopole-magnetic quadrupole order there
are two fourth-rank tensors b;;x; and d;jx;, two third-rank tensors H) ik and L/ ik and one second-rank
tensor xi;)-

To obtain linearly independent sets of tensors, linear combinations corresponding to each rank
from the subset {r;} of the distinct ranks U{r;} are constructed according to (D.7). Each linear

combination in (D.7) can be made origin independent by making the replacement

T — AT® (D.18)
and solving the resulting equations,
@ _
AN =0, (D.19)

for the unknowns in the general isotropic tensors Iy,y. Substituting these solutions back into (D.7)

one obtains

2

A= (ET{()}) ; (D.20)

i=1

i
T

where each ¢; multiplies an origin-independent expression T{( )‘}.
J

By the nature of the construction (D.7), the sets of tensors T{(g} span the set of origin-independent

tensors at each multipole order. The process of reducing this spanning set to a set of linearly
independent basis tensors is tedious and best performed with algebraic manipulation software such
as MATHEMATICA. The calculations at electric quadrupole-magnetic dipole order for non-magnetic

and magnetic molecules are presented in Appendix E and Section 4.4.1, respectively.



Appendix E

Sample calculation of basis tensors

At electric quadrupole—magnetic dipole order for a non-magnetic molecule, linear origin-independent
expressions are constructed from the polarizability tensors G;j and a;jx (which depend on the choice
of coordinate origin) and combinations of the isotropic tensors ¢;; and e;;5. The obvious way to
proceed is to add linear combinations of G;j and a;ji, formed with d;; and €41, to each polariz-
ability tensor G’Z—j and a;;; until an origin-independent expression is found. This approach is not
feasible, primarily because it does not provide a systematic way to obtain a span of the set of all
origin-independent combinations. Instead, linear combinations of rank two and three are constructed
from G7;,
dence (D.19) is then imposed on the linear combinations. The resulting expressions (D.20) contain

a;jr and general isotropic tensors according to (D.7). The condition of origin indepen-

unknown (arbitrary) coefficients ¢;, each multiplying an origin-independent expression. The resulting
set of origin-independent expressions spans the set of origin-independent combinations that can be
constructed from a linear combination of ng and a5, contracted with isotropic tensors. To determine

basis tensors, this set is reduced to a linearly independent set.

E.1 General expression

At electric quadrupole—magnetic dipole order there are two time-even polarizability tensors, ng and
a;jr (Chapter 2). General expressions of rank two and three constructed from ng and a;ji, after

taking into account the intrinsic symmetry a;jr = a;i; (see Table 2.1), are given by

Aij = LijGly + wlijrimarim
= 104G, + 2Gij + 3G + wlcagijuaru + cs€ijrir + Coeikianjt), (E.1)
Aiji = 5 Lihim Gl + Lijhimn Gimn
= % (CléjkEilmGgm + CQEile;—l + CgEile;j + C4Eile§d + C55ile;k + CﬁgijkG;l)
+ craijk + c8ajix + Corij + c10dijaru + c110;5a1k + c120ik a1

+ c130ikarji + cradjram + 150 k0. (E.2)

The factors w and L in (E.1) and (E.2) have been introduced to ensure that the coefficients c; are
dimensionless.

The origin dependences AA;; and AA;;;, are obtained by replacing a;;x and Gj; in (E.1) and (E.2)
by their origin shifts (2.66) and (2.69). Origin independence is now imposed by requiring AA;; =0
and AA;j; = 0. For the second-rank expression (E.1), this requires (see 02-basis.nb)

Cqy = %627
5 = 302, (E.3)
cg = _%(CQ + C3),
and hence (E.1) yields
Aij = lei(jl) + C2Ti(j2) + CBTi(JS)v (E.4)
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where
T = 0;Giy. (E.5)
Ti(]@ =G — Lw(eijraru — gijram + ikiarjt), (E.6)
Ti(f’) = G;i - %wsiklakﬂ. (E.7)

The relation (E.7) is an obvious starting point: it is just v;;, the transpose of the origin-independent
tensor v;; defined in (4.24). It is straightforward to show that

Ti(jl) = 0;;Vkk (E.8)
(because vii, = GY,,) and
2
T = vy, (E.9)
To obtain (E.9), the identity
ikl Akil = Eijk kil — Eijkikl + EiklQhjls (E.10)

based on (C.8), was used.

Similarly, origin independence of (E.2) requires (see 02-basis.nb)
cr = —3(c2 + ¢34 ca+cs),
g = %(04 + ¢5),

C9g = %(02 +¢3),

) (E.11)
C10 = —C11 = —3C3,
C12 = —C13 = _%053
Cl4 = —C15 = *%(Cl —C3 — 05)-
Then, (E.2) yields
Riji = e TG + e2T5) + eaTif) + eaTi) + e T + ey, (E-12)
where
7:1(]1]2 = jksilmGEma (E.13)
f;(f,ﬁ = einGl — sw(air — akij), (E.14)
j}(ﬂ) = e Gly — sw(aijr — arij + dijarn — dijams — Ojram + Ojrai), (E.15)
T;(j4k = ¢cijiGr — %W(aijk = ajik), (E.16)
j}(fk = ei1G, — 2w(ain — ajir + Sikaju — Sikarji — djkai + djkai), (E.17)
T = einGyy (E.18)
It is straightforward to show that,
72(]1;3 = 0jkEilmVim, (E.19)
71(]2;3 = j}(;fj) = EiklVjl, (E.20)
jl(fk) = jl(;?j) = EiklVlj, (E.21)
T = eijron. (E.22)

The tensor v;; therefore spans the set of all origin-independent tensors that can be constructed
from linear combinations of G;j and a;;, with the aid of isotropic tensors. Here, linear independence
is trivial as there is only one basis tensor; v;; is a basis for the origin-independent tensors constructed
from the time-even tensors at electric quadrupole-magnetic dipole order. These apply in linear,
homogeneous media: in non-linear, inhomogeneous media, origin independence is achieved in other
ways [7, Section XII].



Appendix F

Generalized results

The expressions quoted in the literature, corresponding to the results reviewed in Chapter 2, often
obscure the origin of their derivation, since general forms in terms of the perturbation order are not
given. In this appendix, generalized results are presented for these results using the notation described
in Appendix D. These expressions are useful when they need to be incorporated in computer code,
as well as to generalize the results to higher multipole orders.

In this appendix, the symbol ¢; is used for the electric dipole moment operator; thus ¢; = p;. The

short-hand notations

TiTiTk o = Tijh.. = T{u}, (F.1)
[VijVl ... Ei(’l“, t)]o = FEijn.. = E{#}, (FQ)
[VijVl ...Bi(’l“,t)]o = Bijn... EB{u}, (F3)

are implied throughout (see (D.4) and (D.5)).
Use of the potentials (2.7) and (2.8) in the perturbation Hamiltonians (2.3) and (2.4) yields

1
HY = q¢ - Z:l o [4tuy By +my By ] (F.4)

and

2
2 H M
H( ) = *221 (M T 1)! (2,u — 1)(M T 1)!X{1,1,M—1,u—1}B{1,0,u—1,0}B{0,1,0,u—1}
u=

2u+1/71 (u+v+1

I X{1,1,0-1,u4v—13 B{1,0,u—1,03Bfo,1,0, u4v—13 | »  (F.5)

where the generalized electric multipole moments are given by

N
_ a), (a)
Gy =D 4" (F.6)
a=1

Generalized magnetic multipole moments are given by

2p v(p+v)
- 2B F.7
My = M} + T ; (Wt+v—1)w+ 1)!X{21#+V 2} P{o,v}> (F.7)
where
N (@)
_ q B0 @) (), (@)
M} = z_:l 2m@ 1+ 1 {T{o,u iy T o 1}} (F.8)
and
(@) g1 @)7] e
X{2.u} = Zl 2m@ 1+ 2 {T{2} —0g2) (r ) }r{o,#}' (F.9)



F. 1. EXPECTATION VALUES
F.1 Expectation values
Generalized expectation values for electric multipole moments are
Ty =q\ +Zl P po 4+ ipa foo i g Lpam g
Upy = Yy A2 {00} T Dy R0 T Py PLowy Ty Pl
and for magnetic multipole moments
— _ (0) 1 rpmq E 1rPan E rpmm+B 17)/mmB
Miuy = My + Z; a0y T =P rny Bowy T Py Bloay T =P Blowy | -
v=1

Here qgi)} and mﬁ)} are the permanent electric and magnetic 2#-pole moments,

Ply = 7 LS o ZaRe { (g )y, (0101),0 )

s#n

2
Pl =% ; WZan I G ) s (G001 ) o}
Pl = I ; wanZsnRe {(auy ) g (M401) 4 } 5

. 2
Py =~ 2 wZanIm {(mgu),, (403 g0 }

s#n
P{H,V} Z wan5n7—\)E {<m{ﬂ}>n5 <m{V}>5n} ’
s;ﬁn
mm 2
P%H,V} = _%} ; wZS'”Im {<m{#}>ns <m{V}>sn}

and

2uv (a*)
mm+ __ () @)
P{u,u} P{u vyt (n+1)(r+1) Z om(a < { T2} + 5{2} ( ) } "0, utv— 2}>m :

[e3%

For example, Pf{z‘il} = aj, ’P"{Jfﬁg} = bjjr and P«l{]g,l} = byijk, etc.

F.2 Origin shifts

Generalized origin shifts for electric 2#—electric 2 polarizabilities are

n—1 (7) v—1 (K)
K A
APE Ly =D (1" D Pl i + (DN Y PHLydon
s P (x) = 2\
—1lv—1 (tz) (;)
l<a A
5 3) YETEED S DL I
St P (k) Z(N)
u>1 v>1
p-l (%) v—1 (X)
qq A qq
AP/{%V} Z Z P/ {u—kr l/}d{Kl} - Z(*l) Z P/{u,y—)\}d{o,)\}
st} P(r) At P(N)
—1lv-1 ) (
n A
+ZZ " ZZP{M K,v— )\}d{ka/\}
k=1 A=1 K)é@ A)

p>1 v>1
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(F.10)

(F.11)

(F.12)

(F.13)

(F.14)

(F.15)

(F.16)

(F.17)

(F.18)

(F.19)

(F.20)
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In (F.19) and (F.20), the sums with the symbol Z?(\) in the lower limit denote that the sums are
taken over the permutations of A. The upper limit simply counts the number of permutations and is
redundant. Consider for example the time-even electric dipole—electric octopole polarizability tensor
bijr given by (F.12) with ¢ = 1 and v = 3. The origin dependence Ab;jx; is given by (F.19). The

first and last sums in (F.19) are zero because p = 1; thus

2 ()
Abijrr =Y (=1 > Pl .y dion
=1 PN
3 3
== Plydon+ Y Piiydosy
P(N\) Z(N)
= _(aijkdl + aijidy + aikldj) + oujdid; + airdidp 4 aydjdy. (F.Ql)

The electric quadrupole—electric quadrupole polarizability requires all three sums, and perhaps pro-
vides a better example. Consider the origin dependence Ad;jkl of the time-odd tensor; (F.20) with

uw=v =2 gives

2 2 2 2
Adjjy = AP G0y == Y P'llodpy + Y Plndon + Y > Pligday
P(x) 2\ P(r) P(N)

= _(a;kldj + a;kldi) + a;jkdl + a;jldk + a;kdjdl + a;kdldk + Oé;ldjdk + a_/jldidka (F22)

where a};; = ay;..
Generalized results for the multipole polarizabilities involving matrix elements of the magnetic
multipole moments are not given, as it is unclear what the general form of the origin dependences

for the magnetic multipoles are (see Appendix A).



‘ m ‘ Multipole order Multipole moments Polarizabilities ‘ N, ‘

. . a
1 Electric dipole Di + 1
€1€1
9 Electric quadrupole— m Qijk Géj 9
magnetic dipole Pis digy T eles  eymy
3 Electric octopole— TR bijrr ikl H{jk ngk Xij 5
magnetic quadrupole v EY v eles  esey  e1Ma  egmi  Mmimi
. eles  eses
4 Electric hexadecapole— . 6
' 0 gin O s s 1M oMo eamm.
magnetic octopole Di Qi Qijk Qijkl i Mij Mijk 1Mz eama  e3my
m1ma
, ejes eseq  eses
5 Electric 2° pole — . 9
_ 0 g O g s T - 1A €oMma  exlls el
magnetic hexadecapole | P 47 dijk dijki Qijkim i Mij Mgk Mijkl 1Myg  €2M3  €3M2  €4M]
mimg  M21Ma2

Table F.1: Multipole moments and polarizabilities for a non-magnetic molecule. The notation in the fourth column refers to the multipole moments occurring
in the matrix elements of the molecular polarizabilities (e; for electric dipole, es for electric quadrupole, m; for magnetic dipole ete. See (2.38)—(2.53)). The
last column is a count (IV,,) of the number of polarizability tensors at each multipole order.

Note that for even multipole order

m m— 2
Non <2>+(m )+< . ) om — 2 (F.23)
and for odd multipole order
1 —1
N,, = <%> +(m—1)+ <mT> —2m 1. (F.24)

€6



Appendix G

Tensor components

Consider a Cartesian tensor of rank r which has no symmetry. Then the number of components is
3". For a totally symmetric tensor, the number of independent components equals the number of
combinations of the subscripts with repetitions allowed (order is irrelevant). This is the multiset of

size r that can be selected from n elements, given by [55]

(T“;fl). (G.1)

Here n corresponds to the range of values which the subscripts can assume: for a Cartesian tensor,

this is always three. The number of independent components of a totally symmetric Cartesian tensor

NT<T+3_1). (G.2)

r

is therefore

G.1 Totally symmetric tensors

For a second-rank tensor, which is symmetric in both subscripts, No is equal to the multiset of size

two selected from three elements; that is

()t o

For a third-rank tensor which is symmetric in all three subscripts, N3 is equal to the multiset of size

three selected from three elements; that is

Ngz(?’*gl):(g)z?ﬂ(;i!g)!:w. (G.4)

For a fourth-rank tensor which is symmetric in all four subscripts, V4 is equal to the multiset of size

four selected from three elements; that is

N4:(4+i_1):(2):ﬁ:15. (G.5)

G.2 Tensors with partial symmetries

A third-rank tensor symmetric in two subscripts can be viewed as the product of a first-rank tensor
and a second-rank symmetric tensor. The first-rank tensor has three independent components, each of
which combines with the six independent components of the second-rank symmetric tensor. A third-
rank tensor symmetric in two subscripts therefore has 3N, = 3 x 6 = 18 independent components.

A fourth-rank tensor symmetric in three subscripts can be viewed as the product of a first-rank
tensor and a third-rank totally symmetric tensor. Thus a tensor like the electric dipole—electric
octopole molecular polarizability b;jr; has 3N3 = 3 x 10 = 30 independent components.

A tensor like the time-even electric quadrupole—electric quadrupole molecular polarizability d;ju
requires some care. Consider first two different second-rank symmetric tensors. Each has six indepen-

dent components, so their combination would produce NoNy = 6 X 6 = 36 independent components.
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Now consider the combination of a second-rank symmetric tensor with itself. One must now subtract
from the 36 independent components when the tensors are distinct, the number of (unordered) sub-
sets of length two that are formed from the six independent coefficients of the symmetric second-rank

tensor. The number of independent components of a tensor like d;;; is thus

6 6!
36 — =36— ——— =36—15=21. G.6

( 2 ) 21(6 — 2)! (G6)
Alternatively, the 36 components of two different second-rank symmetric tensors can be regarded as
the components of a 6 x 6 matrix. When the two second-rank tensors are the same, the 6 x 6 matrix

is symmetric. A symmetric 6 x 6 matrix has 362;6 + 6 = 21 independent components.

G.3 Antisymmetric tensors

The diagonal components of an antisymmetric second-rank tensor are zero. The number of inde-

pendent components of a second-rank antisymmetric tensor, like the time-odd electric dipole—electric
éjv
nents. A second-rank antisymmetric tensor thus has 6 — 3 = 3 independent components.

dipole tensor o ., can therefore be obtained from (G.3) minus the number of zero diagonal compo-

The time-odd electric quadrupole-electric quadrupole tensor is antisymmetric in a pair of sub-
scripts: dgjkl = d;’ikl = _d;clij' From the 21 independent components of the symmetric time-even

counterpart d;;x; described above, must therefore be subtracted six, corresponding to the six symmet-
U

ric diagonal components of d;k. The tensor d;;;, therefore has 21 —6 = 15 independent components.



Appendix H

Building blocks

Origin-independent tensors (building blocks), with symmetries corresponding to the time-even and
time-odd molecular polarizability tensors at electric quadrupole-magnetic dipole and electric octopole—
magnetic quadrupole order, are listed. Where there are linear dependencies between the building
blocks, the relations are given. The calculations used to construct the building blocks, and to verify
their linear independence, are contained in MATHEMATICA notebooks. The notebooks are named
according to the molecular polarizability tensors for which the building blocks are constructed in a
consistent, and hopefully obvious, manner. Thus the notebooks containing the calculations used to
obtain (H.1)—(H.8) for the building blocks of the time-even tensors at electric quadrupole-magnetic

dipole order are in the directory e2m1-nm, and are named bbG.nb and bba.nb.

The building blocks listed in this appendix are used to construct general invariant precursor
expressions corresponding to the molecular polarizabilities at electric quadrupole-magnetic dipole

order (Sections 4.3 and 4.4) and electric octopole—magnetic quadrupole order (Chapter 5).

H.1 Electric quadrupole-magnetic dipole order:
Non-magnetic molecules

H.1.1 Building blocks for G’;j

The building blocks for é;j are constructed in the notebook bbG.nb.

é/(l) = Vij, H.1
G® =y, H.2
G;(g) = 5ijvkk (H 3)

H.1.2 Building blocks for a;;,

The building blocks for a;;;, are constructed in the notebook bba.nb.

a\V = eijvm + cimvjr, (H4)
Zu(f) = €ijiVik + EikiVij, )
de’) = 0jkEilmVim, (IL6)
al") = 6ij€kimVim + Oik€jim Vim., (H.7)
where
ald —a® —2a® 1 & = 0. (H8)
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H.2 Electric quadrupole-magnetic dipole order:
Magnetic molecules

H.2.1 Building blocks for G

The building blocks for C:‘Z-j are constructed in the notebook bbG.nb.

Gy = wy,
ég) = Wji,

G = 5w,

(4
GW = eijpshu.

H.2.2 Building blocks for a;,,

The building blocks for dgjk are constructed in the notebook bba.nb.

~/(1

au(j ) = EijlWkl + EikIWji,
~1(2

au(, ) = EijlWik + EiklWL ,
~/(3

al$® = 8k imWim,

~/(4
@Y = 6 kimWim + i€ jimWim,
where

a'(V —a'® —2a'® 4 M = 0.
a® = Sijk,
a'® = 65500 + Oisju,

~/(3
as( ) = 5jk5ill-

H.3 Electric octopole-magnetic quadrupole order:
Non-magnetic molecules

H.3.1 Building blocks for y;;

The building blocks for X;; are constructed in the notebook bbx.nb.
)Z(Ql) = Qij,
1) = 6, Qu,

(1
ng/) = w(em Ry + ejuRin)

~(1
ng) = wSijkk,

)2592) = w?8;;Skkui-

H.3.2 Building blocks for szkz
The building blocks for Bijkl are constructed in the notebook bbb.nb.

E(Ql) = (60 Qij + 6,1 Qik + 6,1 ar)-
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b(l = Lleijm(Rimi + Rir) + Eikm (Rt + Rijmt) + €itm Rk + Rl
b2) = L(esimRium + citmRpm + itmRiom);

b(g) L(6jkCitm + 0j1€ikm + Oki€ijm) Ripmn

5(4) L(8ik€itm + 0j1€ikm + Oki€ijm) Ruypm»

b = Lt (65t Rimm + 0 Rlemm + 06 R )

6(6) =1 R;mn (6jk5lmn + 6jl€kmn + 5kl€jmn);

where

B — 22 4 25— 5D — o,
B _ b 4 5 — 50 — o,

B(l) = Sijki,
b<2> = 8,k Sitmm + 01Sikmm + Ok Sijmm,
= 0iSjkmm + 0ikSjimm + 0iiSkimm,
Y= (0i0k1 + 0ik0j1 + 010k ) Smmnn.-

H.3.3 Building blocks for d;j

The building blocks for Jijkl are constructed in the notebook bbd.nb.
J(Ql) = L(51';' Okt + 01 Qij),
43 = L (6 Qi + 0u Qi + 81 Qut + 611 Quk)s
JS) = _5ij5lemmv
J(S) = L (651 + 610jk) Qmam-

d%/) = [Ezkm (R le]) + €ilm (R mk ;vm_])

+ Ejkm (R lez) + Ejlm (R - ?cmz)]’
J(Q) - %[51] (Ekmanmn =+ Elmanmn) + 5kl (EimnR;mn =+ E]'mn,r\)‘gmnﬂv
d(s) %[Ezmn (5]lemn + 5]1kan> + €jmn (5“97?’;"171 + 511R;cmn)

+ €kmn (611R]mn + 6Jlemn) + Elmn(élkRJm" + 6]kRzmn)]
where
1) 2)  503)
d%) +2d2) —d) =o.
Jg) = Sijklv
42 = 653 Skimm + Okt Sijmm,
dS = 0ikSjimm + 5uSjkmm + OjkSitmm + 61Sikmm,
ng) - 5ij5kl8mmnn7
JS)) = (5ik5jl + 51153k)8mmnn

H.3.4 Building blocks for ng K
The building blocks for L iji are constructed in the notebook bbL.nb.

é) = L (eim Q)i + &ju Qi)

(H.34)

(H.54)
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L =Riy, (H.55)
212
L = i T Riis (H.56)
/(3 = 0ij Rt (H.57)
/(%) = iRl + 03k Rin, (H.58)
/(5 = 6ij Rk (H.59)
L/(S) iRy + 0k R (H.60)
LY = w(emSiimm + €jxiSitmm)- (H.61)
H.3.5 Building blocks for H,
The building blocks for H Z-’jk are constructed in the notebook bbH.nb.
Hgl) = 5%‘1 Qxt, (H.62)
ﬁg) = SemQji, (H.63)
flg” = e Qi (H.64)
Flé‘” = LeinQu, (H.65)
where
/(D) g2, 3 gr4)
a0 - a8+ a8 - a5Y =o. (H.66)
f{’(l) _ ! (H 67)
R = Mgk .
D = Rl (H.68)
;é::)) - ]km (H69>
7/51) = 0;j Rhur> (H.70)
H;S’ = iR, (H.71)
H;é? = 0k Riu, (H.72)
7/57) = 0ij R, (H.73)
A = 64Ryy;, (H.74)
7/5?) = 0K Rii- (H.75)
Y = weijiSimm, (H.76)
Y = weiaSjimm, (H.77)
ﬁ§3> = WEkiSilmm (H.78)
H:g(4) = WEijkSitmm, (H.79)
where

ﬁgl) _ ff:g@) i Hé(S) _ g:g(ﬁl) —0. (H.80)
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H.4 Electric octopole-magnetic quadrupole order:
Magnetic molecules

H.4.1 Building blocks for x;;

The building blocks for )Z;j are constructed in the notebook bbx.nb.

~1(1) _ A~

Xorm = =iy

T = wei R,

O = weijnRuk,

)2/7({3) = w(eim Rk — €jrRikt),

where

) =+ =

H.4.2 Building blocks for ¥/ ikl

The building blocks for B;J  are constructed in the notebook bbb.nb.

b = (0149 + 6, Q + 6,6 Q).

= Lleijm(Rimi + Rimk) + Eikm (Rjmi + Rjmi) + Eitm (Rjmk + Riemy)],
%(Emeklm + €ikmRijim + EiimRjkm),
= L (8k€im + j1ikm + Oki€ijm) Rumnn.
1(4) = L (0jk€itm + 8j1Cikm + OkiEijm ) Runm,
b;<§> L i (855 Rimn + 851 Rpmn + 01 Rojmn ),
0 = LR (8jkEtmn + 1 kmn + ki jmn),

b7(37) [Ejmn (6szlmn + 611kan) + Ekmn(éz]len + 6le]mn) + Elmn(éz]kan + 6sz_]mn ]

where

B 95 1 95 —FD =0
O W L FE) 5O

H.4.3 Building blocks for dw Kl

The building blocks for Jg ki are constructed in the notebook bbd.nb.
ng) = (0w Qj + 00 Q. + 06 Q5 + 0,190

I = Leim (Rimi + Rimy) + itm (Rjmic + Rimj)
+ €jkm (Rimi + Rimi) + €jim Rimk + Riemi )]s
(EikmRjim + €itmRjkm + €jkmRitm + €jim Rikm )5
(0j1€ikm + 0jkEitm + 0i1€ jkm + 0ik€jim ) Rmnns
(0j1€ikm + 0jkEitm + 0i1€ jkm + 0ik€jim ) Rnnm.,
815 (EkmnRimn + EtmnRimn) — Okt (EimnRjmn + €jmnRimn )],
Eimn (0 Rimn + 051 Rkmn) + €jmn (0ik Rimn + 0it Riemn)
— €kmn (Ot R jmn + 0jiRimn) — €tmn (0 Rjmn + 0k Rimn )],

\\
= A=

m o e oa ©

2 2 £ &£ =

EI’—' EI’—' E|>—‘ E|>—‘ El'—‘

[
[

(H.86)

H.87)
H.88)
H.89)
H.90)

1)

(
(
(
(
(H.
(H.92)
)

(H.93)
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where
CZ;(;’) d 7(4) + d/(6) 0, (H.103)
CZ;(;) _ 2‘%(22) . Qd;(;’) + d;(;i) -0 (H.104)

H.4.4 Building blocks for Eijk

The building blocks for iijk are constructed in the notebook bbL.nb.

Ly = LemQ +m Q) (H.105)
LE) = 2 (Ginjim + 05itm) Qi (H.106)
Ly = L6:i€him Qi (H.107)
where
Qi(gl/) — ig/) + QINZ(QB,) =0. (H.108)
LY =R, (H.109)
LY =R + Rini, (H.110)
Ly = 6, Ruu (H.111)
LY = 6uRju + 6 Rau, (H.112)
Ly = 6ijRu, (H.113)
LR’ = 6iRuj + 0 Rus. (H.114)
H.4.5 Building blocks for H;j,
The building blocks for ﬂijk are constructed in the notebook bbH.nb.
a2y = Lei Q. (H.115)
HE) = LeaQ), (H.116)
HE) = LemQh, (H.117)
ay) = l5z'j€k:lmQEW (H.118)
H(S) = 5 0ik€itm Q. (H.119)
HS,) = —5ik6ﬂszm- (H.120)

There are four relations (each between three building blocks) between the building blocks involving

Q};, of which three are linearly independent.

A5 - "S) + 2S) =0, (H.121)
2H(Q1,) AS) + a5 =0, (H.122)
2H(2)+H(4) ~AS) =0, (H.123)
205) + HS) — H( S =o, (H.124)

where

2(H.121) = (H.122) — (H.123) + (H.124). (H.125)
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Yy = Rije, (H.126)
1Y) =Ry, (H.127)
Y =Rk, (H.128)
HY =6, R, (H.129)
HY = 64Rju, (H.130)
HY =6, Rau, (H.131)
A9~ 5, Ru, (H.132)
A = 5, Ru;, (H.133)
A = 6, Rus. (H.134)



Publications

The publications on which the research presented in this thesis is based are reproduced in this

appendix. Details of the contributions to these publications by this author are:

1. O. L. de Lange, R. E. Raab, and A. Welter. On the transition from microscopic to macroscopic
electrodynamics. J. Math. Phys., 53, 013513 (2012).

The calculations in this publication were jointly carried out by the three authors. The results
were checked using the software described in Appendix B. The MATHEMATICA [19] modules
that contain the routines used to perform the calculations were conceived, coded, implemented
and debugged by this author.

2. O. L. de Lange, R. E. Raab, and A. Welter. Translational invariance, the Post constraint and
uniqueness in macroscopic electrodynamics. J. Math. Phys., 53, 073518 (2012).

The results presented in this paper are dependent on the origin-independent basis tensors Q;;,
R; ik and S;jz:. These tensors were conceived by this author, and the method used to derive them
was developed and implemented by this author. The calculations of the origin-independent ex-
pressions corresponding to the molecular polarizabilities X, bijki, dijki, L} ik and H{j presented
in this publication were performed by this author using the method described in Section 5.1,
and the software described in Appendix B. Linear independence was first used by this author
in the calulation of Q;;, R;jk and S;j1, and was applied to the polarizability tensors without
realizing the significance, which had to be pointed out. Subsequently the method to estab-
lish linear independence using isotropic tensors, described in Appendix C, was developed and

implemented by this author.

3. A. Welter, R. E. Raab, and O. L. de Lange. Translationally invariant semi-classical electrody-
namics of magnetic media to electric octopole-magnetic quadrupole order. J. Math. Phys., 54,
023512 (2013).

This publication is a sequel to the second publication above and the same comments apply. The

basis tensors here are Q’Z—j and R
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