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Influence of a Magnetic Field on Line Intensities in the Optical

Spectra of Free Molecules

David L. Andrews* and Alexander M. Bittner

School of Chemical Sciences, University of East Anglia, Norwich NR4 7TJ, UK

Results are derived, by an analysis based on irreducible Cartesian tensors, for the change in line intensities in
the optical spectrum of a free molecule under application of a static magnetic field. Consideration is specifically
given to the cases of electric dipole-allowed, magnetic dipole-allowed and electric quadrupole-allowed tran-
sitions, and distinctions are drawn between their behaviour. Magnetochromic effects are identified in connection
with both plane and circularly polarised light. In the case of an electric dipole-forbidden transition excited by
application of a plane-polarised beam, the differential absorption signal should be sufficiently large to be readily
measurable. Suitable candidates for study are the analogues in chiral systems of magnetic dipole-allowed

transitions in parent molecules of higher symmetry.

Introduction

Application of a static magnetic field can influence the optical
absorption properties of free molecules in a variety of ways.
Many of these are associated with the removal of spin degen-
eracy known as Zeeman splitting, where the combined gyro-
tropic effect of the magnetic field and electromagnetic
radiation can lead to an apparent chirality manifest for
example in magnetic circular dichroism (MCD). However,
even where lack of spin degeneracy makes Zeeman splitting
impossible, MCD persists through a direct magneto-optical
interaction (the Faraday B-term).! A number of other such
magneto-optical effects arise in connection with the transmis-
sion of light, principally Faraday rotation and the Voigt
effect.2> Magnetic field-induced polarisation effects also
occur in Raman scattering.*-> The theory of such processes is
a very active area of research. Indeed it is only recently that
the first definitive calculation of the Verdet constant, which
characterises Faraday rotation, has been accomplished® even
for molecules as simple as H, and D, .

Magneto-optical effects connected with conventional pho-
toabsorption have been the subject of extensive theoretical
treatments by other authors.”-® Particularly interesting is the
magneto-chiral dichroism which can arise, not least in the
case of excitation with unpolarised light.® In this paper
magneto-optical effects are considered with particular refer-
ence to transitions which are allowed through multipolar
(magnetic dipole and electric quadrupole) interactions with
the radiation. Magnetochromic effects are identified through
calculations based on the methods of molecular quantum
electrodynamics,® and explicit expressions for the differential
absorption are given in terms of irreducible Cartesian
tensors. The results suggest that anomalously large differen-
tial absorption signals can be expected in the case of certain
electric dipole-forbidden transitions.

Theory

The leading terms in the coupling between radiation and
molecules in the presence of a static magnetic field are as
follows;

H,=—¢'p-d—m-b—¢e;'Q:Vd"—m-B (1)

int

where p is the electric dipole operator, m the magnetic dipole
operator and Q is the electric quadrupole operator. The radi-
ation field is characterised by its electric displacement field
operator d' and magnetic field operator b; B is the local

static magnetic induction field. Quadrupolar and higher
order interactions with the static field are ignored on the rea-
sonable assumption that it is spatially homogeneous over
molecular dimensions. It is also assumed that higher orders
of the multipolar interaction with the radiation contribute
negligibly.

The intensity of any given line in the optical absorption
spectrum is as usual obtained from the Fermi rule expression
for the absorption rate;

2
r= 7" (A Meol25p b))

where the angular brackets denote the molecular rotational
average required for a fluid sample. In eqn. (2), p is the
density of states and My, is the matrix element given by the
perturbation series expansion;
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Here the subscript s denotes the fact that all states and ener-
gies refer to those of the system comprising the molecule and
the radiation. The initial state of the system can thus be
expressed as |0, =|0; n) and the final state as [f,) = |f;
n — 1>, where the ket |a; b) designates the molecule in a
state |a)> and the radiation in a state with b quanta of radi-
ation.

The two terms M}y and MY in eqn. (3) are usefully rep-
resented by time-ordered diagrams as shown in Fig. 1. In Fig.
1(a) the molecule proceeds directly from its ground state |0)
to its final state |f) by a multipolar interaction with the radi-
ation in which a single photon is annihilated; this corre-
sponds to the static field-independent term M{Y. In Fig. 1(b),
the incorporation of a horizontal line designates an addi-
tional interaction with the magnetic field, which may take
place either before or after the radiative interaction. The cor-
responding intermediate states are thus [r; n) and |r; n — 1).
The two diagrams of Fig. 1(b) together represent the field-
dependent term M{Y: the two other second-order pos-
sibilities involving either two radiative interactions or two
static interactions are excluded on the grounds of the energy
conservation requirement E;, = hw, where  is the circular
frequency of the radiation.

In order to ascertain any effect upon the absorption inten-
sity due to application of the magnetic field, we need to
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(a)

(b)

Fig. 1 Time-ordered diagrams for magnetochromism: (@) absorp-
tion of a photon without perturbation by the magnetic field, (b) pho-
toabsorption with linear magnetic field perturbation

evaluate the rate difference AI' given by;

Al = — <IM‘” MR1*>p — <|M‘”I2>p

4 _
x f Re{MPM2>p @

Evaluation of the leading correction term is sufficient for our
purposes; terms associated with the modulus square of M2
will be of much smaller magnitude. The change in spectral
line intensities is most conveniently characterised by the
dimensionless parameter y = AI'/T" which is thus given by

¥ =2 ReKM@MH /I M 12 ©)

To evaluate the numerator and denominator of eqn. (5)
based on eqn. (1) and (3) requires application of the following
mode expansion for the electromagnetic field at a position

r:to
1/2
di(r)=i} (h—gk—ag) [eP(k)aP (k)
k, A 14
x exp(ik - r) — e Vk)atPk)exp(—ik - r)]  (6)
br)=i Y ( - )m[b‘*’(k)a“’(k)
e \2e0cV
x exp(ik * r) — bBP(k)atPKexp(—ik - r)]  (T)
where

BYP k) = & x eP k) ®)

Here k denotes the wavevector, ¥ the polarisation vector
and at”(k), a'¥(k), the corresponding creation and annihi-
lation operators. In terms of a right-handed set of unit
vectors, i, j, K, the polarisation vectors are for plane polarisa-
tion;

e=0;b=j )
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and for circular polarisation;
el = L G+ 1); bV = 1 (—it+}))
J2 ’ J2

e® = 1) p® HL (10)

Finally, V in eqn. (6) and (7) represents the quantisation
volume, which contains n photons.

In the general case the following results are obtained for
the matrix elements M{y):

M = MAXED) + MEM1) + MUXE2) (11)

where, adopting the convention of implied summation of
repeated indices, we have

nhck
MYEL) = ( ) e (12)
2e0 V
hk 1/2
M(M1) = —1(2: cV) miop? (13)
0
nhek¥\/?
MUE2) = ( ) Q10 k, e (14)
2,V) W

for a molecule arbitrarily located at r = 0; here and elsewhere
brackets enclosing subscripts denote symmetry with respect
to index permutation. For M{2 we need only consider contri-
butions associated with an M1 interaction with the static
field. Thus we have

M@ = ME(M1; E1) + MP(M1; M1) + ME(M1; E2) (1)

where

M@(M1; El) = 1(%) GiB, e (16)
M2(M1; M1) = i( Z;hfvj)mmfai b 17)
M@(M1; E2) = — (;:jk; )m 0 B,k ef (18)

The molecular tensors involved here are defined as follows;
) (——Emfﬁw + /[E_,;,O) (19)
-t e

where the prime on each summation denotes exclusion from
the sum over virtual states |r) of the initial and final states
|0)> and |f). To simplify subsequent calculations it is worth
noting that whilst the tensors Gy and MY, in general have no
index symmetry properties, quk) is both symmetrlc and trace-
less with respect to its j, k indices by virtue of the transition
electric quadrupole moments from which it is constructed.
For transitions between non-degenerate states, the tensors
G and J© are imaginary, whilst H™ is real. Finally, it is
worth noting that H™ and J'° are typically smaller than G*°
by a factor of the order of the fine structure constant.

Results

First we give the general result for the case of a |f) « |0
transition which is E1, M1- and E2-allowed; special cases of
forbidden transitions are examined subsequently. In general
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we have, from eqn. (5) and (11)}(18);
7 = 2B Re{ —c*uf°G'y VB, e’ — cul®HYY B, b
+ickuo TG, B2l . k.ed — cm®G% bMB e
m{°Hp b‘.”B-I;}‘“ + ickm{®J5,) bPB .13,‘ én
ik QI GLY K, ePB, 2D — ickQ!S, L K, B, B
—c?k? f.‘}) k(lm)E e(“Bk El e
x (cHtOH0eMe® + c,uforhf-oe‘.“l;‘.“
+ i’ mPe PP — ic? k0L, e‘“E el
+icZkpt® L‘}c,e“’le e + mmrh‘-"bwb(‘)
—ickmf° Q1% bk, & + ickmf®Qf% bPk; e
+ QI O, K, ek, 20y ! 22

To evaluate the various terms in eqn. (22) requires applica-
tion of standard methods for tensor rotational averag-
ing,''~'* based on the assumption that the quantum
structure of rotational motion is not resolved; results will
therefore apply to all liquids, matrix-isolated species of
random orientation, and gases under low spectral resolution.

It transpires that because of the index symmetry in the
electric quadrupole moment, the E1-E2 and M1-E2 cross-
terms in the denominator of eqn. (22) vanish, and the remain-
ing results are as follows:

e i0
(UG ePB ey = s Gl 3 COS & 23)

CHR eMBBYY = —4uPH e, cos ¢ (24)
ke ,8‘1) ea)B Ek @y = Tol JT,‘?M cos ¢ (25)
(m°GY b B, ey = tmfP G €4y COS @ (26)

<mi°H bMB; by = mmeO €4y COS @ 27

. i0
(mi T b, & = — ;—0 MOl cos ¢ (28)
QG kiel"B, 8Py = 4019, G cos ¢ (29)
<Q<u) Ex emBk bm) = Q(l,.) Hﬂﬁ cos ¢ (30)
<Q(u) k(lm)le e(“BkE e‘“) =3n Q:)?u)ﬂ?uo) B}.vo Cos ¢ (31)
O FEeMEPy = pOE? (32)
_ 0
CUmPeb + c.od = = WS + ce. (33)
<mf0 f()b(l)b(l)> — memt/'lO (34)
<Q(u) Q(kl)ﬁ e?)ék el)')> 10Q(Am (lu) (35)
where
+1 (left c.p.l)
—ik-(exe)=4=0 (plane pol.) 36)
= —1 (right c.p.l.)
and
cosp=Kk-B (37

In eqn. (36) 8 can be identified with i¢ as defined elsewhere.!®
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The final result for y is most usefully expressed in terms of
irreducible cartesian tensor components. In this framework
the electric dipole transition component 4152 is expressed as
17, the magnetic componcnt m,1 as mi!*) and the electric
quadrupole component Q, as Q{7), the superscripts denot-
ing weight and parity. Decomposing the reducible tensors
G'°, H® and J° using standard formulae of irreducible
tensor calculus,'*1¢ we thus obtain;

y = 2B cos ¢p[Re{5cul' H\ Ve, — Sem DG e,
+3ckOm TR + 3ck0QEZVHEY
+Im{5c20us TG ey, — 3ckul DTS
+50m$! VH\ e, + 3¢2kQE G
00T e, )1

x [10c?! Dt =) — 20c8 Im g it

10mE ) 4 KRG (3®)
where
HYD = 36,800, Hip (39)
HED = 3(HY + HY) — 36, HY (40)
Iy = 160302 piony + 304, I oy — 20, Tt (41)
J g;.v) = églut[zsﬂat J :z(()av) + 28pa1v p(ﬂr)]

+ Esuw[epn oty T €paa J f;(()m] 42)

and the expressions for G{, 7, GZ ™ have the same structure
as eqn. (39) and (40).

The result of eqn. (38) applies to transitions in molecules of
arbitrary symmetry and under arbitrary polarisation condi-
tions. It is, however, worth considering the special results
which arise in the cases of excitation with plane and polarised
(0 = 0) and circularly polarised light (8 = +1).

Plane-polarised Excitation

El-allowed
+3ck Im(QE,) G — ! T3] “3)
E1-forbidden

(2+) (2 )
3ck Im 025G i
-5 Re m{ G e,
BCZkZQ(Z-H . Q(2+) + lolm(1+)l2

The products between tensors of opposite parity in eqn (43)
and (44) attest the fact that changes in absorptivity are only
to be observed in chiral molecules, where they are entantio-
merically specific.” However, in such species, there are no
symmetry constraints to exclude E1 contributions to tran-
sitions which are M1-allowed. Interest is therefore limited to
cases where the E1 transition moment is negligible for other
reasons (see Discussion). Results precisely equivalent to eqn.
(43) and (44) arise in the case of excitation with an unpo-
larised source.

y = 2¢B cos ¢

(44)

Circularly Polarised Excitation

The general result here is less simple, but of more general
application. Of particular interest are the specific results for
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the differential change in absorption associated with
reversing the helicity of the beam.

El-allowed

L .. 2Bcos¢

VoV R Im 4§ G4 ey, 45)

This result applies rigorously if the transition is M1- and E2-
forbidden, as for example in the case of a transition of A,,
symmetry in a D_, molecule; it also holds approximately if
M1- or E2-contributions are present.

El-forbidden
¥ —y® = 4B cos ¢
3ck Re (my! *’fj‘_ﬁ:), + QG VHZ)
+Im(Sm DAY e, + QRN T 80,)
10|m" +){2 + 3C2k2Q(2+) . Q(2+)

(46)

The above equation simplifies further if a transition is (@) M1-
allowed but E2-forbidden as for example in an A,, transition
in a molecule of D, symmetry, or (b} E2-allowed but M1-
forbidden, as in the case of an E,, transition in such a mol-
ecule. Results (45) and (46) reflect the Faraday B-term
magnetic circular dichroism which is observed in achiral
species without any lifting of spin degeneracy.! Here the
chirality apparently manifest by the molecule results from a
gyrotropic dressing by the combined influence of the radi-
ation and the applied magnetic field. This interpretation is
attested by the fact that repeating the calculations for the
case of an applied electric field yields a vanishing result, a
conclusion validated by considerations of parity and time-
reversal symmetry.!7-18

Discussion

The most obvious features of the general result, eqn. (38), are
its linear dependence in the leading order of perturbation
theory on both the magnetic field and on cos ¢. The latter
shows that application of the field parallel to the irradiation
direction produces the largest effect, as in Faraday rotation
and MCD, and should therefore be the experimentally pre-
fered configuration.

It is instructive to estimate the size of the effects we have
described. It can readily be shown that the values of Ay as
given by eqn. (45) and (46} are typically given by a factor of
the form (mB/h Aw), where m is a typical magnetic transition
moment and Aw a typical detuning from the nearest reson-
ance; h Aw corresponds to a mean of the quantities which
appear in the denominator of the tensor G*°. For a detuning
Aw of 3 x 10** Hz and a typical dipole moment of 1 p, we
obtain a value for Ay of only 3 x 10™* (B/T). It is clearly
appropriate to employ electro-optical polarisation modula-
tion methods in measurements of this kind.
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The results for y as given by eqn. (43) and (44) are typified
by values of the order of a(mB/h Aw) and a~ '(mB/h Aw),
respectively, where « is again the fine structure constant. The
former result therefore corresponds to a negligible effect
which is unlikely to be experimentally detectable. However,
in the latter case, that of an El-forbidden transition excited
by application of a plane-polarised beam, the size of the effect
is v ~ 0.04B/T). Thus with a readily attainable field of the
order of 1 T (significantly more intense fields being routinely
applied in laser magnetic resonance measurements'®), the
influence of the magnetic field should certainly be measur-
able. It is notable that the technique of measuring polarisa-
tion difference is neither necessary nor even helpful in this
case. Suitable candidates for study are the analogues in chiral
systems of magnetic dipole allowed transitions in parent mol-
ecules of higher symmetry, as in the several examples dis-
cussed by Barron and Vrbancich.®

We gratefully acknowledge helpful correspondence with Pro-
fessor L. D. Barron concerning this work.

References

1 S. B. Piepho and P. N. Schatz, Group Theory in Spectroscopy,
Wiley, New York, 1983, pp. 69-77.
2 A. D. Buckingham and P. J. Stephens, Annu. Rev. Phys. Chem.,
1966, 17, 399.
3 M. Yamamoto and S. Murayama, J. Opt. Soc. Am., 1979, 69,
781.
4 L. D. Barron, Molecular Light Scattering and Optical Activity,
Cambridge University Press, Cambridge, 1982, p. 380.
5 D.L. Andrews, Chem. Phys., 1987, 112, 61.
6 D. M. Bishop and S. M. Cybulski, J. Chem. Phys., 1990, 93, 590.
7 G. Wagniére and A. Meier, Chem. Phys. Lett., 1982, 93, 78.
8 L. D. Barron and J. Vrbancich, Mol. Phys., 1984, 51, 715.
9 G. Wagniére and A. Meier, Experientia, 1983, 39, 1090.
0 D. P. Craig and T. Thirunamachandran, Molecular Quantum
Electrodynamics, Academic Press, London, 1984,
11 D. L. Andrews and T. Thirunamachandran, J. Chem. Phys.,
1977, 67, 5026.
12 G. Wagniére, J. Chem. Phys., 1982, 76, 473.
13 W. M. McClain, D. Tian and W. A. Ghoul, J. Chem. Phys., 1987,
87, 4986.
14 D.L. Andrews and N. P. Blake, J. Phys. A, 1989, 22, 49.
15 D. L. Andrews and K. P. Hopkins, Adv. Chem. Phys., 1990, 77,
39.
16 J. A.R. Coope, R. F. Snider and F. R. McCourt, J. Chem. Phys.,
1965, 43, 2269.
17 G. E. Stedman, Adv. Phys., 1985, 34, 513.
18 L. D. Barron, New Developments in Molecular Chirality, ed.
P. G. Mezey, D. Reidel, Dordrecht, 1990, p. 1.
19 R. N. Dixon, Frontiers of Laser Spectroscopy of Gases, ed.
A. C. P. Alves, J. M. Brown and J. M. Hollas, Kluwer, Dor-
drecht, 1988, p. 291.

Paper 0/03133J; Received 12th July, 1990


http://dx.doi.org/10.1039/ft9918700513

