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Pure and cascaded magnetochiral anisotropy in optical absorption

G. L. J. A. Rikken and E. Raupach
Grenoble High Magnetic Field Laboratory, Max Planck Institut fu¨r Festkörperforschung/CNRS, Boıˆte Postale 166,

F-38042 Grenoble, France
~Received 18 March 1998!

In this paper we study the optical absorption of chiral media subject to a magnetic field parallel to the light.
It is shown to exhibit pure and cascaded magnetochiral anisotropy. We present experimental evidence for the
existence of pure magnetochiral anisotropy in absorption.@S1063-651X~98!08910-7#

PACS number~s!: 42.25.Md, 78.20.Ls
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The discoveries of natural optical activity by Arag
~1811! in chiral ~from the Greekcheirosfor hand, meaning
existing in two forms that can only be interconverted
parity reversal! crystals and of magnetically induced optic
activity by Faraday~1846! in glass have contributed much t
our understanding of the wave nature of light and of its
teraction with matter. There is a strong phenomenolog
resemblance between the two effects. Both involve a dif
ence in absorption and refraction between left and right
cularly polarized light, the former in chiral media, the latt
in media subject to a magnetic fieldB parallel to the wave
vector of the lightk. The physical origins, however, are com
pletely different. Natural optical activity~NOA! is a result of
a nonlocal optical response in media that lack all mirror sy
metry ~i.e., are chiral!, whereas magnetic optical activit
~MOA! results from the breaking of time-reversal symme
by a magnetic field@1#. Under conditions where both sym
metries are broken, an additional optical effect becomes p
sible. In 1962 an implicit prediction appeared of such
cross-effect between natural and magnetic optical activ
which discriminates between the two enantiomers~mirror
images! of chiral molecules@2#. This was followed indepen
dently by a more general prediction of magnetospatial d
persion in noncentrosymmetric crystalline materials@3#. For
reasons that will become clear below, this cross-effect
been called magnetochiral anisotropy and has since
been predicted independently several times@4–7#. Its exis-
tence can be appreciated by expanding the dielectric te
of chiral media subject to a magnetic field to first order ink
andB @3#:

« i j ~v,k,B!5« i j ~v!1a i j l ~v!kl1b i j l ~v!Bl

1g i j lm~v!klBm . ~1!

For the case that the magnetic field is parallel to the pro
gation direction of the light, the optical eigenmodes a
right- and left-handed circularly polarized waves, denoted
1 and2. When considering only high symmetry media lik
gases, liquids, cubic crystals, or uniaxial crystals with th
optical axis parallel toB, Eq. ~1! can be simplified with the
help of symmetry arguments and the circular eigenmode
@3,4#

«6~v,k,B!5«~v!6ad/ l~v!k6b~v!B1gd/ l~v!k–B,
~2!
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where xd(v)52xl(v) refers to right- (d) and left- (l )
handed media,a describes natural optical activity, andb
describes magnetic optical activity. The material parame
«, a, b, andg are all generally complex valued, and we w
denote their real and imaginary parts byx8 andx9, respec-
tively. The essential features of magnetochiral anisotro
~MCA!, represented by the fourth term on the right-hand s
of Eq. ~2!, are~i! the dependence on the relative orientati
of k andB, hence the name,~ii ! the dependence on the han
edness of the chiral medium, and,~iii ! the independence o
polarization. The existence of magnetochiral anisotropy
already important from the viewpoints of light-matter inte
action and spectroscopy. It may even have far-reaching c
sequences, as it has been suggested as a possible expla
for the homochirality of life@8,9#, because it enables enant
oselective photochemistry in a magnetic field with unpol
ized light. To assess the validity of this hypothesis, our m
croscopic understanding of MCA has to be developed. T
paper is intended to make a contribution to this effort
providing quantitative experimental results for MCA in o
tical absorption.

An experimental indication for the existence of MCA wa
provided by Markelovet al. @10#, who observed a difference
in refractive index between light propagating parallel a
antiparallel to the magnetic field in a chiral crystal of LiIO3.
Complete experimental evidence for MCA, confirming a
features of the effect, was recently provided by Rikken a
Raupach in emission@11#, and by Kleindienst and Wagnie`re
@12# in refraction, both obtained on liquid molecular system
However, a quantitative analysis of the results in@11# is
cumbersome because of the influence of nonradiative de
and the complexity of the luminescent molecules stud
there. Absorption measurements do not suffer from nonra
ative processes and allow reliable determination of the o
cal transition moments involved. The use of crystalline m
terials is to be preferred because of the absence
orientational averaging. Below we will present magn
tochiral anisotropy measurements in optical absorption,
the well-characterized chiral crystala-NiSO4•6H2O.

Symmetry arguments do not give any insight into the
der of magnitude of the magnetochiral anisotropy. Baran
and Zeldovich presented a simple microscopic model@5# that
can give an order-of-magnitude estimate. It is an extens
of the classical Becquerel model for magnetic optical activ
@1# and it interprets MCA as a result of the Larmor prece
sion in natural optical activity. This approach is only valid
5081 © 1998 The American Physical Society
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the MOA is dominated by so-calledA terms~derivative-type
line shape of the dichroism!, which is the case for all dia
magnetic materials and for many paramagnetic mater
The well-known Becquerel result is~in cgs units!

b~v!5
e

2mc

]«

]v
, ~3!

wheree andm are the electron charge and mass. Baran
and Zeldovich find analogously

g~v!5
e

2mc

]a

]v
. ~4!

When studying natural circular dichroism~NCD! or mag-
netic circular dichroism~MCD!, it is convenient to normalize
the dichroism by the normal absorption in dimensionless
symmetry factors;

g[2
A12A2

A11A2
, ~5!

whereA6 is the optical extinction coefficient for right/lef
circularly polarized light. If«68 @«69 ~which is the case we
studied experimentally!, the dissymmetry factors for NCD
and MCD can be simply expressed in the imaginary parts
the terms of Eq.~2!:

gNCD5
2a9k

«9
, ~6!

gMCD5
2b9B

«9
. ~7!

Here we define the magnetochiral anisotropy factor si
larly:

gMCA[2
A~B↑↑k!2A~B↑↓k!

A~B↑↑k!1A~B↑↓k!
5

2g9kB

«9
. ~8!

The gNCD is usually quite constant across one given opti
transition. Then we can writea9(v)[C«9(v) whereC is a
constant, which leads to

gMCA5
~e/mc!C~]«9/]v!kB

«9
5gNCD gMCD . ~9!

This simple model therefore gives as an estimate for
relative strength of MCA in absorption the product of t
relative strengths of NCD and MCD, a result that seems
line with physical intuition for a cross-effect. A detailed m
lecular theory for MCA in molecular liquids has been form
lated by Barron and Vrbancich@13#. It requires complete
knowledge of all molecular transition moments involved a
therefore cannot be easily used to obtain quantitative pre
tions.

The absorption of unpolarized light by a medium with
dielectric constant as given by Eq.~2! is most readily
calculated by considering linearly polarized light, which c
be decomposed into two circularly polarized waves of
same amplitude and opposite handedness. If«68
@$«69 ,uaku,ubBu,ugkBu% and neglecting reflection, th
ls.
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transmission coefficientT for linearly polarized light of such
a medium with thicknessL is found to be

T~v,k,B!5expH 2kLS 2n91
g9k–B

n8 D J
3coshH kL

n8
~a9k1b9B!J , ~10!

wheren81 in9[A«. This result holds for an arbitrary linea
polarization, and therefore also for unpolarized light. T
most straightforward method to measureg9 would be to al-
ternate the magnetic field direction at a frequencyV and to
do phase-sensitive detection of the transmitted intensity aV.
Using Eq.~10!, one finds for the ratio between the modulat
transmitted intensityI V and the static transmitted intensit
I 0 , for I V!I 0 ,

^I V&
I 0

52
kBL

&n8
S g9k2b9tanh

a9k2L

n8 D . ~11!

The first term on the right-hand side represents the pure m
netochiral anisotropy in absorption. The second term ste
from a cascading of natural and magnetic circular dichrois
Baranova and Zeldovich concluded that such cascading d
not occur in refraction@5#. In our case, for absorption, i
occurs due to the fact that NCD creates an excess of
circularly polarized component in the initially unpolarize
light. Because of this excess, the MCD then leads to an
tensity modulation atV. This cascaded MCA shows all th
essential features of MCA given above, but can be discri
nated from the pure effect by varying the sample thickne
A further difference is that the pure effect occurs only at
optical transition that shows both NCD and MCD, where
the cascaded effect can also occur in composite media
which one component shows MCD and another one sh
NCD. In diluted systems, the pure effect is therefore linea
proportional to the concentration of active species, wher
the cascaded effect is proportional to the product of the c
centrations of NCD-active species and MCD-active spec
In the case that the latter two are the same, the casca
effect is proportional to the square of the concentration
active species.

We have selected the chiral uniaxial cryst
a-NiSO4•6H2O as a good candidate to show a well-define
strong MCA in absorption, because of a very largegNCD @14#
and a reasonably largegMCD @15#. This material has been
extensively studied in the past and its optical properties
well known. Because of the weakly allowed character of
visible and near-infrared optical transitions of th
@Ni~OH2!6#

21 complex, $a8k,b8B,g8kB%!«8, which
greatly simplifies the analysis, as shown above. Crystals
a-NiSO4•6H2O were grown by slow evaporation from aqu
ous solutions at 40 °C. They are easily cleaved into plate
whose normal is along the optical axis@16#. Light transmit-
ted perpendicularly through the platelets therefore showed
birefringence. The handedness of each crystal was de
mined by measuring its natural circular dichroism, which
shown in Fig. 1 together with the absorption and the m
netic circular dichroism. Within the experimental relative a
curacy for the latter measurement ('5%), magnetic circular
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dichroism was found to be the same for the two classe
crystals. Where comparison is possible, the results in Fi
are in reasonable agreement with literature values@14,15#.
From Fig. 1 it can be seen that the ratio of NCD over a
sorption is nearly constant across the transition, but that
MCD does not have a derivative line shape, so that
simple Baranova model that led to Eq.~9! does not strictly
apply here.

Figure 2 shows the experimental setup to specifica
measure magnetochiral anisotropy in absorption. SampleS)
consists of a cleaved platelet ofa-NiSO4•6H2O of a typical
thickness about 0.6 mm, with its optical axis parallel to t
externally applied magnetic field. The sample is illuminat
with filtered (F), unpolarized light from an incandesce
lamp (L) through a multimode optical quartz fiber~diameter

FIG. 1. Axial absorption, natural circular dichroism, and ma
netic circular dichroism of an (2)a-NiSO4•6H2O crystal at room
temperature. Dashed lines are only meant to guide the eye.

FIG. 2. Schematic setup to detect magnetochiral anisotrop
absorption, consisting of sample (S), an incandescent lamp (L)
coarsely filtered by a color filter (F), multimode optical quartz
fibers, a monochromator (M ) with a photodiode~PD!, and a lock-in
amplifier ~LA !. Inset shows the magnetic field dependence of
MCA at l51066 nm for a right-handed crystal. Straight line is
linear regression fit through the data points.
of
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e
e

y

d

1 mm, numerical aperture 0.38!. It was checked that the ligh
incident on the sample was completely unpolarized. A sim
lar fiber collects the transmitted light, from which specifi
wavelengths are selected by a monochromator (M ) and de-
tected by an InGaAs photodiode. The magnetic field is al
nated at a frequencyV50.9 Hz and the transmitted intensit
modulation is phase-sensitively detected atV by a lock-in
amplifier ~LA !. As discussed above@Eq. ~11!#, the ratio be-
tween the modulated intensity and the static intensity is eq
to DAMCALB, whereDAMCA5@g9k22b9k tanh(a9k2L/n8)#/
&n8. The inset of Fig. 2 gives a typical result of this setu
showing the existence of MCA and its expected linear m
netic field dependence.

Figure 3 shows the experimental spectra forDAMCA for
two crystals of opposite handedness, proving, within the
perimental accuracy, the essential characteristic of MCA t
DAMCA should be of opposite sign for the two enantiome
It was checked that reversing the direction of the optical a
of the crystals does not change the MCA and that the ef
does not depend on the intensity of the light. Also shown
the cascaded MCA calculated from the second term in
~11!, using the observed natural and magnetic circular
chroism from Fig. 1. From both the magnitude and the l
shape of this calculated cascaded contribution to the MCA
is clear thata-NiSO4•6H2O shows predominantly the pur
effect. The prediction for MCA on the basis of the Barano
model is also shown in Fig. 3, although the MCD
a-NiSO4•6H2O does not fulfill the validity requirements fo
this model. The line shape is evidently not correct, but
predicted magnitude agrees well with the experimental
sults. This simple model therefore seems to be useful to
order-of-magnitude estimates of MCA. A detailed analy
of our result in terms of the molecular theory for MCA b
Barron and Vrbancich@13# is beyond the scope of the prese
paper.

-

in

e

FIG. 3. Absorption~solid line! and magnetochiral absorptio
anisotropy of left- (L) and right- (D) handeda-NiSO4•6H2O crys-
tals ~triangles!. Dashed lines are only meant to guide the eye. A
shown are the calculated cascaded MCA effect~squares! and the
prediction for MCA on the basis of the Baranova model Eq.~9!
~circles!.
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Having now firmly established the existence of MCA
the optical properties of a solid state medium, it appe
worthwhile to consider the existence of MCA in other phy
cal properties of chiral systems in a magnetic field that
volve ~quasi!momentum, like electronic transport, heat co
duction, etc. Furthermore, our results should give n
impetus to the search for inverse magnetochiral anisotr
@17#. This predicted but never observed effect would imp
the generation of a magnetization in a chiral medium
unpolarizedlight, the sign of which should depend on th
handedness of the medium.
pt.
rs

-
-

y

y

In conclusion, we have observed magnetochiral anis
ropy in the optical absorption of chiral crystals. Analys
shows that we are dealing with a pure effect, but that a
cascaded effects could occur in other materials.

We gratefully acknowledge H. Krath for technical ass
tance, Tamara Docters for crystal growth, and B. v
Tiggelen and P. Wyder for a critical reading of the man
script. Professor Wagnie`re kindly made his results availabl
to us prior to publication. The Grenoble High Magnetic Fie
Laboratory is a ‘‘laboratoire conventionne´ aux universite´s
UJF et INP de Grenoble.’’
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