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Pure and cascaded magnetochiral anisotropy in optical absorption
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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 absorpfist063-651X98)08910-1

PACS numbds): 42.25.Md, 78.20.Ls

The discoveries of natural optical activity by Arago where x%(w)=—x'(w) refers to right- ¢) and left- ()
(181J) in chiral (from the Greekcheirosfor hand, meaning handed mediap describes natural optical activity, ang
existing in two forms that can only be interconverted bydescribes magnetic optical activity. The material parameters
parity reversal crystals and of magnetically induced optical g, a, B, andy are all generally complex valued, and we will
activity by Faraday1848 in glass have contributed much to denote their real and imaginary parts %y andx”, respec-
our understanding of the wave nature of light and of its in-tively. The essential features of magnetochiral anisotropy
teraction with matter. There is a strong phenomenologicaMCA), represented by the fourth term on the right-hand side
resemblance between the two effects. Both involve a differof Eq (2), are(i) the dependence on the relative orientation
ence in absorption and refraction between left and right cirof k andB, hence the naméij) the dependence on the hand-
cularly polarized light, the former in chiral media, the latter edness of the chiral medium, anj) the independence of
in media subject to a magnetic fieRl parallel to the wave polarization. The existence of magnetochiral anisotropy is
vector of the lighk. The physical origins, however, are com- already important from the viewpoints of light-matter inter-
pletely different. Natural optical activityNOA) is a result of  action and spectroscopy. It may even have far-reaching con-
a nonlocal optical response in media that lack all mirror sym-sequences, as it has been suggested as a possible explanation
metry (i.e., are chira, whereas magnetic optical activity for the homochirality of life[8,9], because it enables enanti-
(MOA) results from the breaking of time-reversal symmetryoselective photochemistry in a magnetic field with unpolar-
by a magnetic field1]. Under conditions where both sym- jzed light. To assess the validity of this hypothesis, our mi-
metries are broken, an additional optical effect becomes pogroscopic understanding of MCA has to be developed. This
sible. In 1962 an implicit prediction appeared of such apaper is intended to make a contribution to this effort by
cross-effect between natural and magnetic optical activityproviding quantitative experimental results for MCA in op-
which discriminates between the two enantiom@rsrror  tical absorption.
images of chiral moleculeg2]. This was followed indepen-  An experimental indication for the existence of MCA was
dently by a more general prediction of magnetospatial disprovided by Markelowt al.[10], who observed a difference
persion in noncentrosymmetric crystalline materf@s For  in refractive index between light propagating parallel and
reasons that will become clear below, this cross-effect hagntiparallel to the magnetic field in a chiral crystal of Li{O
been called magnetochiral anisotropy and has since thegomplete experimental evidence for MCA, confirming all
been predicted independently several tifids7]. Its exis-  features of the effect, was recently provided by Rikken and
tence can be appreciated by expanding the dielectric tens@aupach in emissiofi1], and by Kleindienst and Wagmie
of chiral media subject to a magnetic field to first ordekin [12] in refraction, both obtained on liquid molecular systems.

andB [3]: However, a quantitative analysis of the results[i] is
cumbersome because of the influence of nonradiative decay
gij(w,K,B)=gjj(®)+ ajj (0)k + Bjji () B, and the complexity of the luminescent molecules studied
there. Absorption measurements do not suffer from nonradi-
+%ijim (@)K B oy ative processes and allow reliable determination of the opti-

cal transition moments involved. The use of crystalline ma-
For the case that the magnetic field is parallel to the propaterials is to be preferred because of the absence of
gation direction of the light, the optical eigenmodes areorientational averaging. Below we will present magne-
right- and left-handed circularly polarized waves, denoted bytochiral anisotropy measurements in optical absorption, on
+ and —. When considering only high symmetry media like the well-characterized chiral crystatNiSO,-6H,0.
gases, liquids, cubic crystals, or uniaxial crystals with their ~Symmetry arguments do not give any insight into the or-
optical axis parallel td, Eq. (1) can be simplified with the der of magnitude of the magnetochiral anisotropy. Baranova
help of symmetry arguments and the circular eigenmodes tand Zeldovich presented a simple microscopic m@&kthat

[3.4] can give an order-of-magnitude estimate. It is an extension
of the classical Becquerel model for magnetic optical activity
e (w,k,B)=g(w)*a¥(w)k*B(w)B+y"(w)k-B, [1] and it interprets MCA as a result of the Larmor preces-

(2 sion in natural optical activity. This approach is only valid if
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the MOA is dominated by so-calletl terms(derivative-type transmission coefficient for linearly polarized light of such
line shape of the dichroismwhich is the case for all dia- a medium with thicknesk is found to be

magnetic materials and for many paramagnetic materials.
The well-known Becquerel result i@ cgs unit$

,y//k'
T(w,k,B)zexp(—kL(Zn”Jr o )]
_ e Jde
’B(w)_z_mcﬁ’ 3

X cosr{%(a”k+ B”B)] , (10

wheree andm are the electron charge and mass. Baranova

and Zeldovich find analogously wheren’ +in”=\/e. This result holds for an arbitrary linear
polarization, and therefore also for unpolarized light. The

— = 4) most straightforward method to measuréwould be to al-

2mc dw ternate the magnetic field direction at a frequefityand to

) ) ) ) do phase-sensitive detection of the transmitted intensify. at

When studying natural circular dichroistCD) or mag-  ysing Eq.(10), one finds for the ratio between the modulated

netic circular dichroisniMCD), it is convenient to normalize  ransmitted intensityl,, and the static transmitted intensity
the dichroism by the normal absorption in dimensionless dlsI0 for 1 <l

symmetry factors;

e Jda
Y(w)=

| kBL a"K3L
A+_A7 < Q> — 'y”k—ﬁ"tanh n,

gEZA++A_, (5) IO _‘/Qn/

(11)

whereA.. is the optical extinction coefficient for right/left The first term on the right-hand side represents the pure mag-
circularly polarized light. Ife.>¢”. (which is the case we Netochiral anisotropy in absorption. The second term stems
studied experimentally the d_issyfnmetry factors for NCcD from a cascading of natural and magnetic circular dichroism.

and MCD can be simply expressed in the imaginary parts oBaranova and Zeldovich concluded that such cascading does
the terms of Eq(2): not occur in refraction5]. In our case, for absorption, it

occurs due to the fact that NCD creates an excess of one
2a"k circularly polarized component in the initially unpolarized
gNCDZT’ (6) light. Because of this excess, the MCD then leads to an in-
tensity modulation af). This cascaded MCA shows all the
28'B essential features of MCA given above, but can be discrimi-
Omcp=—"—- (7) nated from the pure effect by varying the sample thickness.
& A further difference is that the pure effect occurs only at an
Here we define the magnetochiral anisotropy factor simiPtical transition that shows both NCD and MCD, whereas

larly: the cascaded effect can also occur in composite media, of
which one component shows MCD and another one shows

A(BTTk)—A(BT]k) 29"kB NCD. In diluted systems, the pure effect is therefore linearly

IMCA=2 A BT FABT k) & (8)  proportional to the concentration of active species, whereas

the cascaded effect is proportional to the product of the con-

The gNCD is usua”y quite constant across one given opticapentrations of NCD-active Species and MCD-active species.
transition. Then we can write”(w)=Ce"(w) whereC isa  In the case that the latter two are the same, the cascaded

constant, which leads to effect is proportional to the square of the concentration of
active species.
(e/mc)C(de"ldw)kB We have selected the chiral uniaxial crystal
Omca= o = 9neo Ymep - ®)  4-NiSO,-6H,0 as a good candidate to show a well-defined,

strong MCA in absorption, because of a very laggep [14]
This simple model therefore gives as an estimate for th@nd a reasonably larggycp [15]. This material has been
relative strength of MCA in absorption the product of the extensively studied in the past and its optical properties are
relative strengths of NCD and MCD, a result that seems invell known. Because of the weakly allowed character of the
line with physical intuition for a cross-effect. A detailed mo- visible and near-infrared optical transitions of the
lecular theory for MCA in molecular liquids has been formu- [ Ni(OH,)g]?* complex, {a'k,8'B,y'kB}<s’, which
lated by Barron and Vrbancichl3]. It requires complete greatly simplifies the analysis, as shown above. Crystals of
knowledge of all molecular transition moments involved anda-NiSQ,-6H,0 were grown by slow evaporation from aque-
therefore cannot be easily used to obtain quantitative predious solutions at 40 °C. They are easily cleaved into platelets
tions. whose normal is along the optical ax®6]. Light transmit-

The absorption of unpolarized light by a medium with ated perpendicularly through the platelets therefore showed no
dielectric constant as given by E@2) is most readily birefringence. The handedness of each crystal was deter-
calculated by considering linearly polarized light, which canmined by measuring its natural circular dichroism, which is
be decomposed into two circularly polarized waves of theshown in Fig. 1 together with the absorption and the mag-
same amplitude and opposite handedness. slf netic circular dichroism. Within the experimental relative ac-
>{e". ,|ak|,|8B|,|ykB|} and neglecting reflection, the curacy for the latter measurement$%), magnetic circular
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FIG. 1. Axial absorption, natural circular dichroism, and mag-
netic circular dichroism of an-{)a-NiSO,-6H,0 crystal at room
temperature. Dashed lines are only meant to guide the eye.

FIG. 3. Absorption(solid line and magnetochiral absorption
anisotropy of left- L) and right- ©) handeda-NiSO,-6H,0 crys-
tals (triangles. Dashed lines are only meant to guide the eye. Also
shown are the calculated cascaded MCA eff@cfuares and the

dichroism was found to be the same for the two classes dfrediction for MCA on the basis of the Baranova model E3).
crystals. Where comparison is possible, the results in Fig. 1€r¢les-
are in reasonable agreement with literature vales15.
From Fig. 1 it can be seen that the ratio of NCD over ab-1 mm, numerical aperture 0.88t was checked that the light
sorption is nearly constant across the transition, but that thiacident on the sample was completely unpolarized. A simi-
MCD does not have a derivative line shape, so that thdar fiber collects the transmitted light, from which specific
simple Baranova model that led to E®) does not strictly wavelengths are selected by a monochromakéy énd de-
apply here. tected by an InGaAs photodiode. The magnetic field is alter-

Figure 2 shows the experimental setup to specificallyjhated at a frequencf =0.9 Hz and the transmitted intensity
measure magnetochiral anisotropy in absorption. Sang)le ( modulation is phase-sensitively detected(hatby a lock-in
consists of a cleaved platelet atNiSO,-6H,0 of a typical  amplifier (LA). As discussed aboV&Eq. (11)], the ratio be-
thickness about 0.6 mm, with its optical axis parallel to thetween the modulated intensity and the static intensity is equal
externally applied magnetic field. The sample is illuminatedto AA,cALB, whereAAyca=[7y"k%— B"k tanh@'k’L/n")]/
with filtered (F), unpolarized light from an incandescent v2n’. The inset of Fig. 2 gives a typical result of this setup,
lamp (L) through a multimode optical quartz fib@iameter  showing the existence of MCA and its expected linear mag-
netic field dependence.

Figure 3 shows the experimental spectra Aok for
two crystals of opposite handedness, proving, within the ex-
perimental accuracy, the essential characteristic of MCA that
AAyca should be of opposite sign for the two enantiomers.
It was checked that reversing the direction of the optical axis
of the crystals does not change the MCA and that the effect
does not depend on the intensity of the light. Also shown is
the cascaded MCA calculated from the second term in Eq.
(11), using the observed natural and magnetic circular di-
chroism from Fig. 1. From both the magnitude and the line
shape of this calculated cascaded contribution to the MCA, it
is clear thata-NiSO,-6H,0 shows predominantly the pure
effect. The prediction for MCA on the basis of the Baranova
model is also shown in Fig. 3, although the MCD of
a-NiSQ,-6H,0 does not fulfill the validity requirements for

FIG. 2. Schematic setup to detect magnetochiral anisotropy irIih's model. The. line shape is ewdeptly not Corre.Ct’ but the
absorption, consisting of sampl&)( an incandescent lampLy  Predicted magnitude agrees well with the experimental re-
coarsely filtered by a color filterF), multimode optical quartz  Sults. This simple model therefore seems to be useful to find
fibers, a monochromatoM) with a photodiodePD), and a lock-in  order-of-magnitude estimates of MCA. A detailed analysis
amplifier (LA). Inset shows the magnetic field dependence of theof our result in terms of the molecular theory for MCA by
MCA at \=1066 nm for a right-handed crystal. Straight line is a Barron and Vrbancicfil3] is beyond the scope of the present
linear regression fit through the data points. paper.
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Having now firmly established the existence of MCA in  In conclusion, we have observed magnetochiral anisot-
the optical properties of a solid state medium, it appeargopy in the optical absorption of chiral crystals. Analysis
worthwhile to consider the existence of MCA in other physi- shows that we are dealing with a pure effect, but that also
cal properties of chiral systems in a magnetic field that in-cascaded effects could occur in other materials.

volve (quasjmomentum, like electronic transport, heat con- e gratefully acknowledge H. Krath for technical assis-
duction, etc. Furthermore, our results should give newance, Tamara Docters for crystal growth, and B. van
impetus to the search for inverse magnetochiral anisotropyiggelen and P. Wyder for a critical reading of the manu-
[17]. This predicted but never observed effect would implyscript. Professor Wagrie kindly made his results available
the generation of a magnetization in a chiral medium byto us prior to publication. The Grenoble High Magnetic Field
unpolarizedlight, the sign of which should depend on the Laboratory is a “laboratoire conventionreux universite
handedness of the medium. UJF et INP de Grenoble.”
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