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Magnetochiral Anisotropy in Bragg Scattering
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We show experimentally that light scattering in cholesteric liquid crystals shows strongly resonant
magnetochiral anisotropy near the Bragg resonance; the optical transmission of unpolarized light
depends linearly on an external longitudinal magnetic field and on the handedness of the medium.
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Recently a new polarization-independent optical effect
was discovered: magnetochiral anisotropy (MChA). It is
observed as a spatial anisotropy in the luminescence [1],
refraction [2,3], absorption [4], and photochemistry [5] of
chiral media subject to a magnetic field. The analogous
effect for electronic magnetotransport in chiral conduc-
tors has also been reported [6,7]. The existence of MChA
in optics can easily be rationalized by symmetry argu-
ments that require that the dielectric constant is invariant
under time reversal and parity. These arguments show
that in the dielectric constant of a chiral optical medium,
a polarization-independent term proportional to k - B is
allowed (k is the wave vector of the light and B is the
external magnetic field) [§—10]. For high symmetry chiral
media like gases, liquids, or uniaxial crystals, this leads
to a dielectric constant . (w, k, B) for the = circular
eigenmodes, propagating parallel to the symmetry axis,
of the form

e+(w, k, B) = e(w) * a’/(w)k + B(w)B
+ ¥/ (w)k - B, (1

where the superscripts refer to right (d)- and left (I)-
handed media and a%(w) = —ad!(w), y¥(w) = —y! ().
The material parameters «, B, and y are in general
complex valued, where a and S describe natural and
magnetic optical activity, respectively, and y describes
MChA. The essential features of MChA, as expressed
by Eq. (1), are as follows: (i) the dependence on the
relative orientation of k and B, (ii) the dependence on
the handedness of the chiral medium (enantioselectivity),
and (iii) the independence of the polarization state of
the light.

The MChA luminescence and absorption experiments
measure Im y and are intrinsically resonant with elec-
tronic transitions in the medium. Fairly large effects, with
relative anisotropies up to 1073 T~! were reported [1]. In
contrast, in the nonresonant MChA refraction experi-
ments, which measure Re vy, only refractive index aniso-
tropies of 107'° T~! were found [2,3]. For both cases, the
observed orders of magnitude agree with those predicted
by simple models. One may wonder whether under reso-
nant conditions the refractive MChA effect could be
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much larger. Such a situation was considered theoretically
by Eritsyan [11], who calculated the transmission through
a cholesteric liquid crystal in a magnetic field parallel to
the helix axis for wavelengths close to the cholesteric
Bragg resonance. In this work, only the & and 8 terms of
Eq. (1) were taken into account, but nevertheless a
strongly resonant transmission anisotropy of the order
of 107* T~! was predicted. It had already been pointed
out that in absorption [4] and photochemistry [12], these
two terms together can lead to a cascaded form of MChA,
proportional to « - (3, that has phenomenologically
speaking the same properties as the genuine MChA,
proportional to y. The experimental verification of the
existence of such a resonant enhancement of MChA in
Bragg scattering is the subject of this Letter. Note that the
existence of such an enhancement is not trivial, as the
Bragg resonance involves forward and backward travel-
ing waves of amplitudes determined by the chiral me-
dium, and the MChA has opposite signs for these two
propagation directions.

Cholesteric liquid crystals (ChLC) show a helical
structure in their collective molecular orientation with a
pitch that can be in the visible wavelength region [13,14].
By a proper choice of ChLC mixtures, both left- and
right-handed helices and, consequently, both signs of «
and vy can be realized. Around wavelengths resonant with
the cholesteric pitch, ak can reach values up to 0.5,
whereas BB will be 1073 for normal laboratory fields
[14]. In the isotropic phase, these materials have typically
ak ~ 1077, implying an enhancement of 5 orders of mag-
nitude of the optical activity. Intuitively, one could expect
a similar enhancement of the MChA near the Bragg
resonance.

The sample cells used consisted of two glass plates
separated by a spacer with a thickness that can be chosen
between 10 um and 1 mm. The cells were filled with the
LC mixture in the isotropic phase, and alignment of the
helix axis perpendicular to the plates was obtained by
gently shearing the plates or by a capillary flow of the
isotropic phase between the glass plates. Since we worked
in the visible wavelength range, the good crystalline
quality could be easily verified by visual inspection.
Different mixtures of cholesteryl chloride (ChCl) and
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FIG. 1. Transmission difference between left- and right-

circularly polarized light for two different ChLC mixtures
(both ChCl/ChOC, in different weight ratios, sample thick-
ness: 50 um). Top: left-handed ChLC (weight ratio 1:3) at
room temperature. Bottom: right-handed ChLC (weight ratio
4:1) at 343 K.

cholesteryl oleyl carbonate (ChOC) (Sigma-Aldrich)
were used, two with a left-handed helix consisting of
1:3 (1:5) ChCl/ChOC and one with a right-handed helix
(4:1 ChCl/ChOC), at temperatures of 300 and 343 K,
respectively. Figure 1 shows the transmission difference
between left- and right-circularly polarized light, for a
left- and a right-handed sample. The maximum (Fig. 1,
top) and the minimum (Fig. 1, bottom) in the circular
differential spectra coincide with the Bragg resonances of
the respective ChLCs. The magnetochiral anisotropy of
such ChLCs was measured by applying an alternating
magnetic field of about 0.5 T parallel to the helix axis.
Unpolarized, incoherent light from a lamp, filtered by
interference filters with a typical transmission bandwidth
of 10 nm, was guided to the cell by means of an optical
fiber (diameter 1 mm, numerical aperture 0.45). The light
transmitted through the ChLC, parallel to the magnetic
field direction, was collected by a similar fiber, which
guided it to a photodiode detector. The magnetic field
induced transmission changes were phase-sensitively de-
tected by a lock-in amplifier (see Fig. 2). We define the
relative transmission anisotropy At as

_ T(B) — T(~B)

Ar= T(B) + T(—B)’

2

The inset of Fig. 3 shows the relative transmission
anisotropy At for a left-handed sample as a function of
magnetic field. A clear linear relation is found. The ob-
served order of magnitude agrees reasonably well with
the predictions by Eritsyan [11] and illustrates that under
resonant conditions, refractive MCh A can be quite strong.
By rapid cooling to liquid nitrogen temperatures, we
could freeze the cholesteric structure. We observed ap-
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FIG. 2. Schematic setup of the magnetochiral anisotropy
measurement. Filtered light is guided through an optical fiber
(2 1 mm, numerical aperture NA = 0.47) to the ChLC.
Transmitted light is collected by a similar light guide and
detected by a photomultiplier tube PMT. The alternating mag-
netic field is applied parallel to the axis connecting the fibers.

proximately the same MChA as at room temperature,
thereby excluding magnetic realignment of the molecules
as cause for the MChA that resulted.

Figure 3 shows the wavelength dependence of the
MChA in the form of the relative transmission anisotropy
normalized for the magnetic field y = B! At for a left-
handed ChLC. A clear resonance is observed that is close
to the Bragg resonance. This is completely different from
the wavelength dependence predicted by Eritsyan, which
has a derivative-type line shape, with a zero crossing at
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FIG. 3. Inset: Relative transmission anisotropy Ar= nB
versus magnetic field for a left-handed sample consisting of
1:5 ChCl/ChOC at room temperature, layer thickness d =
500 um, A = 481 nm = Apg,,. Main figure shows the wave-
length dependence of the normalized relative transmission
anisotropy 7 for a left-handed sample consisting of 1:3
ChCl/ChOC at room temperature, d = 500 um, B = 0.38 T
(line is guide to the eye). The maximum observed corresponds
approximately to the Bragg resonance of the sample.

073902-2



VOLUME 91, NUMBER 7

PHYSICAL REVIEW LETTERS

week ending
15 AUGUST 2003

[ —

T

ol .

= h %%

o T o ’

o b

)

= 2f .
I |
450 500 550 600 650

wavelength & (nm)

FIG. 4. Wavelength dependence of 7 for a right-handed
sample consisting of 4:1 ChCl/ChOC at 343 K, B =0.37 T,
d = 50 pm (line is guide to the eye). The maximum in nega-
tive sense observed corresponds approximately to the Bragg
resonance of the sample. The order of magnitude is similar to
that in Fig. 3, whereas the sign has changed.

the Bragg resonance, and large and opposite values in the
two opposite wings of the Bragg band [11]. This large
discrepancy suggests that the theoretical treatment in
Ref. [11] is incomplete and that the 7y terms of Eq. (1)
play a dominant role in the observed MChA. A similar
dominance of y terms over « - 8 terms was found in
the absorption and photochemistry experiments [4,12].
Clearly, the development of a theory for light propagation
in ChLC, involving the y terms of Eq. (1) is called for.

The wavelength dependence of MChA for a right-
handed sample is depicted in Fig. 4. The negative peak
corresponds to the Bragg resonance [15], and in compari-
son with Fig. 3, one can see that by changing the handed-
ness of the medium, the MChA changes its sign as was
demanded for vy in Eq. (1). The MChA of both types of
handedness is of the same order of magnitude. Note that
the two types of samples are not enantiomers (mirror
images), and therefore MChA strength, linewidth, etc.,
need not be identical. However, as the chiroptical proper-
ties of the two types of samples are of similar magnitude
but opposite sign (Fig. 1), the magneto-optical properties
should be similar on the basis of the close chemical
similarity of their components. Similar magnitudes and
opposite signs should be expected for the MChA of the
two types of samples, as observed.

Measurements in the range between 18 and 500 um
proved 7 to be independent of sample thickness. There is
at this moment no detailed theory that allows one to draw
conclusions from this observation.

The dependence of the effect on the orientations of k
and B was investigated by simply interchanging the light
source and detector at the ends of the optical fibers. Thus
the flow of light is inversed (k to —k). We found that the
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FIG. 5. Temperature dependence of the normalized relative
transmission anisotropy 7). The anisotropy vanishes at the
cholesteric-isotropic phase transition temperature that was at
306 K for this sample, consisting of 1:5 ChCl/ChOC, d =
500 um, A = 481 nm = Ag,,,. No stable data points could be
obtained in the vicinity of the transition temperature itself.

anisotropy Atz (phase-sensitively measured with respect
to an alternating magnetic field B) changes sign, whereas
the absolute value was not affected. This proves the
dependence of 7 on the direction of k and on the direction
of B.

Figure 5 shows the measured temperature dependence
of n for the left-handed ChLC. The observed MChA
clearly vanishes upon approaching the cholesteric-
isotropic phase transition temperature, which was at
306 K for this sample. This behavior confirms that the
MChA is related to the collective, cholesteric supermo-
lecular structure.

Our results show that resonant enhancement of MChA
around the Bragg resonance exists. The theoretical de-
scription by Eritsyan (Ref. [11]) was found to be incom-
plete. Our observation suggests that it should be possible
to observe MChA in Bragg scattering of unpolarized, or
linearly polarized x rays by chiral crystals. Thereby one
could obtain specific chiral information of crystal struc-
tures, as an alternative to x-ray natural circular dichroism
measurements by use of polarization modulation of syn-
chrotron radiation [16].
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