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Chirality has been extensively studied for well over a century, and its potential applications range from
optics to chemistry, medicine, and biology. Ingenious experiments have been designed to measure this
naturally small effect. Here we discuss the possibility of producing a medium having a large chiral effect
by using the ideas of coherent control. The coherent fields resonant with appropriate transitions in atomic
or molecular systems can be used to manipulate the optical properties of a medium. We demonstrate
experimentally very large magnetochiral anisotropy by using electromagnetic fields in atomic Rb vapors.
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Atoms and molecules in electromagnetic fields can be
considered a new state of matter that continues to attract a
great deal of attention. Electromagnetic fields provide a
method to manipulate the properties of matter such as
absorption, dispersion, and a variety of nonlinear charac-
teristics [1—4]. Similar to the fabrication of new materials,
like photonic crystals or nanostructures, an applied coher-
ent field allows one to improve the performance of devices
and go beyond the limitations set by natural materials by
themselves. In particular, it creates conditions for lasers to
operate without population inversion between levels rele-
vant for the lasing transition. Giant nonlinearities [1] and
large refractive indexes [3] have been achieved. Giant
nonlinearities may enable one to generate nonlinear signals
using single photons [5]. The enhanced nonlinearity can
also bring the light pulse to slow down considerably [6—8],
and this is used for quantum information storage [9,10].

Here we answer the question of whether it is possible to
use the quantum coherent effects to enhance the effect of
optical activity [11]. Optically active molecules are abun-
dant in nature. In fact, the nearly exclusive utilization of
one form of the optical antipode pair may be considered as
a characteristic feature of living systems. Optical activity
has always stimulated researchers’ imaginations, as the
substitution and modification of natural products is not
only a challenge but also of high practical importance. It
is important to control chirality or to create an environment
that displays chirality in a controllable way, which can
have applications in drug production, spin chemistry, etc.
In this Letter we report the experimental observation of
very large optically induced chirality in a Rb cell.

The chirality of a molecule is a symmetry property:
either chiral molecules are asymmetric, i.e., they do not
have any symmetry element, or they are symmetric, i.e.,
they have only axes of rotation. If an atomic or molecular
system has spherical symmetry, then the transmission co-
efficient is the same for light propagating parallel to the
magnetic field and for light propagating in the antiparallel
direction with respect to the magnetic field. If a symmetry
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operation of reflection is performed on a chiral molecule, it
is transformed into a different chiral system of equal
energy and other nonvectorial properties. This molecule
is called a mirror image, the optical antipode, or the
enantiomer. Molecular systems that show chirality have
an obvious or hidden screw property, or a handedness. In
the case when the molecule has no symmetry, then there is
the phenomenon of optical chirality. Arago’s discovery in
1811 of natural optical activity in chiral crystals and
Faraday’s discovery in 1846 of magnetically induced opti-
cal activity have contributed much to our understanding of
the wave nature of light and the electronic properties of
molecules. Both effects are manifest as a rotation in the
polarization of transmitted light: the former is due to the
intrinsic properties of media that lack mirror symmetry,
whereas the latter (which occurs in all materials) is due to
magnetic-field-induced changes in the optical properties.

Recently, a new polarization-independent optical effect
was discovered: magnetochiral anisotropy (MCA). The
existence of this effect may be important in the context
of fundamental interactions between light and matter, and
in molecular spectroscopy, although the effect is generally
very weak for naturally occurring systems [12—17]. In a
recent paper Agarwal and Dasgupta [18] discovered that it
is possible to produce very large MCA using electric dipole
transitions and by applying a properly polarized coherent
field so as to break the symmetry of the system. We refer to
this type of MCA as electromagnetically induced magneto-
chiral anisotropy (EIMCA). We note that very interesting
experiments on birefringence induced by laser fields in the
absence of any magnetic field have been reported [19].

The idea of optically induced chirality is the following.
First, consider a simplified model of the Rb atom, a three-
level atom [see Fig. 1]; the Hamiltonian of the atom in
magnetic and optical fields is given by

H=rlo,|-X—|ho_|+X+| + iQ|+Xf| + Ha. (1)

where [=) =[m = —1), |[+) =|m=+1), [f) =|f,m =
0), and w_, w, are the atomic states and their eigenvalues
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FIG. 1 (color online). (a) Rb level structure and configuration
of laser fields. The pump field is circularly polarized; the probe
field is not polarized and can be viewed as a noncoherent mixture
of left and right circular polarized light. (b) A three-level model
is used in our simulations. Relaxation of population 7y is shown
by undulating arrows. The simple model also accounts for flight
time broadening at rate vy, out of the system from all levels, and
population relaxation from electronic excited states |m = —1)
and |m = +1) to other than |f, m = 0) levels of ground state
manifold via spontaneous decay. Note that for our simulation we
use a simplified three-level model; the real D1 line of Rb has
three sets of similar three-level systems: |m = —2) — |f, m =
1) |m=0), Im=0)—|f,m=+1)— |m=2), and the
one shown above.

in the magnetic field. The Hamiltonian has a symmetry
with respect to a change in the direction of the magnetic
field, namely, if B — —B, then |—) — |+),|—) — |+) and
Wy — w_, w; — o_. The term coupled to an auxiliary
field ) breaks symmetry and introduces chirality in the
system. Indeed, the susceptibility is given by

Xij(0, kB, Q)= ¥;(0,Q) + a0, M)k, + B;(w, Q)B,
2

+7ijlm(w: Q)lem’ (3)

where «;;; describes natural optical activity and B;;; de-
scribes magnetic optical activity; 7;j;, describes the mag-
netochiral effect; w and k are the frequency and the wave
vector of the optical field. In the case of atomic vapors,

Yijim 1S zero. Applying an external driving field ) leads to
magnetochirality via the last term.

The experiment that demonstrates the symmetry break-
ing effect is performed in rubidium vapor (level structure
shown in Fig. 1(a)]. A schematic diagram of the experi-
mental setup is shown in Fig. 2. Two external cavity diode
lasers (ECDL) are used in our measurements. Radiation
from the first ECDL used as a pump is tuned to the D,
transition of Rb¥ 58, ,(F =1) — 5P, ,(F' =2). Radiation
from the second ECDL used as a probe is tuned over the
transition. The linearly polarized laser beams are combined
by a polarizing beam splitter and then sent into the cell
with the atomic rubidium vapor. Both beams are parallel
and the diameters of the beams are the same, 1 mm. The
glass cell (I =7.5 cm) with atomic rubidium vapor at
room temperature (Ng, = 10'° cm™3) is installed in a mag-
netic shield. A longitudinal magnetic field is created by a
solenoid. The polarization of the pump field is strictly right
circular. The probe field is a superposition of (uncorre-
lated) fields with left and right polarizations and equal
optical power (the difference is less then 1%). The polar-
ization of the probe field is not defined at any moment of
time, and the probe field can be considered as an unpolar-
ized light field. We change the time delay (=3 ns) between
field components of the probe field with opposite polar-
izations, and we do not observe any influence on the
recorded curves.

The typical Doppler-free resonances are shown in Fig. 3.
The resonances are recorded on the transitions of Rb%7 for
different longitudinal magnetic fields. The power of the
pump beam is 0.6 mW; the estimated Rabi frequency is
several y's (y =2 X 6 MHz). This value of the Rabi fre-
quency satisfies conditions for EIMCA in the V scheme.
The probe beam power (total) is less than 10% of the pump
beam.

The transition is chosen because the effect is most
pronounced in this case. In the linear regime of propaga-
tion, the laser light intensity is very small, and the probe
transmission on the transition frequency is near 0.9.
Nonlinear variation of absorption induced by the pump
beam is near 30% of linear resonance absorption.

Note that it is difficult to define the real amplitude of
Doppler-free resonance at zero detuning. Doppler-free
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FIG. 2. Experimental setup.

233601-2



PRL 94, 233601 (2005)

PHYSICAL REVIEW LETTERS

week ending
17 JUNE 2005

B=

A.U.

B«

-300 -200 -100 0 100 200 300
Detuning (MHz)

FIG. 3 (color online). Doppler-free resonances on the transi-
tion for (a) zero magnetic field B =0 and (b),(c) opposite
directions of magnetic field B = 77 Gauss.

resonance on the transition has an additional narrow struc-
ture in the center. This narrow structure results from two
contributions: one signal is a beat note between the pump
and probe fields, and another signal is the electromagneti-
cally induced transparency (EIT) narrow resonance due to
ground state coherence. (The beat note at the zero fre-
quency difference and the dark resonance overlap.)

The first curve [Fig. 3(a)] is the resonance on the tran-
sition at the zero magnetic field, B = 0. The other two
curves [Figs. 3(b) and 3(c)] are recorded for positive and
negative longitudinal magnetic field B = 77 Gauss (corre-
sponding current is I = 1.4 A, and magnetic field B is
related to current I by B = kI, where k = 55 G/A).
Sharp narrow resonances that are combinations of the
dark resonance and beat note indicate a zero frequency
difference between the pump and probe fields. It is to be
noted that the pump laser frequency is tuned to the maxi-
mum of linear absorption. One can see that absorption
spectra are very different for positive and negative mag-
netic fields. There is an asymmetry in the absorption
coefficient of the resonant atomic medium induced by a
circular polarized pump beam.

In Fig. 4, the frequency dependence of absorption dif-
ference for the opposite magnetic field is presented [the
result of subtraction of curves 3(b) and 3(c) normalized to
linear absorption]. To the best of our knowledge, it is the
largest EIMCA which has been experimentally observed.
Our finding of the giant magnetochiral anisotropy is related
to the allowed electric dipole moments of resonance tran-
sitions in atoms. For a fixed laser intensity we also studied
the dependence of the asymmetry on the magnetic field.
The experimentally observed absorption difference as a
function of the magnetic field is presented in Fig. 5. One
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FIG. 4. Relative difference between absorption curves re-
corded for opposite directions of magnetic field (B = *77
Gauss).

can see that for small magnetic fields the asymmetry
increases for a range of magnetic fields (where Zeeman
splitting is comparable to the resonance width). Once the
magnetic field is strong enough to separate resonances, the
asymmetry saturates and does not depend on the magni-
tude of the magnetic field. We observed that above 0.6 mW
of laser pump power the asymmetry changes very little. At
2.4 mW maximal symmetry is just near 30%.

As one can see, the observed asymmetry is very strong.
The effect originates from the different interaction between
different polarizations of unpolarized laser light and
atomic levels. It can be viewed that one polarization of
the probe laser interacts with a different magnetic level of
the excited state than the driving laser, forming the so-
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FIG. 5. Crosses: The laser light induced variation of absorption
versus magnetic field. Solid line: The calculated laser induced
relative variation of absorption versus magnetic field.
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called V-type configuration of atomic levels. For this com-
ponent the EIT conditions can be satisfied, and it travels
through the medium without absorption. Meanwhile, the
orthogonal polarization of the weak probe field interacts
with the same excited level as the driving field does, so the
probe field experiences less absorption because of satura-
tion of the transition by the driving field. These two
mechanism are different, and they create substantially
different responses for different polarizations, leading to
chirality.

To answer the question of whether the asymmetry ob-
served in the experiment is close to the maximal theoretical
limit, we perform numerical simulations of the self-
consistent set of density matrix and Maxwell equations
given by

d i 1 Q) )
—ai =—%[H,p]—§(rp+pr), 8Z1=—17]pij(z,7),
4)

where I' is the decay operator, and p is the atomic density
matrix; {);; is the Rabi frequency of the field frequency »
which is coupled to the transition i < j; p,; and g;; are the
coherence and the dipole moment between levels i and j
correspondingly; n = vNg;;/(2€,c); N is the atomic den-
sity; € is the permittivity of the vacuum; and c is the speed
of light in vacuum. It is instructive to analyze y(w) =
ny(w — iy)/[(y + iw)(y + ikv + iw) + |Q]?], where
w = oyt gB—v; yis the relaxation rate for optical

2 2, 2 2
"o 3 w 2 wkv
coherences. y ——(&2 + ’I’gw + "l“gw

see that it is the spatial dispersion term kv (Doppler shift
due to atomic motion) that leads to magnetochirality in the
Rb vapor.

We have performed theoretical simulations by using the
experimental parameters, and the results of simulations are
presented in Fig. 5, where the dependence on magnetic
field is shown. One can see good agreement between the
simulation and the experiment. The calculated asymmetry
is higher for smaller magnetic fields because the Rb atom
has more levels (three sets of V schemes originated from
the sublevels of the ground state F = 1, m = 0, 1.

There are various applications of the obtained results
ranging from optics to chemistry and biology. For example,
the effect of large chirality can be used to create an
optically nonisotropic environment, which results in differ-
ent rates of chemical photoreactions with different
enantiomers.

In summary, we have implemented optically induced
chirality in the Rb vapor cell. The observed anisotropy is
huge. It is about 30%, and one has the possibility of
creating a chiral environment for optical control of chemi-
cal reactions involving one type of enantiomer. Another
interesting possibility is to observe an inverse effect to the
one demonstrated here.
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