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A proposal is made to measure the parity-violating energy difference between enantiomers of chiral mol-
ecules by modifying the dynamics of the two-state system using an external chiral field, in particular, circularly
polarized light. The intrinsic molecular parity-violating energy could be compensated by this external chiral
field, with the subsequent change in the optical activity. From the observation of changes in the time-averaged
optical activity of a sample with initial chiral purity and minimized environment effects, the value of the
intrinsic parity-violating energy could be extracted. A discussion is made on the feasibility of this
measurement.
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I. INTRODUCTION

Since the prediction and subsequent discovery of parity
violation in weak interactions �1,2�, the role of discrete sym-
metries in fundamental interactions is an intriguing field of
research. The effect of electroweak interactions between
electrons and nuclei mediated by the Z0 has been extensively
studied and observed in atoms �see the review �3�� and only
predicted in molecules, where an energy difference between
the two enantiomers of chiral molecules has been estimated
to be between 10−16 and 10−21 eV �4–8�. In the laboratory,
no conclusive energy difference has been reported in experi-
mental spectroscopic studies reaching an energy resolution
of about 10−15 eV �9�. In addition, since the effect of parity
violation in the optical activity �OA� was reported �10�, sev-
eral authors have focused their attention in the possibility of
measuring the parity-violating energy difference �PVED� be-
tween enantiomers via optical rotation experiments, looking
for time-dependent evolution of either chiral states �10–17�
or parity states �18,19�. However, no experimental results
have been reported up to date. The main difficulties for ob-
taining information about the PVED from OA experiments
are the predicted very small size of the effect that can be
masked by racemization processes and loss of phase coher-
ence due to collisions with the environment.

In this work, we propose an alternative way of detecting
the PVED in OA experiments. Section II gives an elementary
description of the two-state system which describes chiral
molecules, focusing on the role that plays the competition
between parity-violating and tunneling effects in the OA. In
Sec. III, we study the effect of introducing an external chiral
field coupled to the dynamics of the chiral molecule on the
OA, showing that it can be used to measure the PVED. Sev-
eral cases are analyzed. In Sec. IV, we consider circularly
polarized light �CPL� as the external chiral source and a gen-
eral discussion is made. The conclusions are presented in
Sec. V.

II. CHIRAL STATES, PARITY VIOLATION,
AND OPTICAL ACTIVITY

It is well known that, in the absence of parity violation,
the true stationary states of a chiral molecule are the eigen-
states of parity. However, it has been shown that the effect of
introducing a P-odd term in the Hamiltonian leads to a new
set of energy eigenstates which, in certain situations, are the
chiral states. For our purposes, it is enough to consider the
electron-nucleon parity-violating potential as the mean con-
tribution to this P-odd term. This can be included in a two-
state model of a chiral molecule as a constant perturbation,
HPV, such that H=H0+HPV is the total Hamiltonian of the
system, with H0 including only parity conserving terms. In
such a situation, we can express the energy eigenstates, �� �,
as a linear combination of the chiral states, �L ,R�, as

��+ �
�− � � = � cos � sin �

− sin � cos �
���L�

�R�
� , �1�

where � is the mixing angle, obtained from the knowledge of
the eigenvectors of this Hamiltonian H, getting

tan 2� =
2HLR

HRR − HLL
=

�

�PV
, �2�

where �PV�0 means 0���� /4 implying that �L� is lower
or equal in energy than �R�. The energy splitting between the
two eigenstates of H0 is 2�	0, where �= 	L�H0�R� is related
to the height of the barrier of the double-well potential
whose minima correspond to the respective L and R equilib-
rium conformations. The PVED is given by �HRR−HLL�
= ��R−�L�= �2�L,R�, with �L= 	L�HPV�L�=−�R=−	R�HPV�R�

�PV. One can express the eigenvalues of the system as
E�=E0
��PV

2 +�2, with E0= �HLL+HRR� /2. If �PV→0,
tan 2�→� and we recover an equal-weighted superposition
of chiral states. But if ��PV���, tan 2�→0 and the chiral
states tend to be the energy eigenstates, providing a solution
to Hund’s paradox �the apparent stability of enantiomers de-
spite not being in energy eigenstates� �20�, as pointed out by
Harris and Stodolsky �10�.
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In a general situation, if the state is �L� at t=0, the time
evolution leads to the well-known oscillations between �L�
and �R� states, the transition probability to the �R� state being

P�L�→�R��t� =
1

2

�2

�2 + �PV
2 sin2�t��2 + �PV

2 � , �3�

which tends to zero if ��PV��� ��L�, in this case, tends to be
an energy eigenstate�. Note that =1.

As it is well known, the OA associated with the intrinsic
chiral nature of some molecules leads to an opposite rotation
of the plane of polarization of incident linear polarized light
when it interacts with opposite enantiomers. It leads to an
oscillating rotation angle of the polarization plane when the
molecule is oscillating between two enantiomers. For a non-
vanishing �PV, the OA is modified �electroweak OA�, so that,
for a molecule �L� at t=0 and 0���� /4 ��PV�0�, the
rotation angle is given by

��t� = �L

�PV
2 + �2 cos�2t��PV

2 + �2�
�PV

2 + �2 , �4�

where �L is the rotation angle when the molecule is in the
�L� state. For −� /4���0 ��PV�0�, the rotation is given by

��t� = − �L

�PV
2 + �2 cos�2t��PV

2 + �2�
�PV

2 + �2

= �R

�PV
2 + �2 cos�2t��PV

2 + �2�
�PV

2 + �2 , �5�

where �R=−�L is the rotation angle when the molecule is in
the �R� state.

In what follows, we will focus on the time average of the
relative OA �ROA�, which for 0���� /4 is then given by

���t�
�L


t
=

�PV
2

�PV
2 + �2 �6�

and for −� /4���0 is given by

���t�
�L


t
= −

�PV
2

�PV
2 + �2 . �7�

There are several cases:
�i� ��PV���. In this situation, the averaged ROA tends to

zero since the oscillations are almost symmetric between �L�
and �R� as shown in Fig. 1 �solid line�. Therefore, no infor-
mation about the PVED can be extracted.

�ii� ��PV���. In this case in which �L� and �R� tend to be
eigenstates, as mentioned above, the time-averaged value of
ROA is very close to unity �as in a �L� state� and the ex-
tremely tiny oscillations around this value seem impossible
to be observed. Let us remark that for having a time-
averaged ROA very close to unity, it is not necessary for �PV
to be many orders of magnitude greater than �. For instance,
see the case ��PV�=5� plotted with dotted line in Fig. 1.

�iii� If ��PV� is comparable to �, the competition between
these magnitudes determines the behavior of the OA oscilla-
tions giving place to significative shifts in the time average
of the ROA. This is illustrated in Fig. 1, where we include
the particular case ��PV�=� �dashed line� in which the OA

oscillations go from �L to zero, that is, 	��t� /�L�t=1 /2.
This situation in which ��PV� is comparable to � is then the
most favorable to measure PVED by OA experiments, as
was already noted by Harris and Stodolsky �10�.

It is interesting to make some brief comments about the
behavior of the time-averaged ROA under �PV due to Z0

exchange in each one of the situations previously considered
���PV���, ��PV���, and ��PV����. It can be observed that the
time-averaged ROA due to Z0 exchange tends to unity as
long as �PV increases, thus showing the expected behavior
since when parity violation dominates the dynamics, no os-
cillations of the OA are expected. The main difference be-
tween the three considered situations is then that the ap-
proach to unity is faster as long as the value of �PV /� is
bigger.

Up to date, there have been several proposals to measure
the electroweak OA. Harris and Stodolsky �10� proposed to
prepare one of the chiral states and to measure the oscilla-
tions of the OA around a nonzero value. Quack �18,19� con-
sidered to measure oscillations of OA from an initially pre-
pared �+� or �−� state. Harris �16� and MacDermott and
Hegstrom �17� pointed out the difficulties of these proposals,
suggesting to apply an external electric field to enhance the
OA. The most recent work in this line �17� focuses on the
measurement of PVED by means of separating the states
�+� and �−� using an inhomogeneous electric field. The au-
thors calculate the OA of the separated states, which is given
by ��� ��L��PV /��, and show that it should be measur-
able within the capabilities of state-of-the-art polarimeters.

In the next section, we describe an alternative method that
would allow us to measure the PVED by means of an exter-
nal chiral field �in particular CPL�. We will see that the in-
ternal dynamics driven by parity violation and tunneling can
be controlled with this field.

III. EXTERNAL CONTROL OF OPTICAL ACTIVITY
AND CONSEQUENCES FOR THE DETECTION

OF THE PVED

Our proposal lies in the apparent trivial fact that the in-
trinsic molecular PVED could be compensated by an exter-
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FIG. 1. Free oscillations of the relative optical activity assuming
a �L� initial state for several cases ��PV��� �solid line�, ��PV�=5�
�dotted line�, and ��PV�=� �dashed line�.
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nal chiral perturbation. In this case, the electroweak OA
would change accordingly. We consider now that the zeroth-
order Hamiltonian includes both H0 and HPV. If a chiral per-
turbation, H�, satisfying ��= 	L�H��L�=−	R�H��R�, is applied,
the new mixing angle �� is obtained by an analogous method
to that followed to get Eq. �2�, so it is given by

tan 2�� =
�

�PV + ��
, �8�

and Eq. �4� is then trivially modified as

��t� = �L
�2 + �2 cos�2t��2 + �2�

�2 + �2 , �9�

where �
�PV+��. The time-averaged ROA expressions are
then modified as

���t�
�L


t
=

�2

�2 + �2 , �10�

for 0����� /4, and

���t�
�L


t
= −

�2

�2 + �2 , �11�

for −� /4����0.
Let us consider the free time evolution of a molecule with

�PV�0 in a well defined �L� state at t=0. In absence of the
external chiral field, its time-averaged ROA is given by
�PV

2 / ��PV
2 +�2� as shown in Eq. �6�. By applying now a chiral

field of appropriate handedness and intensity, the time-
averaged ROA given by Eq. �10� becomes zero when
��=−�PV �that is, �=0�, which permits to get a value of �PV if
the external perturbation �� is known. If the intensity of the
external field is further increased, the averaged ROA reverses
its sign being described by Eq. �11�. An additional increase
of the external field up to ��=−2�PV leads to a time-averaged
ROA given by −�PV

2 / ��PV
2 +�2�, which is opposite to the ini-

tial one without any external chiral field. This behavior is
shown in Fig. 2 for several cases. Let us now analyze how
significant the changes are in the OA when �� is of the order
of �PV in the three cases mentioned in the preceding section.

�i� For ��PV���, the dynamics is determined by tunneling
but not by PVED. Since �� is as small as PVED, there is no
significant change in the OA of the molecule, as in the situ-
ation depicted in Fig. 1 with solid line.

�ii� For ��PV��� �dotted line in Fig. 1�, � is so small in
this case that although �PV could be compensated with ��, no
changes in the time-averaged ROA would be observed in
general due to very long tunneling time �too large for labo-
ratory times or for keeping coherence�. Among all the mol-
ecules reported in the review made by Quack �21�, the most
favorable molecule belonging to this case is D2Te2 whose
calculated tunneling time of about 16 s is probably still too
large for keeping molecular coherence as will be commented
below.

�iii� Finally, in the most favorable case in which ��PV�
��, we must distinguish three different situations:

�a� If ��PV�=�, a measure of the time-averaged ROA �here
is 1/2� would give already the value of �PV if � is known. If
� is not known, the external chiral field can be applied in

order to obtain zero or a change of sign in the averaged
ROA, which permits a measure of �PV as explained above.
Among the molecules reported by Quack �21�, the only one
satisfying this constraint is T2S2. However, its calculated
tunneling time of about 16 s seems too large for keeping
molecular coherence.

�b� If ��PV���, these magnitudes must be related by a
factor significantly lower than 10 to obtain an appreciable
change in the averaged ROA when it goes to zero or when it
reverses its sign �a factor of 10 gives an averaged ROA of
about 10−2, which is too close to zero for our purposes�.
Among the molecules reported by Quack �21�, the calculated
values of the molecule D2Se2 verify ��PV�= �2 /3��, the tun-
neling time being of 55 ms. In this case, the averaged ROA
is about 0.3 and a change to zero or to −0.3 by means of the
external field could be appreciated. In the same review �21�,
the molecule H2Te2 is reported with tunneling time of 0.55
ms �more favorable for keeping coherence�, however the cal-
culated values verify ��PV�=� /10 and the changes would be
then difficult to be appreciable as was said.

�c� In the case ��PV�	�, we note that if these magnitudes
are related by a factor of about 10, the averaged ROA is
already close to unity, which seems more favorable than
other cases to detect a change to zero of the averaged ROA.
To distinguish experimentally this last situation from that in
which there is no �PV and the tunneling time is longer than
laboratory times ���t→��=�L�, the external chiral field
seems to be useful in the following way. Large tunneling
times imply high-energy barriers, so an external chiral field
that produces a small contribution �� of the order of �PV
could not induce an inversion of the molecule through the
high barrier. However, if such a field is able to induce a zero
averaged ROA, we can conclude that the external field is
able to compensated the �PV value of an oscillating molecule.
Among the molecules reported by Quack �21�, there is no
one in this case �c� with ��PV� and � being comparable.
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FIG. 2. Time average of the relative optical activity vs the per-
turbation energy ���� supplied by the external chiral field for several
cases. Note that there is a change of sign when ��=−�PV �see the
text�.
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IV. CIRCULARLY POLARIZED LIGHT
AS THE EXTERNAL CHIRAL FIELD

AND GENERAL DISCUSSION

The conclusions extracted up to this point have been de-
rived from the basic assumption that the applied external
field is chiral. It is well known that a static uniform electric
or magnetic field does not represent a truly chiral influence
according to the generally accepted definition: true chirality
is shown by systems existing in two distinct enantiomeric
states that are interconverted by space inversion, but not by
time reversal combined with any proper spatial rotation �22�.
Nevertheless, if the electric or magnetic fields are nonuni-
form, true chirality may exist for certain configurations �see
the extensive review by Ávalos and co-workers �23� about
chiral influences and absolute asymmetric synthesis�.

The true chirality of polarized photons can be easily dem-
onstrated by considering the effects of parity and time rever-
sal on the system in question. The photons in a beam of CPL
radiation propagating as a plane wave are in spin angular-
momentum states with a spin quantum number s=1 and
quantum numbers ms= �1. A circularly polarized photon
shows true chirality since parity interconverts the right and
left circularly polarized forms, but time reversal does not.
Then, our general statements about how to control the elec-
troweak OA do apply using CPL as external chiral field.

The Hamiltonian, H�, for the interaction of CPL with a
molecule reads

H� = − � · E��t� − m · B��t� , �12�

where � and m are the electric and magnetic-dipole moment
operators, E��t� and B��t� are the circularly polarized elec-
tric and magnetic fields, and the signs � standing for the
handedness of polarization. In the preceding section, the ef-
fect of H� on the enantiomers of a chiral molecules was
denoted by ��= 	L�H��L�=−	R�H��R�. The energy difference,
2��, between the two enantiomers due to the interaction with
CPL was calculated by Shao and Hänggi �24�. The major
contribution of this energy is given by

2�� = �
16

3
EB�

Rn0

�n0
2 − �2 , �13�

where �n0 is the resonance frequency nearest the incident
frequency �, Rn0=Im��n0 ·mn0� is the rotational strength,
and a time average is made since the period of the electro-
magnetic radiation is much shorter than the molecular time
oscillations.

In order to estimate the value of ��, we approximate the
electric-dipole moment by ea0 �a0 is the Bohr radius� and the
magnetic-dipole moment by the Bohr magneton �e /2mc�
which leads to Rn0�10−18 Cm /Ts. If we consider B=E /c,
�2 / ��n0

2 −�2� of the order of unity �25�, and ��3
�1015 rad s−1 �red light�, we obtain

�� � � 3 � 10−24E2 eV. �14�

This energy must be able to compensate the parity-violating
energy �PV of the order between 10−16 and 10−18 eV �see
Table II of Ref. �21�.� for most of the chiral molecules. From

the condition ��=�PV, we obtain that the electric field of the
CPL must be in the range

200 � E � 2000 V m−1, �15�

which is easily achieved in the laboratory by usual lasers
with powers in the range of from some mW cm−2 to about
1 W cm−2.

Then, with this type of external field, it would be possible
to control the time-averaged optical activity of the molecular
sample provided each molecule keeps its coherence during
its free time evolution.

Keeping coherence is one of the major experimental dif-
ficulties, as commented in several works �e.g., �17��. Since
we try to measure the time average of the optical rotation,
related to the time average of the oscillations, we do not
require neither the initial time t=0 of their free oscillations
be the same nor the ensemble of molecules oscillate together
coherently. However, it is essential that each molecule pre-
serves its individual coherence, evolving as Eq. �9�. For this
to occur, the time between collisions must be much longer
than the molecular tunneling time. According to the discus-
sion from �17�, if we consider typical molecular beams �ve-
locity of �100 m /s and path length of about 1 m�, we
would require a tunneling time of ��10−2 s. Advances in
molecular beams allow the molecules to be highly dilute at a
few degrees Kelvin, with extremely low velocities, so still
minimizing collisional effects. Moreover, it is possible to in-
clude helium droplets in molecular beams �26� which have
the ability to capture molecules inside them �27�. This fea-
ture offers promising possibilities to improve the degree of
isolation of the molecules. The superfluid nature of bosonic
helium droplets below 2.17 K makes it possible for mol-
ecules placed inside them to evolve with zero friction, as in
vacuum. In this scenario, the collision rate can be drastically
reduced to almost zero and all the spurious thermal effects
vanish due to the evaporation of helium. In such conditions,
molecular coherence could be maintained for tunneling times
much longer than 10−2 s.

Another aspect to be taken into account is that electro-
magnetic fields with very specific conditions could destroy
tunneling, producing complete localization of the enanti-
omers �24,28�. Hence, the CPL applied to the molecular
sample, as well as the linear polarized field whose optical
rotation would be measured, must be far from these specific
conditions.

Apart from these problems, the molecular sample must
have initial chiral purity, e.g., L. In this sense, laser technol-
ogy has prompted a considerable number of works dealing
with the control of molecular handedness with the aim of
obtaining chiral purity from racemic mixtures in molecular
beams. Let us mention, for example, the proposal of Kucirka
and Shekhtmann �29� using lasers with CPL in molecular
beams, the works of Hoki et al. using linearly polarized fem-
tosecond laser pulses in an oriented sample �30� or using
three polarization components of electric fields in a ran-
domly oriented sample in another laser scenario �31�, and the
work of Ma and Salam �32� using circularly polarized pulsed
lasers.
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V. CONCLUSIONS

A proposal is made to measure the parity-violating energy
difference, 2�PV, between the enantiomers of a chiral mol-
ecule by measuring changes �induced by an external chiral
field� in the time-averaged relative optical activity �ROA� of
a molecular sample prepared with chiral purity at initial time.
An external chiral field such as CPL generated in available
lasers �lying in the range of mW cm−2−W cm−2� can induce
an energy, ��, of the order of the parity-violating energy in
chiral molecules, �PV. By varying the intensity of this field,
the time-averaged ROA can be controlled so that when the
external field compensates �PV, the time-averaged ROA be-
comes zero. The external field can also induce a change of
sign in the time-averaged ROA. It would allow us to detect
the parity-violating energy and even to measure it if �� is
known.

Several situations depending on the relative values of the
parity-violating energy difference, 2�PV, and the splitting, 2�,
which determines tunneling times through the barrier, are

discussed. The most favorable cases arise when these values
are comparable �since the time-averaged ROA is then appre-
ciable� and the tunneling time is short enough to preserve
molecular coherence. One of the most promising candidates
is D2Se2 �21�, with theoretical values satisfying ��PV�
= �2 /3�� with tunneling time of 55 ms.

The observation of a time-averaged ROA does not require
coherence in the ensemble of the molecules provided each
molecule preserves its individual coherence in the oscilla-
tions at least during the experimental time. Advances in mo-
lecular beams open possibilities to minimize environment
effects �and then decoherence� even by isolating chiral mol-
ecules inside helium clusters.
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