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Limit on the Parity Nonconserving Energy Difference between the Enantiomers
of a Chiral Molecule by Laser Spectroscopy
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(Received 14 April 1999)

We have developed a saturation spectroscopy experiment to test the prediction that enantiomers of
chiral molecules have different spectra because of the parity violation associated with neutral currents
in the weak interaction between electrons and nuclei. First experimental tests have been conducted on
hyperfine components of vibration-rotation transitions of CHFClBr in the9.3 mm spectral range. The
frequencies of saturation resonances of separated enantiomers have been compared and found to be
identical within 13 Hz (Dn�n , 4.10213).

PACS numbers: 33.15.Bh, 11.30.Er, 33.20.Ea
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Introduction and historical background.—In 1974, it
was suggested that the weak neutral currents can m
fest themselves in the molecules with an original an
simple signature: if we consider the two mirror imag
enantiomers of a chiral molecule, a parity violation in
duced by weak interactions will appear as a difference
the electronic energies of the two species [1]. Many th
oretical studies have been pursued to obtain quantitat
estimates of the effect in various molecules but none
them is yet able to provide a value of the expected re
tive energy shift, which is estimated to be between10213

and10220. Therefore, there is no hope, in the short term
to improve our knowledge of the weak interaction by th
way. However, this remains today one of the most exc
ing challenges in molecular physics because it is rela
to the intriguing question of the origin of the symme
try breaking between right- and left-handed biomolecul
[2,3]. In this context, it was of great interest to perform
an experiment. After the pioneering paper of Rein [1
Letokhov [4] proposed to observe the parity violation e
fect in molecules as a difference in vibrational freque
cies. A beat note experiment [5] was proposed betwe
two lasers locked on a vibrational line of the enantiome
of the chiral molecule CHFClBr although, at that time
this molecule was only available as a racemic mixture.
this paper, we present the first test of parity violation
molecules with a sensitivity which reaches the range
the theoretical predictions. It has been performed w
the enantiomers of CHFClBr. The unique test thus f
reported with separated enantiomers (on camphor with
sensitivity of1028) [6] was far from the predictions of the
theory. Other proposals using NMR on chiral molecule
in an external field have been made [7].

Theoretical background.—For nonchiral polyatomic
molecules we have shown, experimentally and theore
cally [8–10], that one of the two states, which differ onl
by their parity, does not exist because of the Pauli pri
ciple applied to identical nuclei. Thus, no strict parity de
generacy can occur even if inversion and parity violatio
are neglected. By contrast, chiral molecules may exist
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states that differ only by their handedness or by their p
ity, all other quantum numbers being the same. Thanks to
this unique property, a simple, in principle, spectroscop
test can reveal a parity violation without ambiguity.

For chiral molecules, we can thus consider two righ
and left-image states,jCR� and jCL�. If the tunneling
barrier of the potential energy curve is not too hig
mirror symmetry is dynamically restored by the inversio
mechanism. Parity commutes with the Hamiltonian a
energy eigenstates are the parity eigenstates,jC6� �
1�
p

2 �jCR� 6 jCL��.
Conversely, when enantiomorphic left- and right-hand

species are stable, i.e., if the potential barrier is very hig
the right and left states are also energy eigenstates. N
if parity is violated, the enantiomers cease to be images
each other in a mirror (Fig. 1). The Hamiltonian matri
will remain diagonal in the handedness-eigenstates ba
but the corresponding degeneracy will be removed:

HH �

µ
E0 1 jDEPV j 0

0 E0 2 jDEPV j

∂
. (1)

The parity-violating molecular Hamiltonian,HPV , has
essentially the same origin as in atomic physics, althou
it involves a sum over the electronsi and the nucleiK
[11]. However, for molecules, in the nonrelativistic limit
the first-order energy correction vanishes [12] and it
therefore necessary to invoke the spin-orbit coupling,HSO,
to obtain a nonzero contribution:

DEPV �
X
nfi0

�02jHPV jn1� �n1jHSOj01�
E0 2 En

1
�02jHSOjn2� �n2jHPV j01�

E0 2 En
. (2)

Taking into account theZ3 dependence of the parity-
violating term in atomic physics, the�aZ�2 dependence of
the spin-orbit term whereZ represents the atomic charge
a crude estimate of the order of magnitude ofDEPV can
be obtained [13]:

DEPV � 8.5 3 10221hZ3
KZ2

K 0 hartree. (3)
© 1999 The American Physical Society
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FIG. 1. Because of weak interactions, right and left enan-
tiomers of CHFClBr are not images in a mirror.

The dominant term comes from the heaviest nuclei with
the restriction that, by symmetry, the terms with K � K 0

are negligible [14]. A multiplicative asymmetry factor
h (usually ø1), which results from molecular orbital
calculations, takes into account the chiral character of the
molecular environment [15]. These arguments justify the
choice of the molecule: we will prefer a chiral molecule
with heavy nuclei located at the periphery.

Ab initio calculations have been applied to a number
of molecules [16]: the L series of glycine, alanine, valine,
serine, and aspartic acid; and the D-sugar series, which
are actually the species existing on earth, were found
to be preferentially stabilized by the electroweak inter-
action: DEPV

el � �20.84 to 22.29� 3 10220 a.u., which
gave some credit to speculations in biochemistry. Re-
cent calculations confirm a large enhancement (3 orders
of magnitude) when carbon is replaced by sulfur [17].
In addition, the latest calculations based on more pre-
cise techniques (Coupled Hartree-Fock methods) lead to
the same conclusions but with numerical results about 1
order of magnitude larger [18,19]. As another example
[20], hypothetical four-atom molecules have been consid-
ered such as NFClBr, BiFClBr, and NFClAt, for which
the calculated DEPV

el are respectively 10216, 8 3 10216,
and 10213 eV, illustrating both the atomic number depen-
dence and the role of the location of the high-Z atom.

In molecular spectroscopy, we have electronic, vibra-
tional, or rotational degrees of freedom. Letokhov [4]
suggested that, because the associated energies are propor-
tional [21], a relative change in vibrational or rotational
frequencies between right- and left-handed molecules is
expected to scale with the relative change in electronic
energy:

DEPV
el

Eel
�

DEPV
vib

Evib
�

DEPV
rot

Erot
. (4)

This argument is in favor of performing vibrational
spectroscopy which usually provides the highest relative
resolution and sensitivity.

Experiment.—Today CHFClBr is one of the best test
molecules since it is one of the simplest stable chi-
ral molecules and a bromine atom with a high-Z value
(ZBr � 35) is located at the molecular periphery. Another
practical key point is the high-quality experimental and
theoretical spectroscopic data available on CHFClBr. In
particular, the strong n4 CF stretching fundamental band
has been fully analyzed [22], which is a necessary starting
point for any ultrahigh resolution experiment.

Experimental projects were held in abeyance over
twenty years because the final difficulty of the resolution
of CHFClBr enantiomers was solved successfully only
recently [23]. The link between the conformation and
the optical activity of the two isomers of CHFClBr was
established even more recently by the group of Collet
[24]: S-�1� and R-�2�. This group has prepared for us
a sample of R-CHFClBr with an enantiomeric excess (ee)
of �22 6 2�% and a sample of S-CHFClBr with an ee of
�56, 5 6 0, 5�%. This has enabled us to perform the first
sensitive test of parity violation in molecules.

The principle of the experiment is the following
(Fig. 2): we use a CO2 laser whose frequency is shifted
by 40 MHz with an acousto-optic modulator (AOM) for
optical isolation purposes. Then, a sideband generated by
a 0–500 MHz tunable electro-optic modulator (EOM) is
stabilized on a saturation peak detected on the transmission
signal of a 1.5-m-long Fabry-Perot cavity. The frequency
stabilization scheme is described elsewhere [25]. It can
provide a spectral purity of 6 Hz and a long-term stability
of 0.1 Hz over 100 s with an OsO4 saturation resonance in
the 10 mm spectral region. This performance is degraded
by a factor of 10 with the use of one hyperfine component
of the �55, 11, 44� √ �55, 12, 43� rovibrational line of
CHFClBr in the vicinity of the R�14� CO2 laser line of
the 9.4 mm band because of the broader linewidth of the

FIG. 2. Schematic diagram of the experimental setup.
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reference and the reduction of the finesse of our cavity at
that wavelength. However, the residual drift of the laser
frequency has no impact on the sensitivity of the test.

Then, the laser carrier, shifted by the AOM, feeds twin
3-m-long Fabry-Perot cavities (7 mm waist) and the simul-
taneous recording of the spectra of the two enantiomers
is achieved by tuning the radio frequency of the EOM.
The frequency modulations required to stabilize the three
resonators and to detect the molecular signals in transmis-
sion of these cavities are applied inside the laser reso-
nator via a piezoelectric transducer, one at 41 kHz for
stabilizing the optical length of the three cavities and the
second at 4 kHz with a third-harmonic detection to stabi-
lize the sideband on a molecular signal and to detect the
molecular resonances of the two enantiomers. The gas
pressure is 0.2 Pa and the laser power is 9 mW. The
modulation parameters were optimized for the test sig-
nals and not for the stabilization. We have performed the
most sensitive experiments through a study of a hyperfine
component of the �40, 7, 34� √ �40, 8, 33� line. The typi-
cal width of 90 kHz is due to a symmetric triplet that
we can resolve in a very large cell (18 m long with an
8 cm laser beam diameter) with a linewidth of 5 kHz
(Fig. 3). Actually, any difference between the two sys-
tems occurs after the beam splitter which divides the laser
beam into two parts directed towards the two resonators.
Most of them are compensated by the exchange of the
role of the two cavities performed by filling each of them

FIG. 3. n4 band spectra of CHFClBr at various resolutions.
From top to bottom: Fourier transform spectrum (courtesy of
A. Valentin—Paris VI); overview of the hyperfine structure
of the �40, 7, 34� √ �40, 8, 33� line; two typical spectra of
the test hyperfine component recorded simultaneously; triplet
substructure revealed at the highest resolution.
1556
with the other enantiomer. However, this is not the case
for the polarization effects and the stray fields. In fact,
the lack of mirror symmetry due to some residual ellip-
ticity (,1%) of the polarization is attenuated by the fi-
nesse of the cavity. We have checked that even a circular
polarization does not affect the line centers with the present
sensitivity while, with a shielding of 1:1000, the effect of
the earth’s magnetic field is expected to be negligible.

Results.—We have performed ten sets of measure-
ments over ten days. For one set per day, the first half-
day, each twin cavity is filled with one kind of enantiomer
and, the second half-day, the enantiomers are exchanged
in the cavities. When we perform an elementary mea-
surement as described above, we obtain a systematic shift
of the order of 100 Hz which is reproducible. When the
role of the cavities is exchanged, we observe that the sign
of the difference is changed (see Fig. 4a). This system-
atic effect is associated with the difference between the
two systems whatever its origin. Assuming that this shift
is constant over one day, we can substract it from the
individual measurements (Fig. 4b). Once this compensa-
tion has been achieved, we have built the histogram from
the 580 individual corrected measurements. We obtain a
mean value for the frequency difference of 3, 7 Hz and a
standard deviation of 47, 2 Hz, close to the uncertainties
of the fits of the individual spectra (Fig. 4c).

The statistical uncertainty of this set of measurements is
given by the standard deviation of this histogram divided
by the square root of the number of measurements,
i.e., 2 Hz. However, the systematic effects cannot be
perfectly compensated and their residuals must be taken
into account although we could not detect them.

We estimate that these residual systematic effects
are of the order of 5 Hz, i.e., 1 order of magnitude
less than the width of the histogram for two reasons:
this histogram presents a nice Gaussian shape and we
have checked that the data points of Fig. 4b exhibit a
white distribution. Thus, the frequency difference for the
resonances associated to the two samples is

Dn � 3, 7 6 2 6 5 Hz .

In addition, we have to take into account the enan-
tiomeric excesses of the samples. We finally obtain the
first measurement for the frequency difference between
resonances of the two enantiomers of CHFClBr:

n�R2� 2 n�S1� � 9, 4 6 5, 1 6 12, 7 Hz .

The result of the test is, thus, negative. It gives
an upper bound of Dn�n � 3, 9 3 10213 for the parity
violation effect.

Conclusion.—The sensitivity of this experiment is
about 5 orders of magnitude higher than the previous test
on camphor. This experiment is still to be considered
as a preliminary test. In the short term, higher finesse
resonators might be employed and samples with higher
enantiomorphic excess (50% and 72%) will soon be avail-
able from Collet. A better choice of the test line should
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FIG. 4. (a) The measurements reveal systematic shifts induced by the differences between the cavities. (b) Compensation
of systematic errors by exchange of the roles of the two cavities. (c) Histogram of the measured frequency differences for
580 measurements.
be made as we have discovered that the chosen line was
a crossover resonance, sensitive to light shifts. Subse-
quently, higher resolution using beams of larger diameter,
slow molecule detection [26], or saturation spectroscopy
in molecular beams to avoid collisional shifts must be
considered. Molecules with heavier atoms, such as
CHFClI in which we have already observed saturation
resonances, and transitions more sensitive to weak in-
teractions, e.g., CBr or CI vibrations, must be explored.
Finally, it is clear that the theory is insufficiently developed
to obtain reliable estimates of the expected effects in vari-
ous molecules and has to be improved substantially in
order to guide further experimental developments.
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