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Molecular parity nonconservation in nuclear spin couplings
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The weak interaction does not conserve parity, which is apparent in many nuclear and atomic phenomena.
However, thus far, parity nonconservation has not been observed in molecules. Here we consider nuclear-spin-
dependent parity-nonconserving contributions to the molecular Hamiltonian. These contributions give rise to
a parity-nonconserving indirect nuclear spin-spin coupling which can be distinguished from parity-conserving
interactions in molecules of appropriate symmetry, including diatomic molecules. We estimate the magnitude
of the coupling, taking into account relativistic corrections. Finally, we propose and simulate an experiment
to detect the parity-nonconserving coupling using liquid- or gas-state zero-field nuclear magnetic resonance of
electrically oriented molecules and show that 'H !°F should give signals within the detection limits of current

atomic vapor-cell magnetometers.

DOI: 10.1103/PhysRevResearch.2.023258

I. INTRODUCTION

Parity nonconservation (PNC) in the weak interaction was
first theorized [1] in 1956, followed by the first experimen-
tal observation in B decay of ®°Co nuclei in 1957 [2]. In
the decades since, a variety of parity-nonconserving effects
have been observed in atoms [3,4]. PNC should also be
present in the molecular Hamiltonian [5,6], although its ef-
fects have not yet been observed. Molecules afford some
interesting possibilities to observe PNC effects, including
the proposed detection of energy shifts between enantiomers
of chiral molecules [7-17], time-dependent optical activ-
ity in chiral molecules [18-20], and Stark interference in
linear di- or polyatomic molecules [17,21-23]. Molecules
may also provide opportunities to study finer aspects of
PNC. In particular, molecules are of interest because of the
presence of closely lying levels of opposite parity, which
is not a general feature of atoms other than hydrogen
[24-26].

Here we propose to observe nuclear-spin-dependent PNC
via the indirect nuclear spin-spin coupling in molecules. It has
been known for some time that PNC effects should cause fre-
quency shifts between the nuclear magnetic resonance (NMR)
spectra of enantiomers of chiral molecules [12,27-36]. Here
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we consider a different effect which can be observed in a chi-
ral molecules, including diatomic molecules. The indirect nu-
clear spin-spin coupling (J coupling) is a commonly measured
property in nuclear magnetic resonance spectroscopy [37-39].
The Hamiltonian for two coupled nuclei is bilinear with
respect to their spin vector operators I and S. The isotropic or
scalar J coupling, parametrized by a tensor transforming under
rotations as a rank-0 spherical tensor, is most commonly ob-
served in liquid-state NMR spectroscopy. The corresponding
Hamiltonian is

Hy = 27JI - S. (1

In general, the J-coupling interaction is characterized by a
reducible rank-2 tensor Jy:

Hy = 2mL;Ji Sk 2

Nonzero-rank contributions to the J coupling can be observed
in oriented molecules; for example, a rank-1 coupling can be
written as

H =27JV - IxS8, 3)

where Ji(l) = €;xJjx 1s a (pseudo)vector when the interac-
tion is P-odd(even), and ¢;j; is the Levi-Civita tensor. The
effects of H; have not yet been observed, since it averages
to zero in isotropically rotating molecules and is suppressed
in a magnetic field if spins / and S have different Larmor
frequencies. It could, in principle, be observed in solids,
but solid-state NMR typically suffers from low resolution.
Zero-field nuclear magnetic resonance of electrically oriented
molecules can reveal signals from Hj, as was proposed for
absolute determination of molecular chirality [40,41]. Here,
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we propose to apply this technique to observe the interaction
Hj in a nonchiral molecule, where it can appear due to the con-
tribution of the nuclear-spin-dependent parity-nonconserving
weak interaction [27].

For oriented molecules, the residual component of
JV must be parallel to the orientation axis. A parity-
nonconserving J!) with nonzero projection along the molec-
ular electric dipole can be found in molecules belonging to
several symmetry point groups (see Supplemental Material
[42]), including diatomics (Ceop). Of course, diatomics are
nonchiral and, therefore, there can be no observable parity-
conserving contribution to JV.

There is a similarity between the effect considered here and
the hyperfine correction to the nuclear-spin-independent PNC
interaction, which mimics the nuclear-spin-dependent PNC
interaction [43,44]. There both interactions are centered on the
same nucleus. Since these interactions diverge at the origin,
one ends up with a highly singular effective operator, which is
difficult to calculate accurately. Here we take the hyperfine
interaction and nuclear-spin-dependent PNC interaction on
different nuclei. This gives us the PNC spin-spin coupling,
which is described by a less singular effective operator that
may be easier to calculate (see below).

II. THEORY

We now estimate the magnitude of J ;RC in the diatomics

25T 9% and 'HYF. J pnc arises from the nuclear-spin-
dependent parity-odd weak interaction. For a first-order ap-
proximation, we include only terms that are linear in the
nuclear spin operators I ¢ (we use the notation I for a generic
nuclear spin operator but write I and S when explicitly consid-
ering a two-spin Hamiltonian for calculation of observables
in an NMR experiment). We also neglect terms that contain
electron-spin operators since, to a first-order approximation,
they do not contribute to PNC in the diamagnetic molecules
under consideration [26].

In the nonrelativistic approximation the Hamiltonian for
the J!) parity-nonconserving interaction has the form (using

J

atomic units z = m, = |e|] = 1)

Hpne =

GO S oelp,, 5 — R @
zﬁiYKgKKp,’, i K)+

where G & 2.22 x 107'* is the Fermi constant, o ~ 1/137
is the fine-structure constant, p; = —iV,; and r; are the mo-
mentum and coordinate of the ith electron, and Rk is the
coordinate of the nucleus K. The dimensionless coupling
constant gg is of order unity. Two main contributions to
this coupling come from the nuclear anapole moment [45]
and the electroweak electron vector and nucleon axial-vector
interaction [26]. For the heavy nuclei the anapole contribution
usually dominates [21,46,47].

To account for a magnetic field, we substitute the canonical
momentum [48]

pi — T = p; + 0A, &)

where A is the vector potential. In the case of spin-spin cou-
pling, the magnetic field is produced by the magnetic moment
of nucleus L, u; = y I, where y, is the gyromagnetic ratio.
We can then take

IL X (r—RL)
Ay =yp————. 6
L= TR P (6)

Substituting Eqs. (6) and (5) into Eq. (4), we obtain

Ga
Hpne = ﬁ nglk[lh, 8(ri — Ry)l+
Ig-[I; x (Rx —R;)]
Go” 5(ri — Ry) .
+ Z 8KVL Rx — R, (ri — Rg)

i,K,L

(N

The second term here is bilinear in nuclear spin operators and
contributes to the s?m spin coupling [27]. By comparison to
Eq. (3) we obtain Jpy in vector form:

R, —R
(1) ! N
(U, 5(ri — Rp)|V v 3(ri — Rs)|V,) | ————— - 8
TiNe =5 f<ysg1 |Z (ri — R)IW,) — gsyi (V| Z (ri — Ry)| e>) R R ®)
[
The electronic matrix elements in (8) correspond to the therefore
total electronic densities on the respective nuclei: 2 _,
pe(Rg) ~ ;ZK~ a1

(Wl >80 — R)|We) = pe(Ri) . €))

i
Substituting into (8) we obtain

R;s

Go 2
e = (ysgme(Rz)—gsJ/me(Rs)> . (10)
PNC — 277 f |R |
where R; s = R; — Rs. The dominant contribution to the
density (9) comes from the two K-shell electrons, whose

wave functions are hydrogenic [49], i, &~ 2\/Z3 /4w e,

The contribution of the 2s shell is approximately eight times
smaller and can be neglected in the estimates (for hydrogen,
the density at the origin scales as 1/n%). Putting (11) in (10)
we arrive at

R s
IR;sI?

Typical internuclear distances R; g are comparable to the
bond length and are about 3—4 Bohr radii. Given the Z*

scaling, the term in parentheses in Eq. (10), including Z from
the heaviest atom, will dominate. Assuming R; s ~ 4, the

M Ga? 3 )
JNe = nz—ﬁ(ysg’z — gsViZ3) (12)
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magnitude of J S&C is estimated:

Ga?
J(l) ~ Z3, (13)
PNCT Tom2yaE
where Z; is the charge of the heaviest nucleus in the molecule.

For heavier atoms, relativistic effects become important.
The relativistic enhancement factor is (Supplemental Mate-
rial) [26,50]

2(1 + 2ZRpuc ) 2
F = 2 FZ()éy+1)) Ly =VI-(@ZP,  (14)

where Ry, is the nuclear radius in atomic units and I" refers
to a gamma function. Equation (12) then becomes

J(l) _ GO[Z R[,S

= Z3Fes — 851 Z3Fas) —— . (15
PNC nzﬁ(VSgl 7 Lrel, ] — 8sY14g rel,S) |RI,S|3 (15)

A. Estimates

Let us estimate the magnitude JE(’II\I)C for the molecules
20571 9F and 'H 'F. TIF is a popular candidate for molecular
tests of fundamental symmetries because the heavy °>T1 atom
(Z = 81) is expected to give rise to strong P- and T-violating
effects [4,51-54]. From Eq. (15), neglecting contribution of
the fluorine and using internuclear distance R = 3.93 a.u. and
relativistic factor Fre 11 = 7.6, we obtain

Jinerie & 9 x 1073 gp Hz. (16)

According to Flambaum et al. [46], the coupling constant
for Tl is g1 &~ 0.5. While this value is promising given the
resolution of zero-field NMR, diatomic TIF does not exist in
the liquid phase and zero-field NMR would be a significant
experimental challenge. A molecular-beam experiment featur-
ing electric-field orientation could be a good option for TIF
[55]. Indeed, hyperfine measurements with molecular beams
have been used to determine the scalar and symmetric rank-2
components of the TIF J coupling [56,57].

Let us estimate the PNC coupling for 'H '°F. The relativis-
tic factor (14) for fluorine is very close to unity, so we can use
the nonrelativistic expression (12), which gives

Jonenr & 9 x 107%p Hz. (17)

Liquid HF would be an option; as the neat liquid has a
concentration of ~50 M at its boiling point (19.5°C), both
'H and ""F are naturally abundant spin-1/2 isotopes, and
the molecular dipole moment of 1.86 D is reasonably large
(a large dipole moment is needed to achieve a high degree
of molecular orientation). Unfortunately, due to hydrogen-
bonding and autoionization effects, Jyr can only be observed
when HF is diluted in aprotic solvents or when the neat liquid
is cooled to very low temperatures [58—60].

A possible alternative could be the endofullerene com-
plex HF@Cg [61], though the molecular dipole moment is
decreased to 0.45 D, and in order to avoid broadening due
to intermolecular dipole-dipole couplings, it would likely be
necessary to dissolve the HF@Cgy in a solvent such as 1-
chloronaphthalene—this would result in an overall decrease
in concentration by some three orders of magnitude. More
suitable from an experimental standpoint may be liquid or
gaseous fluoromethane (CH3F), which has a molecular dipole

moment of 1.81 D and a concentration of ~16 M at its
saturation pressure of 33 bar at 25°C. The magnitude of
the PNC J couplings for this molecule are estimated in the
microhertz range.'

Jine is fixed with respect to the molecular orientation,
but small molecules in the liquid or gas state undergo fast

molecular rotation. In NMR, we measure the averaged J f;ll\)lc,

which is nonzero only when the molecules are oriented. The
residual rank-1 coupling for a molecule oriented in an electric
field is [62]

—J, 18)

where d is the electric dipole moment, E is the electric field
experienced by the molecule, k is the Boltzmann constant,
and T the temperature. The scaling factor is thus given by
dE/3kT. In polar liquids E is related to the macroscopic
electric field as E = [(¢, + 2)/3]Emac, Where €, is the static
relative permittivity of the medium. For HF, d = 1.86 D,
and €, = 84. Assuming a temperature of 300 K and E,. ~
70kV/cm [63], the orientation scaling factor is 0.1. This

gives Jlgll\I)C,HF ~ 1 x 1079 Hz for the estimated projection of

J i’ll\)IC,HF along the z axis.

B. Spin dynamics

Zero-field NMR involves measuring the evolution of nu-
clear magnetism of coupled spins in the absence of external
magnetic fields [64] [Fig. 1(a)]. Signals are typically detected
with an atomic vapor-cell magnetometer. When a diatomic
molecule is oriented along the z axis, the nuclear spin Hamil-
tonian is

H iV _
oS+ tsT —17ST) —DGBLS, —1-8),
2 2

19
where the residual dipolar coupling [62] is
_ 1 (dE\’
p= s (42 (20)
r3 30\ kT

'The CH3F molecule can have three different couplings—HC, HF,
and CF. For the HF coupling we can use the same estimate as for the
HF molecule and scale it by the square of the distance Ry, which is
here 3.8 a.u. instead of 1.7 a.u. This gives us 9 uHz x (1.7/3.8)* ~
2 uHz. For the HC coupling in addition to the distance (2.05) we
need to change the charge, so we get 9 uHz x (1.7/2.1)? x (6/9)* ~
2 uHz. Thus, both couplings are of the same size and about five times
smaller than in HF. The coupling of C and F is different. Here we
have both terms in Eq. (15) and they almost cancel each other, so the
result is much smaller and unreliable. If we polarize the molecule in
an electric field, we need to project the vector J" on the molecular
axis. This will give us additional suppression by cos ¢, where ¢ is
the angle between the molecular axis and J M For HC cos ¢ ~ 0.3,
and for HF cos ¢ ~ 0.8. All in all, we get close to 1 ©Hz and 2 uHz
for HC and HF PNC couplings, respectively.
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FIG. 1. Experimental arrangement. (a) The apparatus includes
a sample made of polar achiral molecules, each of which is a
two-spin heteronuclear spin system oriented by an electric field E
produced by high-voltage (HV) electrodes. The nuclear spin state is
prepared such that the initial magnetization is oriented along M,
and magnetometers (depicted here as glass vapor cells) are used
to measure the nuclear spin magnetization projection along Bp.
(b) Nuclear spin eigenstates for various electric-field conditions. In
the absence of any applied fields are three degenerate triplet states
and a singlet state, separated by the J coupling. Application of a dc
electric field introduces a residual dipole-dipole coupling of strength
D that shifts the |T;) state by D and the |7 ) states by —D/2. An ac
electric field modulates the triplet states such that the average |Sy) <>
|Ty) separation is J + D/2 and the average |Ty) <> |T:) separation is
3D/4.

Rapid motion around the z axis averages components of J"
and D orthogonal to the z axis to zero. J is the scalar com-
ponent of the J coupling, which is not affected by molecular
rotation. Even though D scales quadratically with the electric
field, it cannot be neglected, as the dipolar coupling for a
HF molecule fully aligned along z is approximately 150 kHz.
For the conditions described above, the residual coupling
D = 452 Hz, which is comparable to the isotropic J coupling,
~530 Hz [65]. The z component of the symmetric anisotropic
J coupling has a form identical to that of the dipolar coupling
and effectively adds to D, but it is a small effect that can be
neglected for the present analysis.

In the absence of electric fields, the nuclear spin eigen-
states are the singlet (]S)) and three degenerate triplet states
(|76, +1)), with an energy separation equal to J. The dipolar
coupling shifts the |Tp) state by D and the |T%,) states by
—D/2 [66].

If an oscillating electric field at a frequency w is applied,
the term proportional to Jpnc is modulated at this frequency,
and the term proportional to D is modulated at twice this

frequency:
H j sin(wt J;
~ —JI-S+ M(ﬁs— — I sh
21 2

1= COS(22a)t + 2‘75)5(31?5‘Z —-1-9), @3y

where ¢ is the phase of the ac electric field, and Jpnc and D
now refer to the peak values. Gathering terms based on time
dependence, we find

A _ J+E I-S 3515
2r 2 2
isin(wt + ¢)Jpne
Y

B ~1-8). @)

(ItSs™ —1°S%)

To gain a physical intuition regarding this system, it is
helpful to first consider the case of no interaction other than
the scalar J coupling. Suppose we begin by preparing an
initial state in which the spins / and S have opposite average
projection onto some direction (%) corresponding to magneti-
zation M, along this direction (the sample is at zero external
magnetic field), see Fig. 2(a).

The effect of the J coupling (i.e., the I - S interaction) is
to produce beats of the spins so that the average values of 1
and S oscillate between positive and negative values and the
magnetization M correspondingly oscillates along X. At the
times when the average values of I, S, and M go through zero,
the polarization of the spin system has higher order and the
evolution is akin to the process of alignment-to-orientation
conversion known in atomic and molecular physics [67].
Interpreting the evolution in the product-operator formalism
[68], the isotropic J coupling converts I, — S into 1,S; — LS,
then into S, — I, etc., as depicted in Fig. 2(a).

Now let us add an electric field E applied along 2 per-
pendicular to M, which orients the molecules, giving rise to

nonzero W [see Fig. 1(a)]. In the absence of other interac-

tions, the effect of J" would be to convert I, — S, into LS, +
LSy, then into S, — I, etc., which would not produce any
magnetization effects distinguishable from those of isotropic
J.

An “interesting” effect of J! appears when this coupling
is combined with the scalar part to convert /S, — IS, gen-
erated by the latter into /, + S, associated with a detectable
magnetization along y [see Fig. 2(b) and Appendix for de-
tails].

The essential observable phenomenon revealing the rank-1
J coupling in the system is the component of the magnetiza-

tion perpendicular to both J" and the original direction of
the magnetization. In fundamental physics experiments, it is
customary to consider a rotational invariant, a (pseudo)scalar
built out of experimental parameters that reveals the symmetry
of the effect and the behavior of the system under the reversals
of the parameters. In this case, we can write such an invariant
as

BDCt‘MO XE7 (23)
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FIG. 2. Evolution of nuclear magnetization at zero magnetic field. Vector diagrams show the evolution of I and S magnetization, starting
from I, — S. Simulated signals along £ and J, assuming an initial state proportional to y;/; — ¥sS.. (a) Evolution under the isotropic J coupling.

(b) Including a static J{. (c) With a resonantly modulated J<". (d) Including the residual dipole-dipole coupling due to alignment by the electric

field. In all cases, the spins evolve only in the % plane.

which is P-odd and T-even (i.e., a pseudoscalar invariant
with respect to time reversal), revealing that the relevant
signal should reverse sign under the reversals of each of the
quantities Bpet, Mo, and E.

We now discuss the time dependence of the signal that
can be evaluated based on Eq. (22) and the initial condi-
tions. Let us first consider just the scalar J coupling and
neglect the other coupling. As illustrated in Fig. 2(a), there
is magnetization only along the initial direction, which un-
dergoes oscillations at frequency J. Adding the antisym-
metric J coupling, we see that there appears a transverse
component of magnetization along the detection direction
oscillating at the same frequency Fig. 2(b). The maxi-
mum transverse magnetization can be roughly estimated as

MoJD/J.

The effect may be considerably enhanced by a factor on
the order of JT, if we reverse the direction of the electric field
synchronously with the reversals of the main component of
the magnetization, Fig. 2(c).

Finally, we reintroduce the dipole-dipole coupling. The
I - S part of the interaction [see Eq. (22)] adds to the scalar
J coupling and does not bring any qualitative new features,
except for changing the frequency of the oscillation of the
main component of the magnetization to

w/2n =J 4+ D/2. (24)

On the other hand, interestingly, the 1,S, term results in an en-
hancement of the signal associated with antisymmetric J cou-
pling, as illustrated in Fig. 2(d). Moreover, the PNC-induced
y magnetization is no longer static. Because the singlet spin
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state commutes with 7S, the induced evolution must involve
only the triplet states, so it oscillates at frequency 3D/4,
corresponding to the average energy difference between the
|To) and |Ty,) states. Importantly, this frequency is distinct
from the frequency with which the electric field is modulated
(J 4+ D/2), provided that J # D/4.

III. THE PROPOSED EXPERIMENT

Our proposed experiment involves excitation of magneti-
zation along the y axis. An experimentally realizable initial
condition is

Vi + Vs
2

Yi — Vs

I + Sy
it ar (I + Sx) +

(Ix - Sx)] )

(25)
which corresponds to magnetizing the spins along the x axis in
a field of strength B, (where |y Bp,| > |27 J|) at a temperature
T; k is Boltzmann’s constant. Following prepolarization, the
sample is transported to the detection region in the presence
of a guiding magnetic field, S is inverted, and then the guiding
field is suddenly turned off. The inversion of S can be done
either in high field [69] or at zero field [70]; the purpose of
the inversion is to maximize I, — S,, and, correspondingly, the
useful signal.

When Jpne # 0, there is nonzero magnetization along
that oscillates at frequency 3D/4 [see Fig. 2(d)]. Figure 2
shows a simulation of the PNC-dependent signal for 'H '°F.
We assume the spins are prepolarized in a field B, =20 T at
300 K and that the spin coherence time is 1 s. The simulated
sample is 10?! molecules (50 uL) at a distance of 7 mm
from the magnetometer cell, which is typical of zero-field
NMR detection. Figure 2(d) shows the time evolution of
the magnetic field at the magnetometer cell, which has an
amplitude of ~1.5 x 107'% T. Given a magnetometer sensi-
tivity of 10~'4T/+/Hz and a realistic duty cycle of 10%, this
would require on the order of hours to achieve a signal-to-
noise ratio greater than unity. We emphasize that this level of
signal corresponds to readily accessible laboratory conditions
similar to those in zero-field spectrometers currently in use
[64,71,72].

Note the beating in the & signal [Fig. 2(d)] that does not
appear in the parity-violation-related y signal. The origin of
the beating is that the X signal has a component at a second
frequency corresponding to the |So) <> |Tx) energy interval,
J — D/4. This component arises from the I, — S, component
of the initial state. Because the * component is several orders
of magnitude larger than the y component, in a realistic
experiment there will be inevitable “leakage” of the % signal
into the y channel. However, the distinct time dependence
of the former will allow one to subtract (i.e., “fit out”) the
accurately measured X signal from the § channel, facilitating
the discrimination of the sought-after signal.

p(0)21+ﬁ[

Systematic effects

Systematic errors can be addressed by considering how
they are affected by reversals of the electric field E, the
initial nuclear magnetization My, and the sensitive axis of the
detector, Bp., considering that the PNC signal transforms as
the rotational invariant of Eq. (23).

e e 0.0
= © -0.5
P o -1.0
X X -15¢
= -2.0
@ @ )5
335 340 345 335 340 345
Frequency (Hz) Frequency (Hz)
e
o
RS
X
)
335 340 345 335 340 345
Frequency (Hz) Frequency (Hz)
e
o
RS
X
o
| 5
335 340 345 335 340 345
Frequency (Hz) Frequency (Hz)
o
o
RS
X
0
335 340 345 335 340 345
Frequency (Hz) Frequency (Hz)

FIG. 3. Electric-field phase cycling. Dependence of B, (parity-
conserving) and By (PNC) signals on the phase of the electric-field
modulation.

Our method has the advantage that the PNC signal will
emerge at the frequency 3D/4, which is different from that
of the driving electric field (J + D/2). However, a component
of the parity-conserving NMR signal also evolves at this fre-
quency, with amplitude orders of magnitude larger than that of
the PNC signal, and it is likely impossible to avoid slight mis-
alignments that would result in the magnetometer signal hav-
ing at least some component of the parity-conserving signal
added to the PNC signal. Fortunately, the parity-conserving
and nonconserving signals depend differently on the phase of
the oscillating electric field. Indeed, the phase of the PNC
signal depends linearly on the phase of the electric field,
while the parity-conserving signal is invariant under reversal
of the phase (see Fig. 3). The PNC signal can thus be isolated
by performing subsequent experiments with the electric-field
orientation reversed (a 180° phase shift) and subtracting the
signals.

In the design of the experiments, in addition to misalign-
ment, one needs to consider also the effect of the ac magnetic
field B, that would inevitably accompany the oscillating elec-
tric field. One example of a potentially dangerous systematic
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error corresponds to the rotational invariant Bpe - B,.. Indeed,
this signal reverses with the reversal of the applied electric
field (which is the origin of B,.) and the detection direction.
However, this particular effect can be discriminated based on
the fact that it does not reverse with the initial magnetization
of the sample.

Other potential systematic effects may arise due to the
presence of stray magnetic fields. Perhaps the most concern-
ing issue is that an ac magnetic field at the frequency of the
electric-field modulation and directed along the Z axis has a
very similar effect to that of Jenc, generating I, + S, spin
order, and thus an oscillating magnetization along § at the
frequency 3D/4. For a 'H—'°F spin system, B,(t) ~ 100 fT
yields an effect of the same magnitude as J") under the con-
ditions discussed above. This stray-field-induced systematic
signal transforms as the rotational invariant

Bpe - My x Bgy, (26)

which is similar to Eq. (23) but with E replaced by Bg,. This
systematic effect can be monitored by sensitive magnetometry
and discriminated, for instance, by its relative phase.

IV. CONCLUSIONS

In conclusion, the nuclear-spin-dependent parity-
nonconserving contribution to the J-coupling Hamiltonian
in diatomic molecules puts observation of molecular PNC
within the reach of current atomic vapor-cell magnetometers,
even for molecules containing relatively light atoms such as
HF. A detailed analysis of systematic effects will need to
be carried out in conjunction with a specific experimental

design. Many potentially dangerous systematic effects can be
discriminated based on several available reversals: that of the
initial magnetization, detection direction, and the phase of the
applied electric-field modulation. Additional tell-tale features
of the useful signal include the fact that the signal appears
at a frequency different from the frequency with which
the electric field is modulated; moreover, the PNC-signal
frequency scales as the square of the amplitude of the applied
field [see Eq. (20)].

For simplicity we considered diatomic molecules as an
example. However, this method should work also for more
complicated a chiral polar molecules. The size of the re-
spective PNC effect can be estimated using Eq. (15). For
molecules with spin-1/2 nuclei in the range 7 < Z < 81, the
PNC coupling is likely to be between a few microhertz and a
few millihertz, as suggested by the estimates (17) and (16).
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