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Probing vacuum-induced coherence via magneto-optical rotation in molecular systems
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We investigate theoretically the effects of vacuum-induced coherence (VIC) on magneto-optical rotation
(MOR). We carry out a model study to show that VIC in the presence of a control laser and a magnetic field
can lead to large enhancement in the rotation of the plane of polarization of a linearly polarized weak laser with
vanishing circular dichroism. This effect can be realized in cold molecular gases and may be used as a sensitive
probe for VIC. Such a large MOR angle can also be used to detect weak magnetic field with large measurement
sensitivity.
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I. INTRODUCTION

Many prodigious phenomena in atomic and molecular
physics are the consequences of quantum coherence and
interference [1]. A pronounced coherence phenomenon, called
vacuum-induced coherence (VIC), arises due to the quantum
interference between the spontaneous emission pathways from
the excited doublet to a common ground state [2]. The
coupling between decay pathways via the same continuum
of vacuum states of electromagnetic fields creates these
interfering channels. Recently, numerous theoretical studies
have reported fascinating applications of such quantum in-
terference [3–17]. More than two decades ago, it was shown
that VIC can lead to the cancellation of spontaneous emission
from the two nondegenerate upper levels of a three level
system [3]. Quantum interference effects on the spectrum of
emission from two upper levels driven by a coherent field
were studied by Zhu [4]. In a model study, the elimination
of spectral line in the spontaneous emission spectrum was
demonstrated by Zhu and Scully [5]. In an analogous problem,
the suppression of autoionization in a three-level system with
two degenerate upper levels was shown by Harris [6]. In all
such theoretical studies on quantum interference, the common
underlying basis is the interaction of discrete levels with
a continuum of states. One of the stringent requirements
for the VIC to occur is the nonorthogonality of the dipole
matrix elements of the two transitions from degenerate or
quasidegenerate excited states [18] to the common ground
state. It is very difficult, if not impossible, to fulfill this
condition in atomic systems. However, it is shown in [19,20]
that this condition can be bypassed by placing the atom in
anisotropic vacuum. The simulation of quantum interference
in atomic systems without near-degenerate levels has also
been suggested [1]. Moreover, possible realizations of VIC
have been proposed in ions [21,22], semiconductor quantum
wells [23], quantum dots [24,25], and Mössbauer nuclei [26].
Despite these attempts, a clear manifestation of VIC in atomic
systems still remains elusive.

On the other hand, the situation is entirely different in cold
molecules, which appear to be quite promising systems for
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exploration of VIC. In fact, the VIC can appear naturally in
molecular systems [27], as it is possible to identify nonorthog-
onal dipole transitions in molecules unlike in atoms. Such
nonorthogonal transitions in a diatomic molecule arise due to
the coupling of the rotation of the molecular axis with molecu-
lar electronic angular momentum. It is possible to find diatomic
molecules having suitable V-type three level structures, with
both upper levels being either degenerate or nondegenerate
for exploring VIC. Consider a molecule initially prepared in
a particular vibrational level v0 and rotational level J = 0
in the spin-singlet (S = 0) electronic ground state. Let this
initial state be represented by |0〉 = |v0,J = 0,mJ = 0; S =
0,L = 0,ML = 0〉, where L and ML denote the molecular
electronic orbital angular momentum and its projection onto
the internuclear axis which is the molecule-fixed z axis. Let
us consider laser transitions from this state to two excited
molecular states |1〉 = |v1,J = 1,mJ = 1; S = 0,L = 1,ML〉
and |2〉 = |v2,J = 1,mJ = 1; S = 0,L = 1,ML〉 which have
the same rotational and the same molecular electronic states.
v1 and v2 represent the vibrational quantum numbers of the two
excited states. Now, in the first approximation, when higher-
order spin-orbit, spin-rotation, and orbit-rotation interactions
are neglected, one of the good molecular quantum numbers
in Hund’s case (a) and (b) is � = |ML|. Now, if we choose
ML = 0, that is, both the excited levels belonging to 1�
states, v1 and v2 should be necessarily different and so the
two excited states are nondegenerate. On the other hand, if
we select ML = ±1 or, equivalently, � = 1, that is, both the
excited levels being in the 1� states, v1 and v2 may or may
not be equal. If it is chosen that v1 = v2, then the two states
with ML = ±1 = ±� are degenerate. The degeneracy will be
lifted by the �-doubling effect [28]. In this particular case, �

doubling will occur due to orbit-rotation coupling. In both the
nondegenerate (v1 �= v2) and the degenerate (v1 = v2) cases,
the molecular transition dipole moments are parallel. The
nondegenerate case with ML = 0 and v1 �= v2 satisfies exactly
the same condition as considered by Imamoǧlu [18] in a model
three level atomic system for realization of VIC effects about
26 years ago. Probably, it is difficult to find such an atomic
system having two upper levels with the same electronic
angular momentum states. But molecular systems, particularly
the emerging area of cold molecules, present a promising
perspective for realization of VIC and related effects. In
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the particular scheme of molecular transitions we consider
here, the two transitions occur between the same rotational
and electronic levels. Therefore, the electronic part of the
dipole moment matrix elements will be the same, as the two
dipole moments are parallel. In the nondegenerate case, these
matrix elements differ only slightly by the Franck-Condon
overlap integrals for the two vibrational states, which may be
taken as the two nearby even or odd vibrational levels with
large vibrational quantum numbers so that the energy spacing
between them is small.

Usually, population oscillation in the excited vibrational
states is understood as an effect of VIC and thus is used to
detect VIC in experiments. As the population in the excited
state occurs due to absorption of the probe field, it is the
imaginary part of the susceptibility of the medium that plays
the most important role in such detection. In this work, we
present a different strategy—we show how the dispersion
of the probe field (or equivalently, the real part of the
susceptibility) can be manipulated to obtain a measurable
signature of VIC. Precisely speaking, we explore a way
to probe VIC in molecules by observing its influence on
magneto-optical rotation (MOR). MOR refers to the rotation of
the plane of polarization of light, while propagating through the
medium in the presence of magnetic field. It occurs essentially
due to birefringence or dichroism induced in the medium by
the applied magnetic field. The angle of MOR of a linearly
polarized weak field propagating through a medium with
negligible absorption is given by

� = πkpLRe(χ− − χ+), (1)

where χ± represent the susceptibilities of the medium corre-
sponding to right (+) and left (−) circular polarization of the
probe field, respectively; kp is the propagation constant of the
weak field; and L is the length of the medium. The MOR angle
can be enhanced by creating large anisotropy in the medium
using a high magnetic field. Furthermore, the enhancement can
also be accomplished by a coherent control field [29–31]. A
nice review on MOR and its applications can be found in [32].

Here we show that in the presence of VIC the angle of
rotation of the plane of polarization of linearly polarized
light propagating through a medium of cold molecules can be
significantly large at resonance. Further, the angle of rotation
as large as 180◦ can be achieved by employing a control
field and a magnetic field. For this purpose a medium of cold
molecules [33] is useful, as it is possible to suppress thermal
fluctuations so that low-lying rotational states can be accessed
for the existence of VIC. The large MOR angle so obtained
can be employed as a tool for the sensitive detection of very
weak magnetic field [34]. A small change in magnetic field
can lead to large change in the MOR angle, and thereby to
large measurement sensitivity [35–39].

The organization of the paper is as follows. In Sec. II we
describe the theoretical model with relevant density-matrix
equations including VIC. In Sec. III we delineate a realistic
molecular system where VIC can be perceived. We discuss
in Sec. IV that the VIC in the presence of the control and
magnetic field leads to large MOR angle. The main results of
the paper are presented in this section. In Sec. V we propose
a magnetometer based on VIC for the sensitive detection of
the magnetic field. Section VI describes the conclusions and

discussion on the possible experimental realization for the
observation of VIC in cold molecular systems.

II. RELATION BETWEEN POLARIZATION
ROTATION AND VIC

A. The model

To understand the basic idea of enhancement of polar-
ization rotation in the presence of VIC, we first consider
a generic energy-level scheme (see Fig. 1). For simplicity,
we consider that the system comprises two near-degenerate
excited molecular states (|1〉) and (|2〉) coupled to a ground
rovibrational state (|0〉). Cold molecules can be prepared
in such states by two-photon Raman photoassociation of
cold atoms [40,41]. A linearly polarized weak probe field
�Ep = x̂εpe−i(ωpt−kpz) + c.c. of frequency ωp and propagation

constant kp is applied to drive the transitions as shown in
Fig. 1. The σ+ component of the probe field couples to
the transitions |0〉 ↔ |1〉 and |0〉 ↔ |2〉, with the respective
Rabi frequencies 2g1 and 2g2, following the dipole selection
rules [42], while the σ− component does not couple to these
transitions. A π -polarized control field �Ec = ẑεce

−iωct + c.c.
of Rabi frequency 2G couples the ground state |0〉 to an
auxiliary level |3〉, where ωc is the frequency of the control
field. The coherence created by this field between levels |0〉
and |3〉 causes a high refractive index in the medium without
absorption [43–45].

The Hamiltonian of this system in the dipole approximation
can be written as

Ĥ = �

3∑
i=1

ωi0|i〉〈i| −
2∑

i=1

[( �di0|i〉〈0| + H.c.) · �Ep]

− [( �d30|3〉〈0| + H.c.) · �Ec]. (2)

Here zero of the energy is defined at the level |0〉, �ωij is the
energy difference between the levels |i〉 and |j 〉, and �dij is
the transition dipole moment matrix element of the transition
|i〉 ↔ |j 〉. The dynamical evolution of the system can be

FIG. 1. Simplified schematic of the energy-level diagram. The
levels |1〉 and |2〉 are coupled to ground state |0〉 by the σ+ component
of the probe field. The VIC arises between |1〉 and |2〉 from the
quantum interference of the two spontaneous decay channels |1〉 →
|0〉 and |2〉 → |0〉. The arrangement of the field polarizations and the
dipole moments is shown in the box.
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described by the Markovian master equation:

ρ̇ = − i

�
[H,ρ] + 1

2

3∑
i=1

γ0i(2A0iρAi0 − Aiiρ − ρAii)

+ 1

2
γ12

2∑
i,j = 1
i �= j

(2A0iρAj0 − Ajiρ − ρAji), (3)

where γ0i is the spontaneous emission rate from the excited
state |i〉(i = 1,2,3) to the ground level |0〉. Here, the term γ12 =√

γ01γ02 cos θ arises due to VIC, that results from the cross-
talk between two decay paths |1〉 ↔ |0〉 and |2〉 ↔ |0〉. Here

cos θ = �d10· �d20

| �d10|| �d20| with θ being the angle between dipole moment

elements �d10 and �d20 (see Fig. 1). Clearly, for orthogonal dipole
moments, θ = π/2 and the VIC does not exist between the
excited states (γ12 = 0). The term Aji = |j 〉〈i| represents the
population operator for j = i and a dipole transition operator
for j �= i.

To obtain the steady-state solutions of the density matrix,
we expand the density-matrix elements to first order in the
Rabi frequencies of the probe field, g1 and g2, and to all orders
in the control field Rabi frequency G. The detailed solutions
are given in Appendix A.

B. Relation with VIC

The zeroth-order coherence between the relevant energy
levels, in the absence of the probe field, is related to the
populations (ρ̃(0)

ii )

ρ̃
(0)
12 = iγ12

(
ρ̃

(0)
11 + ρ̃

(0)
22

)
2(�∗

10 − �20)
, (4)

ρ̃
(0)
03 = − iG∗(ρ̃(0)

00 − ρ̃
(0)
33

)
�∗

30

, (5)

where �kj = δkj + i�kj (k = 1,2,3 and j = 0) and δkj and
�kj are the detuning and the dephasing rate of coherence,
respectively, as defined in Appendix A. It is obvious from
Eq. (4) that vacuum-induced coherence exists between levels
|1〉 and |2〉 even in the absence of any control field provided
the populations in either of the levels or in both the levels are
nonzero, while the coherence between levels |0〉 and |3〉 arises
due to the applied control field.

In the presence of the weak probe field, the coherence ρ̃+
j0

between |0〉 ↔ |j 〉 (j = 1,2) can be written as

ρ̃+
j0 = g1ρ̃

′(+1)
j0 + g2ρ̃

′(−1)
j0 . (6)

As seen in Eq. (A3) in Appendix A, ρ̃
′(+1)
j0 depends upon

the coherence [Eq. (5)] induced by the control field. Clearly,
by opening up a transition using a control field, one can
create a situation in which the σ+ polarization component can
exhibit large coherence. This is the reminiscence of the idea
of enhancement of the refractive index, originally proposed
in [43–45].

The total first-order coherence for the σ+ component of the
probe field can then be expressed as

ρ̃+ = ρ̃+
10 + ρ̃+

20. (7)

This indicates that the coherence can be further influenced
by the VIC between the excited levels |1〉 and |2〉. The
linear susceptibility of the medium for the σ+ component is
proportional to the relevant coherence, as given by [46,47]

χ+ =
(

N | �d+|2
�γ

)
ρ̃+ , (8)

where N is the number density of the medium and γ01 = γ02 =
γ is the spontaneous emission rate. Also, we have assumed
that �d+ = �d10 ≈ �d20. It is to be noted that Eq. (8) is valid in
a linear approximation [48] for a weak probe field when γ is
much greater than the Rabi frequencies (gi , for i=1,2) of the
circular components.

In this way, the susceptibility χ+ of the medium can be
manipulated by using a control field and VIC, for the σ+
polarization component of the probe field, while the coherence
χ− for the σ− component remains unchanged. This is because
the σ− component does not interact with the system of Fig. 1.
The difference in their coherences leads to the polarization
rotation. The corresponding rotation angle � ∝ Re(χ− − χ+)
[see Eq. (1)] implies that polarization rotation of the field at the
output increases with increase in the difference in the refractive
indices (circular birefringence) of the circular components of
the probe field. This control can be made by the presence of
the control field and the existence of VIC into the system. This
suggests that for a given control field VIC can be detected and
quantified by the amount of rotation angle.

III. A REALISTIC MOLECULAR SYSTEM

Here we discuss how this model can be realized in a
molecular system. For VIC to occur, the spacing between the
two excited vibrational states should be less than spontaneous
linewidth. In the case of the near-degenerate �-doubling case,
it is easy to fulfill this condition by choosing spin-singlet
� ↔ � transitions, since the lifting of �-degeneracy due to
the orbit-rotation coupling would be very small [28]. In the
nondegenerate case (v1 �= v2), in order to have small spacing
between the two excited states, the vibrational levels should
be highly excited and lie close to the dissociation threshold.
Such states will be stable only at a very low temperature. Now,
accessing such excited states by optical dipole transitions from
a deeply bound vibrational level in the singlet ground-state
molecular potential will be difficult due to the extremely
poor Franck-Condon factor. However, with recent advances
in the production of Feshbach molecules [49,50] and the cold
molecules in the triplet ground-state potentials [51], excited
vibrational levels with appropriate spacing as required for VIC
seem to be accessible by transitions from a molecular state in
the triplet ground-state potential. For example, RbK [52,53]
and Cs2 [54] in the triplet ground state in the ultracold
temperature regime have been produced. However, for the sake
of simplicity, we here consider only the near-degenerate case
with v1 = v2.

We now focus on our model configuration as shown in
Fig. 2. The σ− component of the probe field interacts with
the (|0〉,|1′〉,|2′〉) manifold with the relevant Rabi frequencies
2g′

1 and 2g′
2, in which the levels (|1′〉,|2′〉) can be chosen as
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FIG. 2. Schematic diagram with relevant energy levels. The
excited states |1〉 and |2〉 (|1′〉and|2′〉) are the rovibrational levels close
to the dissociation limit having the same J (= 1) and mJ such that VIC
exists between them (see text in Sec. I). The σ+ (σ−) component of a
x̂-polarized probe field drives the transitions |0〉 ↔ |1〉 and |0〉 ↔ |2〉
(|0〉 ↔ |1′ 〉 and |0〉 ↔ |2′ 〉), respectively. A π -polarized control field
couples another level |3〉 to |0〉. The degeneracy of the excited states
is removed by applying an axial magnetic field.

near-degenerate rovibrational states with the same quantum
numbers J = 1 and mJ = −1. The σ+ component couples
the excited states |1〉 and |2〉 (mJ = +1) with the ground
state |0〉. The anisotropy is created by applying a weak
magnetic field of strength B, such that the excited states |1〉
and |2〉 (|1′〉and|2′〉) are simultaneously Zeeman shifted by an
amount δ + B (δ − B). Both the manifolds share a common
π -polarized control field with Rabi frequency 2G, driving the
|0〉 ↔ |3〉 transition with a detuning �. Clearly, as discussed in
the previous section, both the polarization components exhibit
an enhanced refractive index, however at different frequencies,
in the presence of the magnetic field.

In this case, the total coherence of the σ± components can
be written as, in analogy of Eq. (7),

ρ̃± = ρ̃±
10 + ρ̃±

20, (9)

where

ρ̃+
j0 = g1ρ̃

′(+1)
j0 + g2ρ̃

′(−1)
j0 , (10)

ρ̃−
j0 = g′

1ρ̃
′(+1)
j0 + g′

2ρ̃
′(−1)
j0 . (11)

The expressions of ρ̃
′(±1)
j0 (j = 1,2) are given in Appendix A.

The susceptibilities of the medium for two polarization
components thus become

χ± =
(

N | �d±|2
�γ

)
ρ̃±. (12)

The magneto-optical rotation angle can then be written as

� = CRe(ρ̃− − ρ̃+), (13)
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FIG. 3. The variation of real (dotted line) and imaginary (solid
line) parts of ρ̃± with the probe field detuning δ/γ . The parameters
used are (a) G = 0, (b) G = 0.5γ , and (c) G = 5γ . Other common
parameters are B = 0, θ = 0, � = 0, ρ̃

(0)
00 = 1, ρ̃

(0)
11 = 0, ρ̃

(0)
22 = 0,

ρ̃
(0)
33 = 0, γ01 = γ02 = γ , γ03 = 0.1γ , γ13 = γ23 = 0, and g1 = g2 =

g′
1 = g′

2 = 0.1γ . In the absence of magnetic field, ρ̃+ (blue line)
overlaps ρ̃− (black line).

where C = πkpL(N | �d|2
�γ

) is a constant attributed to the system.

Here, we have assumed | �d| = | �d−| = | �d+|.
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IV. RESULTS

A. The effect of control field

We consider a situation where maximum VIC occurs (i.e.,
θ = 0) in the system (for other cases see Appendix B). To
obtain enhanced magneto-optical rotation, we would like to
find a frequency domain in which large circular birefringence
occurs along with zero dichroism. Note that the MOR angle
[Eq. (13)] is derived in the limit of no absorption of the probe
field in the medium. This expression of the MOR angle is,
however, equally valid, if the absorptions of the two compo-
nents are equal and nonzero. In this case, the output probe field
remains linearly polarized, though with reduced intensity.

In Fig. 3, we present the dispersion and absorption profile of
the polarization components. In the absence of the control field
[Fig. 3(a)], the system behaves as two two-level systems with
degenerate excited states and exhibits absorption at resonance.
When the control field is switched on, a large refractive index
arises in the system at δ = ±|G|, along with zero absorption,
whereas the absorption profile attains negative values at reso-
nance [43–45], thanks to the coherence created by the control
field between |0〉 and |3〉 [see Eq. (5)]. Figure 3(b) elucidates
the effect of the control field for G = 0.5γ . It can be inferred
that the refractive index attains a high value at δ = ±|G| where
absorption is zero. When Rabi frequency of the control field is
increased further to G = 5γ , refractive index acquires much
larger values at δ = ±|G| as shown in Fig. 3(c). Thus, we can
achieve larger values of the refractive index without absorption
by increasing the Rabi frequency of the control field. It should
be emphasized here that these profiles of σ± components are
identical, as the magnetic field is not switched on yet. This
clearly does not lead to any MOR, as the system is still isotropic
with respect to the two polarization components.

B. The effect of magnetic field

Now let us elucidate the effect of the axial magnetic field.
The applied magnetic field produces Zeeman shift in each
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B = 0 .5γ
γ12 = γ

FIG. 4. The evolution of real (dotted line) and imaginary (solid
line) parts of ρ̃± with probe field detuning δ/γ . The parameters used
are G = γ and B = 0.5γ and the other parameters are the same as in
Fig. 3.

magnetic sublevel (see Fig. 2). As a result, the resonance
frequencies for the two circular components differ. Therefore,
the right- and left-circularly polarized components exhibit
different degrees of absorption and dispersion. We display
in Fig. 4 the dispersion and absorption spectrum of the two
polarization components in the presence of the magnetic field
(B = 0.5γ ). One can notice from this figure that the peaks of
absorption profiles occur at δ = ±B whereas a large refractive
index with vanishing absorption can be obtained at δ =
±(G ± B). Moreover, the magnetic field causes the absorption
and dispersion profiles to be separated by an amount 2B.

As discussed above, the magnetic field creates anisotropy
in the medium while the control field provides a large value of
the refractive index with vanishing absorption. This anisotropy
results in the difference in the refractive index (circular
birefringence) for the circular components of the probe field,
which leads to magneto-optical rotation [Eq. (13)]. Besides
this, magnetic field also induces difference in the absorption
(circular dichroism) for right- and left-circularly polarized
components. This difference in the imaginary parts of the
susceptibilities causes ellipticity of the probe field. In this
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FIG. 5. The variation of (a) the real parts and (b) the imaginary
parts of the difference between ρ̃− and ρ̃+ with probe field detuning
δ/γ . The blue dotted line (blue ticks on the right on the y axis) is
for G = 0.5γ whereas the black solid line (black ticks on the left
on the y axis) is for G = 5γ . We have chosen B = γ and the other
parameters are the same as used in Fig. 3.
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FIG. 6. The variation of (a) Re(ρ̃− − ρ̃+) and (b) Im(ρ̃− − ρ̃+)
with probe field detuning δ/γ for G = γ and different magnetic
fields B = 0.5γ (dotted line) and B = 5γ (solid line). The other
parameters are the same as used in Fig. 3.

situation the complete description of the polarization state
of the output probe field requires one to invoke Stoke’s
parameters [55,56].

C. Magneto-optic rotation

We show in Fig. 5(a) that the circular birefringence is
enhanced at resonance for G = 0.5γ whereas for larger G

(e.g., for G = 5γ ) this occurs at δ = ±(G ± B). The large
circular birefringence at resonance for G = 0.5γ can be
attributed to the fact that the relevant dressed states are not
well resolved for weaker field strength. On the other hand,
by increasing the control field strength (G = 5γ ) the dressed
states can be made split apart, so that the coherence at
resonance becomes negligible. Large coherence and therefore
large circular birefringence are achieved at δ = ±(G ± B).
The enhancement in the birefringence is associated with
vanishing circular dichroism as depicted in Fig. 5(b).
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FIG. 7. Variation of the real (solid line) and imaginary (dashed
line) parts of the difference between ρ̃− and ρ̃+ at resonance (δ = 0)
with (a) magnetic field B for G = γ and (b) Rabi frequency G of the
control field for B = γ . The other parameters are the same as used in
Fig. 3.

Further, the separation between absorption and dispersion
profiles of σ± components of the probe field increases with
increase in the magnetic field. We display in Fig. 6 the real
and imaginary parts of the difference between the coherences
for right- and left-polarized components as a function of probe
field detuning at different magnetic fields. Figure 6(a) shows
that, when magnetic field is small, say B = 0.5γ , there is a
large difference in refractive index with zero circular dichroism
[Fig. 6(b)] at δ = 0. This is the most sought after feature to
obtain a large MOR angle. Note that as the magnetic field
is increased the circular birefringence decreases while the
circular dichroism remains zero at resonance. This happens
because of larger Zeeman shifts of the two excited states with
mJ = ±1 and, therefore, larger shifts in the absorption and
dispersion profiles.

We further demonstrate the effect of the magnetic and
control field on circular birefringence and dichroism at probe
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FIG. 8. Variation of magneto-optical rotation angle � (in radians)
(solid line) and circular dichroism [Im(ρ̃− − ρ̃+)] (dotted line) with
detuning δ/γ of the probe field for (a) θ = 0 and (b) θ = π/2. We have
chosen G = B = γ and C = 3.5 in Eq. (13) and the other parameters
are the same as in Fig. 3. Here, the MOR angle (�) is obtained by
applying the modulo operator on CRe(ρ̃− − ρ̃+) with π [57].

resonance in Fig. 7. The difference between the imaginary parts
of ρ̃± at resonance remains zero as we increase the magnetic
field. Thus, both σ± components of the probe field equally
couple to the two Zeeman-shifted atomic states throughout
the medium at resonance. On the other hand, the birefringence
vanishes at resonance in the absence of magnetic field whereas
it attains large values at B = G = γ as illustrated in Fig. 7(a).
As shown in Fig. 7(b), the absorptions for the two polarization
components remain the same whereas birefringence achieves a
very high value for G ≈ B. It is to be noted that birefringence
is not zero at G = 0 due to the presence of magnetic field.
Therefore, the condition G = B at resonance is important for
obtaining a large MOR angle with zero circular dichroism.

The above study suggests that the MOR angle can be
enhanced at resonance without any ellipticity at the output.

In Fig. 8, we show how the MOR angle and circular dichroism
vary with probe field detuning (δ/γ ), when the angle between
the two dipole moments changes between zero and π/2. It
is evident in Fig. 8(a) that in the presence of VIC (θ = 0)
the MOR angle can be large at resonance, while in the
absence of VIC (θ = π/2) this angle becomes much smaller
at resonance [Fig. 8(b)]. It is to be noted that the MOR angle
becomes large also for θ = π/2, but at detuned frequencies
[Fig. 8(b)]. However, here, we focus on resonance, as the
circular dichroism vanishes at resonance, thereby causing the
polarization to remain linear at the output (note that for large
detuning the MOR angle is accompanied by large circular
dichroism (see Fig. 8), which results in the ellipticity of the
output polarization). Therefore, it is worthwhile to explore the
behavior of MOR at resonance, for which the parallel dipole
moments give rise to large � in contrast to orthogonal case.
We thus conclude that the enhancement in the angle of rotation
of polarization at the output can be appraised as an effect of
VIC and therefore can be chosen as a signature of VIC in the
molecular systems.

V. VIC BASED MAGNETOMETER

The preceding analysis delineates that the large MOR angle
is a consequence of the cooperation of VIC and the control
field. Such a large MOR angle due to the presence of VIC
provides an extra knob to measure the weak magnetic field.
Usually, a small magnetic field produces very small anisotropy
in the system and hence a very small MOR angle which is
difficult to detect. But here we obtain a MOR angle as large
as ∼180◦ even with small magnetic field. Thus, by measuring
the MOR angle we can estimate the feeble magnetic field. For
example, at resonance for a magnetic field as low as 0.35γ ,
a MOR angle as large as 111◦ can be achieved for θ = 0 and
G = B, whereas in the absence of VIC this angle becomes
much smaller, ∼29◦. Further, the sensitivity of the detectable
magnetic field is limited by particulars of experiment, for
instance, by shot noise [58] and ac-Stark shifts [59]. However,
the limitation due to ac-Stark shift can be compensated by
adjusting the detuning between the hyperfine components of
the upper level in such a way that the light shifts cancel [60].
Based on the shot-noise limit, the sensitivity (δBz) of the
magnetic field along the direction of propagation is given
by [58,61]

δBz = 1√
Nph

(
∂�

∂Bz

)−1

, (14)

where Nph number photons are detected and ∂�
∂Bz

is the slope
of polarization rotation with the longitudinal magnetic field.
Here, the sensitivity of the proposed magnetometer using the
parameters of [62] turns out be of the order of 10−14 × η

G/
√

Hz [63], where η is the numeric value of γ . Thus,
the magnetometer based on VIC can measure a very feeble
magnetic field with very high sensitivity, which is comparable
to that reported in [58]. However, the magnetometers based on
superconducting quantum interference devices (SQUID) and
spin exchange relaxation-free (SERF) magnetometers have
sensitivities of the order of 10−15 and 10−18 T/

√
Hz [35]. Thus,

if the relaxation process can be controlled in the proposed
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magnetometer, its sensitivity may be made comparable to these
magnetometers.

VI. CONCLUDING REMARKS

In conclusion, we have shown how VIC can lead to the
enhancement of MOR angle in a molecular system. We have
illustrated that the coupling between the degenerate excited
states resulting from the interference between decay pathways
can produce a large value of the MOR angle without ellipticity
at the output. This provides a signature of VIC. We have
analyzed how the combined effects of control and magnetic
field in the presence of VIC can produce a substantial MOR
angle. We have identified a parameter regime of these fields
where resonant enhancement of birefringence and therefore of
MOR angle is possible. Further, we have discussed how such
a large MOR angle can act as the probe of weak magnetic field
with large measurement sensitivity. MOR can happen without
VIC, but VIC leads to the enhancement. So, experimentally, a
proof of VIC can be established by showing this enhancement.
To achieve this, one has to compare the results with and without
VIC. To do an experiment without VIC is simple—just to
choose two degenerate or nearly degenerate excited states with
no restriction on the orthogonality of two transitions. To select
two nonorthogonal transitions is the key to realize the VIC
effects. Cold molecular systems will provide a useful platform
in this regard. The current experimental efforts in producing
cold molecules by photo- [41] or magneto-association [49,50]
has mainly focused on the preparation of deeply bound
molecules in absolute rovibrational singlet ground-state
potential. Since such molecules are formed from ultracold
atoms, they are by default translationally and rotationally
cold. Therefore, such cold molecules offer an experimental
advantage in selecting the desired rotational and vibrational
levels for realizing the discussed effects. Particularly, in the
near-degenerate �-doubling case, deeply bound ground-state
molecules in the singlet state will be useful for inducing
1� ↔ 1� transitions. Moreover, in recent times, many groups
have demonstrated direct laser cooling of molecules in the
singlet ground-state potential [52,64,65].

In the nondegenerate case, loosely bound ro-vibrational
states in the shallower ground-state triplet potential will be
more useful, since one can then access the required upper
levels from such rovibrational levels. Typically, the linewidth
of molecular excited levels is of the order of 10 MHz.
Therefore, one has to look for two excited vibrational levels
having the same electronic angular momenta with vibrational
spacing being less than or equal to the linewidth. With
the rapid progress in the production of cold molecules in
recent times [33,53,54,65], the prospect for realization of
VIC-assisted MOR in near future seems to be quite promising.
An alternative approach to probe VIC using the MOR effect
is to use two orthogonal photoassociative transitions from the
collisional continuum of two ultracold atoms in the electronic
ground-state molecular potential.
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APPENDIX A: DENSITY-MATRIX EQUATIONS AND
FIRST-ORDER COHERENCES

The density-matrix equations of motion in the rotating-
wave approximation can be written as

˙̃ρ11 = −γ10ρ̃11 − γ12

2
(ρ̃12 + ρ̃21) + i

(
g1ρ̃01 − g∗

1 ρ̃10
)
,

˙̃ρ22 = −γ20ρ̃22 − γ12

2
(ρ̃12 + ρ̃21) + i

(
g2ρ̃02 − g∗

2 ρ̃20
)
,

˙̃ρ33 = −γ30ρ̃33 + i
(
Gρ̃03 − G∗ρ̃30

)
,

˙̃ρ21 = (−2iB − �21)ρ̃21 − γ12

2
(ρ̃11 + ρ̃22) + i(g2ρ̃01 − g∗

1 ρ̃20),

˙̃ρ10 = (iδ10 − �10)ρ̃10 − γ12

2
ρ̃20 + ig1(1 − ρ̃22 − 2ρ̃11 − ρ̃33)

− ig2ρ̃12 − iGρ̃13,

˙̃ρ20 = (iδ20 − �20)ρ̃20 − γ12

2
ρ̃10 + ig2(1 − ρ̃11 − 2ρ̃22 − ρ̃33)

− ig1ρ̃21 − iGρ̃23,

˙̃ρ30 = (iδ30 − �30)ρ̃30 + iG(1 − ρ̃11 − 2ρ̃33 − ρ̃22) − ig1ρ̃31

− ig2ρ̃32,

˙̃ρ31 = [i(δ30 − δ10) − �31]ρ̃31 − γ12

2
ρ̃32 + iGρ̃01 − ig∗

1 ρ̃30,

˙̃ρ32 = [i(δ30 − δ20) − �32]ρ̃32 − γ12

2
ρ̃31 + iGρ̃02 − ig∗

2 ρ̃30.

(A1)

The above density-matrix elements obey the condition
ρ̃00 + ρ̃11 + ρ̃22 + ρ̃33 = 1 and ρ̃ij = ρ̃∗

ji . Here, δi0 = δ +
B = ωp − ωi0 + B is the detuning of the probe field from
the |i〉 ↔ |0〉(i = 1,2) transition, δ30 = � = ωc − ω30 is the
detuning of the control field from the |3〉 ↔ |0〉 transition, and
the dephasing rate of coherence between the levels |j 〉 and |i〉
is �ij = 1

2

∑
k (γki + γkj ) + γcoll, where γcoll is the collisional

decay rate. The highly oscillating terms in Eq. (A1) have
been neglected by using the transformations: ρ10 = ρ̃10e

−iωpt ,
ρ20 = ρ̃20e

−iωpt , ρ30 = ρ̃30e
−iωct , ρ31 = ρ̃31e

−i(ωc−ωp)t , ρ32 =
ρ̃32e

−i(ωc−ωp)t , and ρii = ρ̃ii .
The steady-state solutions of Eq. (A1) can be found by using

the following perturbation expansion of the density-matrix

FIG. 9. Arrangement for nonparallel dipole moments. ε̂10 and ε̂20

are unit vectors along the direction of dipole moments, θ is the angle
between dipole moments, and α is the angle between ε̂10 and σ̂+.
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elements:

ρ̃αβ = ρ̃
(0)
αβ + g1ρ̃

′(+1)
αβ + +g2ρ̃

′(−1)
αβ + c.c. (A2)

Thus, we obtain a set of algebraic equations of ρ̃
(n)
αβ . These equations can be solved for different values of n to obtain the following

first coherence for the σ+ component of the probe field:

ρ̃
′(+1)
i0 =

⎡
⎢⎢⎢⎣

−{
�j0(�∗

30 − �i0)(�∗
30 − �j0) + |G|2(�∗

30 − �i0) + �j0
γ 2

ij

4

}(
ρ̃

(0)
00 − ρ̃

(0)
ii

)
−i

γij

2

{
(�∗

30 − �i0)(�∗
30 − �j0) + |G|2 + γ 2

ij

4

}
ρ̃

(0)
ji

+G
{
�j0(�∗

30 − �j0) + |G|2 + γ 2
ij

4

}
ρ̃

(0)
03

⎤
⎥⎥⎥⎦

⎡
⎣(

�i0�j0 + γ 2
ij

4

){(�∗
30 − �i0)(�∗

30 − �j0)}
+|G|2{�i0

(
�∗

30 − �i0 + γ 2
ij

4

) + �j0(�∗
30 − �j0) + |G|2 + γ 2

ij

4

}
⎤
⎦

, (A3)

ρ̃
′(−1)
i0 =

⎡
⎢⎢⎣

{
�j0(�∗

30 − �i0)(�∗
30 − �j0) + |G|2(�∗

30 − �i0) + �j0
γ 2

ij

4

}
ρ̃

(0)
ij

+ iγij

2

{
(�∗

30 − �i0)(�∗
30 − �j0) + |G|2 + γ 2

ij

4

}(
ρ̃

(0)
00 − ρ̃

(0)
jj

)
+ iGγij

2 (�i0 + �j0 − �∗
30)ρ̃(0)

03

⎤
⎥⎥⎦

⎡
⎣(

�i0�j0 + γ 2
ij

4

){(�∗
30 − �i0)(�∗

30 − �j0)}
+|G|2{�i0

(
�∗

30 − �i0 + γ 2
ij

4

) + �j0(�∗
30 − �j0) + |G|2 + γ 2

ij

4

}
⎤
⎦

. (A4)

Here, �j0 = δj0 + i�j0 (i,j = 1,2 and i �= j ) and �30 =
δ30 + i�30.

APPENDIX B: NONPARALLEL DIPOLE ARRANGEMENT

The schematic of the nonparallel dipole arrangement is
shown in Fig. 9. Here, ε̂10 and ε̂20 are unit vectors along the
direction of dipole moments. Thus, we can write

�d = d10ε̂10|1〉〈0| + d20ε̂20|2〉〈0| + H.c. (B1)

As θ is the angle between ε̂10 and ε̂20 and α is the angle between
ε̂10 and σ̂+, so dipole moment unit vectors can be written as

ε̂10 = cos(α)σ̂+ + sin(α)σ̂−, (B2)

ε̂20 = cos(α + θ )σ̂+ + sin(α + θ )σ̂−. (B3)

The interaction Hamiltonian can thus be given by

HI = g
nonparallel
+ |1〉〈0| + g

nonparallel
− |2〉〈0| + H.c., (B4)

where the modified Rabi frequencies for the nonparallel
arrangement take the following form:

g
nonparallel
+ = 1√

2
[sin(α) + sin(α + θ )]g+, (B5)

g
nonparallel
− = 1√

2
[cos(α) + cos(α + θ )]g−. (B6)

Thus, the nonparallel arrangement of the dipoles leads to the
modification of the Rabi frequencies. The essence of VIC lies
in the nonzero value of θ . For a particular value of α, the MOR
angle can be calculated for nonzero θ .
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gas of deeply bound ground state molecules, Science 321, 1062
(2008).

063826-10

http://dx.doi.org/10.1103/PhysRevA.52.4791
http://dx.doi.org/10.1103/PhysRevA.52.4791
http://dx.doi.org/10.1103/PhysRevA.52.4791
http://dx.doi.org/10.1103/PhysRevA.52.4791
http://dx.doi.org/10.1103/PhysRevA.56.3011
http://dx.doi.org/10.1103/PhysRevA.56.3011
http://dx.doi.org/10.1103/PhysRevA.56.3011
http://dx.doi.org/10.1103/PhysRevA.56.3011
http://dx.doi.org/10.1103/PhysRevA.55.4454
http://dx.doi.org/10.1103/PhysRevA.55.4454
http://dx.doi.org/10.1103/PhysRevA.55.4454
http://dx.doi.org/10.1103/PhysRevA.55.4454
http://dx.doi.org/10.1103/PhysRevLett.83.1307
http://dx.doi.org/10.1103/PhysRevLett.83.1307
http://dx.doi.org/10.1103/PhysRevLett.83.1307
http://dx.doi.org/10.1103/PhysRevLett.83.1307
http://dx.doi.org/10.1103/PhysRevA.57.4014
http://dx.doi.org/10.1103/PhysRevA.57.4014
http://dx.doi.org/10.1103/PhysRevA.57.4014
http://dx.doi.org/10.1103/PhysRevA.57.4014
http://dx.doi.org/10.1103/PhysRevA.61.013807
http://dx.doi.org/10.1103/PhysRevA.61.013807
http://dx.doi.org/10.1103/PhysRevA.61.013807
http://dx.doi.org/10.1103/PhysRevA.61.013807
http://dx.doi.org/10.1103/PhysRevA.40.2835
http://dx.doi.org/10.1103/PhysRevA.40.2835
http://dx.doi.org/10.1103/PhysRevA.40.2835
http://dx.doi.org/10.1103/PhysRevA.40.2835
http://dx.doi.org/10.1103/PhysRevLett.84.5500
http://dx.doi.org/10.1103/PhysRevLett.84.5500
http://dx.doi.org/10.1103/PhysRevLett.84.5500
http://dx.doi.org/10.1103/PhysRevLett.84.5500
http://dx.doi.org/10.1103/PhysRevA.64.013819
http://dx.doi.org/10.1103/PhysRevA.64.013819
http://dx.doi.org/10.1103/PhysRevA.64.013819
http://dx.doi.org/10.1103/PhysRevA.64.013819
http://dx.doi.org/10.1103/PhysRevLett.96.100403
http://dx.doi.org/10.1103/PhysRevLett.96.100403
http://dx.doi.org/10.1103/PhysRevLett.96.100403
http://dx.doi.org/10.1103/PhysRevLett.96.100403
http://dx.doi.org/10.1103/PhysRevA.77.033850
http://dx.doi.org/10.1103/PhysRevA.77.033850
http://dx.doi.org/10.1103/PhysRevA.77.033850
http://dx.doi.org/10.1103/PhysRevA.77.033850
http://dx.doi.org/10.1038/37562
http://dx.doi.org/10.1038/37562
http://dx.doi.org/10.1038/37562
http://dx.doi.org/10.1038/37562
http://dx.doi.org/10.1103/PhysRevLett.94.227403
http://dx.doi.org/10.1103/PhysRevLett.94.227403
http://dx.doi.org/10.1103/PhysRevLett.94.227403
http://dx.doi.org/10.1103/PhysRevLett.94.227403
http://dx.doi.org/10.1103/PhysRevB.71.195327
http://dx.doi.org/10.1103/PhysRevB.71.195327
http://dx.doi.org/10.1103/PhysRevB.71.195327
http://dx.doi.org/10.1103/PhysRevB.71.195327
http://dx.doi.org/10.1103/PhysRevLett.111.073601
http://dx.doi.org/10.1103/PhysRevLett.111.073601
http://dx.doi.org/10.1103/PhysRevLett.111.073601
http://dx.doi.org/10.1103/PhysRevLett.111.073601
http://dx.doi.org/10.1103/PhysRevA.85.011401
http://dx.doi.org/10.1103/PhysRevA.85.011401
http://dx.doi.org/10.1103/PhysRevA.85.011401
http://dx.doi.org/10.1103/PhysRevA.85.011401
http://dx.doi.org/10.1016/S0030-4018(99)00530-1
http://dx.doi.org/10.1016/S0030-4018(99)00530-1
http://dx.doi.org/10.1016/S0030-4018(99)00530-1
http://dx.doi.org/10.1016/S0030-4018(99)00530-1
http://dx.doi.org/10.1016/S0030-4018(01)01534-6
http://dx.doi.org/10.1016/S0030-4018(01)01534-6
http://dx.doi.org/10.1016/S0030-4018(01)01534-6
http://dx.doi.org/10.1016/S0030-4018(01)01534-6
http://dx.doi.org/10.1088/0953-4075/41/22/225503
http://dx.doi.org/10.1088/0953-4075/41/22/225503
http://dx.doi.org/10.1088/0953-4075/41/22/225503
http://dx.doi.org/10.1088/0953-4075/41/22/225503
http://dx.doi.org/10.1103/RevModPhys.74.1153
http://dx.doi.org/10.1103/RevModPhys.74.1153
http://dx.doi.org/10.1103/RevModPhys.74.1153
http://dx.doi.org/10.1103/RevModPhys.74.1153
http://dx.doi.org/10.1103/PhysRevLett.81.5788
http://dx.doi.org/10.1103/PhysRevLett.81.5788
http://dx.doi.org/10.1103/PhysRevLett.81.5788
http://dx.doi.org/10.1103/PhysRevLett.81.5788
http://dx.doi.org/10.1038/nphys566
http://dx.doi.org/10.1038/nphys566
http://dx.doi.org/10.1038/nphys566
http://dx.doi.org/10.1038/nphys566
http://dx.doi.org/10.1038/nature01484
http://dx.doi.org/10.1038/nature01484
http://dx.doi.org/10.1038/nature01484
http://dx.doi.org/10.1038/nature01484
http://dx.doi.org/10.1103/PhysRevA.49.1973
http://dx.doi.org/10.1103/PhysRevA.49.1973
http://dx.doi.org/10.1103/PhysRevA.49.1973
http://dx.doi.org/10.1103/PhysRevA.49.1973
http://dx.doi.org/10.1103/PhysRevA.58.2587
http://dx.doi.org/10.1103/PhysRevA.58.2587
http://dx.doi.org/10.1103/PhysRevA.58.2587
http://dx.doi.org/10.1103/PhysRevA.58.2587
http://dx.doi.org/10.1103/PhysRevA.70.023822
http://dx.doi.org/10.1103/PhysRevA.70.023822
http://dx.doi.org/10.1103/PhysRevA.70.023822
http://dx.doi.org/10.1103/PhysRevA.70.023822
http://dx.doi.org/10.1103/PhysRevLett.58.2420
http://dx.doi.org/10.1103/PhysRevLett.58.2420
http://dx.doi.org/10.1103/PhysRevLett.58.2420
http://dx.doi.org/10.1103/PhysRevLett.58.2420
http://dx.doi.org/10.1103/RevModPhys.78.483
http://dx.doi.org/10.1103/RevModPhys.78.483
http://dx.doi.org/10.1103/RevModPhys.78.483
http://dx.doi.org/10.1103/RevModPhys.78.483
http://dx.doi.org/10.1063/1.1328381
http://dx.doi.org/10.1063/1.1328381
http://dx.doi.org/10.1063/1.1328381
http://dx.doi.org/10.1063/1.1328381
http://dx.doi.org/10.1103/PhysRevLett.67.1855
http://dx.doi.org/10.1103/PhysRevLett.67.1855
http://dx.doi.org/10.1103/PhysRevLett.67.1855
http://dx.doi.org/10.1103/PhysRevLett.67.1855
http://dx.doi.org/10.1103/PhysRevA.46.1468
http://dx.doi.org/10.1103/PhysRevA.46.1468
http://dx.doi.org/10.1103/PhysRevA.46.1468
http://dx.doi.org/10.1103/PhysRevA.46.1468
http://dx.doi.org/10.1103/PhysRevA.47.4994
http://dx.doi.org/10.1103/PhysRevA.47.4994
http://dx.doi.org/10.1103/PhysRevA.47.4994
http://dx.doi.org/10.1103/PhysRevA.47.4994
http://dx.doi.org/10.1063/1.4751445
http://dx.doi.org/10.1063/1.4751445
http://dx.doi.org/10.1063/1.4751445
http://dx.doi.org/10.1063/1.4751445
http://dx.doi.org/10.1063/1.3176018
http://dx.doi.org/10.1063/1.3176018
http://dx.doi.org/10.1063/1.3176018
http://dx.doi.org/10.1063/1.3176018
http://dx.doi.org/10.1103/RevModPhys.78.1311
http://dx.doi.org/10.1103/RevModPhys.78.1311
http://dx.doi.org/10.1103/RevModPhys.78.1311
http://dx.doi.org/10.1103/RevModPhys.78.1311
http://dx.doi.org/10.1103/RevModPhys.82.1225
http://dx.doi.org/10.1103/RevModPhys.82.1225
http://dx.doi.org/10.1103/RevModPhys.82.1225
http://dx.doi.org/10.1103/RevModPhys.82.1225
http://dx.doi.org/10.1103/PhysRevLett.101.133005
http://dx.doi.org/10.1103/PhysRevLett.101.133005
http://dx.doi.org/10.1103/PhysRevLett.101.133005
http://dx.doi.org/10.1103/PhysRevLett.101.133005
http://dx.doi.org/10.1126/science.1159909
http://dx.doi.org/10.1126/science.1159909
http://dx.doi.org/10.1126/science.1159909
http://dx.doi.org/10.1126/science.1159909


PROBING VACUUM-INDUCED COHERENCE VIA MAGNETO- . . . PHYSICAL REVIEW A 93, 063826 (2016)

[53] J. G. Danzl, M. J. Mark, E. Haller, M. Gustavsson, R. Hart,
J. Aldegunde, J. M. Hutson, and H.-C. Nägerl, An ultracold
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