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Abstract

It has recently been demonstrated that magnetically induced (MI) tran-
sitions, a class of transitions forbidden at zero magnetic field, of the 133Cs
6s 2S1/2 → 6p 2P3/2 (D2) line, exhibit promising features for high-resolution
physics applications in the near-infrared range. In this work, we study a
group of seven MI transitions (Fg = 3 → Fe = 5) of the 133Cs 6s 2S1/2 → 7p
2P3/2 line at λ = 456 nm. The experimental measurements are in very good
agreement with theoretical predictions based on the diagonalization of the
Zeeman Hamiltonian. In magnetic fields ranging from 0.2 − 3.4 kG, these
transitions reach a maximum intensity above that of conventional transi-
tions. Another noteworthy property is their large frequency shift, reaching
approximately 17 GHz with respect to the unperturbed hyperfine transitions
in magnetic fields of about 3 kG. These interesting properties may prove
useful for the realization of optical frequency references or magnetometers
with sub-micron spatial resolution in the blue region of the spectrum.
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1. Introduction

Magneto-optical processes are widely used in many areas as they encom-
pass a large range of applications, such as optical magnetometry [1], narrow-
band atomic filtering [2], tunable laser frequency locking [3], etc. For this
reason, the interaction of light with an atomic vapor perturbed by a magnetic
field has been widely studied and is still a topic of interest [4–7]. Recently,
attention has been focused on atomic transitions between ground and excited
hyperfine levels satisfying an apparent Fe − Fg = ∆F = ±2 selection rule
[8–12]. The intensity of these transitions is zero when no external magnetic
field is applied but significantly increases with the magnetic field amplitude.
These transitions are referred to as magnetically induced (MI) transitions.
They arise from the mixing of levels induced by the magnetic field. Indeed,
the external magnetic field couples magnetic sublevels with ∆mF = 0, for
which the matrix elements are nonzero only when ∆F = ±1 [4]. Transition
obeying ∆F = ±2 then become allowed when the corresponding mF sublevel
are “mixed” through a common sublevel.

Important peculiarities have been demonstrated for the group of seven
F = 3 → 5′ (where the prime indicates the excited state) MI transitions of
the 6s 2S1/2 → 6p 2P3/2

133Cs atoms (I = 7/2) [13]. The intensities of MI
transitions with ∆F = +2 are maximal (and the number of MI transitions is
also maximal) for σ+ circularly polarized laser radiation, whereas the inten-
sities of MI transitions with ∆F = −2 are minimal (and the number of MI
transitions is also minimal) for σ− circularly polarized radiation, see Fig. 1.
Note that in this case, only one transition remains and that its intensity is
by several times weaker than the strongest MI transition in the case of for
σ+ excitation. This demonstrates a remarkable difference in the behavior of
the F = 3 → 5′ transitions depending on the use of right- or left-handed
circularly-polarized radiation.

An attractive feature of these MI transitions is their large frequency shift
with respect to the unperturbed hyperfine transitions in a magnetic field,
which reaches approximately 17 GHz at a magnetic field of B ≈ 3 kG.
Moreover, it is important to note that these transitions are formed on the
high-frequency wing of the spectrum and do not overlap with other tran-
sitions, which is of practical interest. For example, magnetically induced
transitions of the 133Cs D2 line have been successfully used for the realiza-
tion of electromagnetically induced transparency [14].

In this article, we report on a combined experimental and theoretical
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Figure 1: Evolution of F = 3 → 5′ MI transitions of the 133Cs D2 line in a magnetic field.
The plot shows the evolution of the transition frequency as a function of the magnetic field
amplitude. Here, the zero frequency corresponds to the weighted center of the D2 line, i.e.
νD2 ≈ 351.725719 THz. The line colors reflect the evolution of the transition intensity,
through the transfer coefficient a2[ψ(F ′

e,mFe
)ψ(F ′

g,mFg
); q] in the case of σ+ (q = +1, red)

and σ− (q = −1, blue) optical polarization of the resonant light. The theoretical model
used to calculate the behavior of atomic transitions in an external static magnetic is based
on constructing the magnetic Hamiltonian [4], including the entire hyperfine manifold in
the |F,mF ⟩ basis, and then perform numerical diagonalization, see Sec. 2.

study of F = 3 → 5′ MI transitions of the 6s 2S1/2 → 7p 2P3/2 line at
456 nm. This is, to the best of our knowledge, the first time these transitions
are studied. Indeed, performing such a study is quite a challenge for the
following reasons. (i) The frequency spacing between the upper levels of
7p 2P3/2 is approximately 3 times smaller than that of the 6p 2P3/2 of the
D2 line, λ = 852 nm [15]. (ii) The Doppler width for the 6s 2S1/2 → 7p
2P3/2 transition (ΓD/2π = 0.87 GHz at 180 ◦C) is approximately 2.5 times
larger than that for the D2 line, which greatly complicates the study of
individual atomic transitions, especially in the presence of a magnetic field.
(iii) The oscillator strength is almost two orders of magnitude smaller here
than for the transition to the 6p 2P3/2 state [16, 17]. For these reasons,
spectroscopic studies of the 6s 2S1/2 → 7p 2P3/2 transition are scarce in
the literature. Previous studies have focused on the observation of these
transitions in nano- [18, 19] and millimeter-sized [20] vapor cells and their
application for laser frequency stabilization [21, 22]. To study a large number
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closely-spaced atomic transitions split by a magnetic fields, a sub-Doppler
technique is thus required.

As was previously shown, using nanocell combined with derivative spec-
troscopy allows one to study individual atomic transitions even in the pres-
ence of a large number of Zeeman components [10]. To spectrally separate
MI transitions from other atomic transitions that form in the spectrum in
a magnetic field, we used a process referred to as selective reflection (SR).
The SR of laser radiation is formed at the boundary between an alkali metal
vapor and dielectric windows and is known to provide nearly Doppler-free
spectral resolution, see e.g. Refs. [23–25], usually employed to study atom-
surface interactions [26, 27] or spectral features in high density vapor cells
[28, 29].

The manuscript is organized as follows. In Sec. 2, we briefly review how to
compute the evolution of transition frequencies and intensities in a magnetic
field and show the prediction for the 6s 2S1/2 → 7p 2P3/2 transition. Sec. 3 is
dedicated to detailing the experimental setup. Finally, in Sec. 4 we compare
experimental and theoretical results.

2. Theoretical considerations

To calculate the evolution of alkali transitions in an external magnetic
field, we follow the procedure detailed in Ref. [4]. Briefly, this consists in di-
agonalizing the Hamiltonian matrix which accounts for the hyperfine atomic
structure and the Zeeman Hamiltonian

H = Hhfs +
µB

ℏ
(gS Sz + gL Lz + gI Iz)Bz , (1)

where µB is the Bohr magneton [30], gS,L,I are the Landé factors [31] and
Sz, Lz, Iz the projection of quantum numbers on the z-axis (quantization
axis). Expressions for diagonal and non-diagonal matrix elements in the base
|F,mF ⟩ are given in Ref. [4]. Diagonalizing this matrix provides access, on
the one hand, to the eigenvalues directly linked to the resonance frequencies.
On the other hand, the transition intensities are proportional to the squared
dipole moment, given, in the coupled basis |F,mF ⟩, by

|⟨e∥d∥g⟩|2 = 3ϵ0ℏλ3eg
8π2

·ΓN a
2[ψ(F ′

e,mFe);ψ(F
′
g,mFg); q] , (2)

where ΓN/2π ≈ 1.16MHz [17] and λeg are respectively the natural linewidth
and the wavelength of the 6s 2S1/2 → 7p 2P3/2 transition. The transfer
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coefficients a[ψ(F ′
e,mFe);ψ(F

′
g,mFg); q] modified by the field are calculated

using the eigenvectors. Here, q = 0,±1 is associated with the polarization
of the incident laser field. This computation is repeated for every value of
the magnetic field to construct the evolution of the transitions. Note that,
in the case of the alkali D lines, these can be computed with ElecSus [32].
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Figure 2: Evolution of F = 3 → 5′ MI transitions (red) and F = 3 → 4′ (black) of the
133Cs 6s 2S1/2 → 7p 2P3/2 line in a magnetic field. The plot shows the evolution of the
transition frequency as a function of the magnetic field intensity. Here, the zero frequency
corresponds to the weighted center of the D2 line, i.e. ν6S1/2→7P3/2

≈ 657.936362 THz
[15]. The line colors reflect the evolution of the transition intensity, through the transfer
coefficient a2[ψ(F ′

e,mFe)ψ(F
′
g,mFg ); q], in the case of σ+ optically-polarized resonant light

(q = +1). The inset shows a diagram of the transitions with the corresponding labeling.

In Fig. 2, we plot both the dependence of the frequency and intensity of
the F = 3 → 5′ group of transitions under σ+ laser excitation as a function
of the external magnetic field B. This group contains seven magnetic field-
induced atomic transitions labeled 1○ to 7○, see the inset in Fig. 2. The
plot also includes the group of F = 3 → 4′ transitions as these two groups
partially overlap at low and intermediate magnetic fields. A comparison of
the transition probabilities of 6s 2S1/2 → 6p 2P3/2 F = 3 → 5′ and F = 3 → 4′

transitions is shown in the Figure 7 of Ref. [33]. A similar dependence is also
observed here in the case of the 6s 2S1/2 → 7p 2P3/2 manifold but for another
magnetic fields. To qualify these regimes, it is often convenient to introduce
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the characteristic quantity

B0 =
AHFS

µB

≈ 1.6 kG,

where AHFS is the hyperfine structure coupling coefficient for the 133Cs ground
level 6s 2S1/2. This quantity describe how strong the interaction of the atoms
with the magnetic field is: when B ≪ B0, the field is described as low.
Conversely, when B ≫ B0 the field is described as high and, in between, the
field is qualified as intermediate.

In the range of 0.1–3.4 kG, MI transitions are the strongest atomic tran-
sitions among all transitions originating from the Fg = 3 ground state. Note
that the highest intensity corresponds to the MI transition for which the
magnetic sublevel of the ground state mF is minimal (mF = −3 → −2′); in
this case 7○. Conversely, the smallest intensity corresponds to transition 1○,
for which the value of mF is the largest (mF = 3 → 4′). For B ≫ B0, our
calculations show that the intensity of these MI transitions tends to zero. In
addition, for magnetic fields B > 3 kG these transitions are formed on the
high-frequency wing of the spectrum and do not overlap with others. This
behavior is due to the fact that the frequency slope of the F = 3 → 5′ MI
transitions for B > 2 kG is approximately 4 MHz/G, while for F = 3 → 4′

transitions, the frequency slope is approximately 2 MHz/G.
Note that there also exist five MI transitions of the group F = 2 → 4′

(not shown in Fig. 2), as they are only excited with σ− circularly-polarized
laser radiation. However, these transitions have intensities much weaker than
the intensities of the F = 3 → 5′ group as in the case of the D2 line [14].
Additionally, there exists a set of MI transitions of the type

|Fg = F, mF = 0⟩ → |Fe = F, m′
F = 0⟩

which are forbidden in zero magnetic field, but can be excited with linearly
π-polarized laser excitation when B > 0 [34]. It is interesting to note that
for B ≫ B0, these MI transitions tend toward an asymptotic value. Indeed,
at such fields, the coupling between J and I break and the splitting of levels
is determined by projections mJ and mI [13]. As a result, atomic levels
with F = 5′ no longer exists. In summary, our simulations show a total
of 17 MI transitions for the 62S1/2 → 72P3/2 transition, which expand the
possibilities for using magneto-optical processes in the blue spectral region.
For the experimental study, we will focus only on the F = 3 → 5′ MI
transitions.
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3. Experimental Setup
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200 -       
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Figure 3: Sketch of the experimental setup. ECDL – extended cavity diode laser operating
at 456 nm, FI – Faraday isolator, PBS – polarizing beam splitter, PM – permanent magnet,
NC – nanometric-thin cell filled with 133Cs in the oven, PD – photodiodes, TDS 2014B –
Digital oscilloscope, λ/2, λ/4– half and quarter wave plates. The PM is oriented such that
the applied magnetic field B is collinear with the propagation axis (z-axis) of the laser
radiation (B∥k) in order to excite σ+ transitions. A part of the laser radiation was directed
to an auxiliary unit to provide a frequency reference based on saturated absorption. Upper
left inset, is the photograph of the NC; the oval marks 200–1000 nm region of the 133Cs
vapor column. Upper right inset, geometry of the three reflected beams. The SR beam
propagates in the direction of R2 and was used to realize sub-Doppler spectroscopy.

In order to resolve Doppler-broadened, closely-spaced, atomic transitions
we use selective reflection from a nanocell (NC) combined with derivative
spectroscopy. The main advantages of SR from a NC are the following: (i)
simplicity of the realization (single beam, as opposed to counter-propagating
beams required for e.g. saturated absorption); (ii) absence of crossover (CO)
resonances, which is particularly important when studying atomic transitions
in an external field as CO resonances split into many additional components;
(iii) the amplitudes of the derivatives of SR from a NC are proportional to
the probabilities of the atomic transitions.
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The sketch of the experimental setup is presented in Fig. 3. We use
an external-cavity diode laser (ECDL) with a spectral linewidth of 400 kHz
tunable around λ = 456 nm and resonant with the 62S1/2 → 72P3/2 transition
of 133Cs. To avoid feedback in the laser cavity, a Faraday insulator (FI) was
used. The incident laser beam is then directed at normal incidence onto the
nanocell windows. A photography of the NC (front view) is shown on the left
inset of Fig. 3 where we have circled the 200-1000 nm range of thicknesses.
The NC consists of∼2 mm-thick windows made of technical sapphire (Al2O3)
and a vertical side arm (a sapphire tube reservoir filled with 133Cs metal).
The laser beam configuration for SR spectroscopy with the NC is depicted
in right inset of Fig. 3. Note that the wedge of the nanocell windows are
exaggerated on this diagram. To record the signal of interest (R2), arising
from reflections of the window-vapor and vapor-window interfaces inside the
cell, the reflected beam is detected with a photodiode whose signal is fed to
a four-channel oscilloscope (Tektronix TDS2014B).

A part of the laser radiation was directed to an auxiliary unit to pro-
vide a frequency reference based on saturated absorption [35]. To study MI
transitions, a strong permanent neodymium magnet (PM) was mounted on a
micrometric-step translation stage in the proximity of the cell’s rear window.
The B-field strength was varied by simple longitudinal displacement of the
magnet. In this configuration, the magnetic field is directed along the laser
radiation propagation axis (z, the quantization axis) such that B ∥ k. The
applied B-field was calibrated with a Teslameter HT201 magnetometer.

To overcome smaller signals due to the weaker dipole moments (with
respect to the D2 line), we heat the NC to a temperature of about 180 ◦C while
the windows were maintained at a temperature that was about 20 ◦C higher
to avoid condensation of the atomic vapor on the windows. The laser is shined
on the region ℓ ≈ 800 nm. This is chosen for the following reasons: (i) it is
close to an odd multiple of λ/4 (here about 7/4) yielding sub-Doppler features
centered on the atomic transition with derivative spectroscopy [24, 36]; (ii)
it is large enough such that the observed spectra are free from distortion
originating from atom-surface interactions [37]; (iii) it allows for a larger
signal-to-noise (with respect to smaller thicknesses). The laser power was set
to about 30 mW (beam diameter of ≈ 1 mm). Despite this power being high,
it was shown to not be saturating in the case of the 133Cs D2 line recorded
with a NC [38].
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4. Selective reflection spectra in an external magnetic field

To validate the theoretical model, we have recorded and analyzed experi-
mental SR spectra from a NC obtained for magnetic field in a range of 450 to
800 G. The results are summarized in Fig. 4, were we plot the extracted posi-
tions of the F = 3 → 5′ MI transitions as a function of the applied magnetic
field. The recorded positions of these transitions are seen to agree with the
predictions following the model described in Sec. 2. Note that for B > 650 G,
the mode-hop free frequency scanning range of the laser greatly deteriorated
at the time the data was acquired for these fields. For this reason, we were
not able to record all the seven F = 3 → 5′ MI transitions.

The top inset in Fig. 4 shows an experimental SR spectrum (blue dots)
processed with first order derivative (dSR) and obtained for B ≈ 500 G. The
orange solid line shows the equivalent theoretical spectrum obtained with
ℓ = 750 nm and B = 500 G. Details on how to calculate dSR spectrum can
be found e.g. in Refs. [18, 25]. Note that, for fields below 2.5 kG, F = 3 → 5′

MI transitions partially overlap with the group of transitions F = 3 → 4′

for which one transition can be observed between 7○ and 6○ (another one
completely overlaps with 6○ for this magnetic field).

Conclusion

In conclusion, we have studied, both experimentally and theoretically,
the magnetic dependence of the high frequency wing spectrum of the 6s
2S1/2 → 7p 2P3/2 transition observed under right-hand circularly-polarized
laser light at 456 nm. Our studies have focused on seven F = 3 → 5′

magnetically-induced transitions. Among the important features of these
MI transitions is their large frequency shift with respect to the unperturbed
hyperfine transitions, which reaches ∼ 17 GHz in magnetic fields of ∼ 3 kG,
easily achievable with permanent magnets [39]. Besides, they reach their
maximum intensity in the magnetic field range of 0.2–3.4 kG where they are
more intense than many conventional (∆F = 0,±1) atomic transitions.

These results are important for both fundamental studies and practical
applications, particularly for the development of magnetometers with sub-
micron spatial resolution in the blue spectral region. For example, these seven
MI transitions may be used to form EIT in a three-level Ladder system and
single out different excitation paths to the 32S Rydberg state of 133Cs atoms
with 456 and 1070 nm lasers [40]. Besides, as demonstrated in Ref. [9], using
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Figure 4: Magnetic dependence of the 6s 2S1/2 → 7p 2P3/2 F = 3 → 5′ MI transitions
labeled 1○ to 7○. The dots correspond to the experimental values extracted from the
spectrum and the error bars correspond to the each observed transition linewidth. The red
solid line correspond to the expected theoretical evolution following the model described
in Sec. 2. The top inset shows an example of experimental derivative of selective reflection
spectrum (blue dots) recorded for B ≈ 500 G together with the equivalent theoretical
spectrum calculated for ℓ = 750 nm (orange solid line), see the text.

a nanocell with a thickness ℓ = 100 nm and F = 1 → 3′ MI transitions of 87Rb
D2 line, it is possible to realize a magnetometer with a spatial resolution of
1 µm. This is particularly important for mapping magnetic fields with strong
spatial gradients exceeding 3G/µm [41]. Finally, these transitions may be
used to create an optical frequency reference operating at controllable and
highly shifted frequencies (with respect to that of the unperturbed hyperfine
transition) in the ∼ 450 nm blue spectral region.
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