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Abstract

The impact of the optical field polarization on the spectrum of magnetically-
induced transitions, a class of transitions forbidden at zero magnetic field,
is studied with a weak-probe sub-Doppler technique. The high spectral res-
olution of the technique combined with the simplicity in interpreting the
observed spectra allows to follow the behavior of individual transitions as
a function of the magnetic field amplitude. We observe only one intense
transition (out of 2Fg + 1, where F is the quantum number associated with
the total angular momentum of the atom) in the case of π-polarized laser
radiation (a configuration where the applied magnetic field is parallel to the
electric field from the laser radiation) in the Fg → Fg + 2 manifolds of 85Rb,
87Rb and 133Cs for fields above a few hundreds of gauss. We show that this
behavior is in agreement with a model based on the diagonalization of the
Zeeman Hamiltonian matrix. With the rapid development of micro-machined
vapor-cell-based sensors, these results will be of use to magnetometers oper-
ating above Earth field, wide-range laser frequency stabilization systems and
atomic Faraday filters.
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1. Introduction

Optical and magneto-optical processes formed in hot atomic vapors of
alkali metal atoms are at the core of many devices and applications, such
as atomic optical clocks and gyroscopes [1], optical magnetometers [2], fre-
quency markers of atomic transitions [3], realization of narrow optical reso-
nances based on coherent processes [4], sensitive sensors of electric and mi-
crowave fields based on Rydberg atoms [5], etc. Therefore, the identification
of new intense atomic transitions of alkali metals is of great interest.

The Zeeman effect occurs when atoms are in the presence of an exter-
nal magnetic field, leading to a significant modification of the intensity of
atomic transition [6, 7]. One interesting consequence of the couplings be-
tween magnetic sub-levels induced by the Zeeman effect is the possibility
to observe n2S1/2 → n2P3/2 transitions (where n = 3, 4, 5, 6 is the prin-
cipal quantum number for Na, K, Rb, Cs, respectively) with an apparent
∆F = ±2 selection rule at non-zero field. These transitions, referred to
as magnetically-induced (MI) transitions, form a large class of one hundred
transitions with interesting and important features [8–10]. Interest in these
transitions is primarily driven by the fact that, in wide ranges of magnetic
fields, their intensities can significantly exceed the intensities of “usual” (i.e.
∆F = 0,±1), widely used atomic transitions. In addition, their frequency
shifts in strong magnetic fields reach 20 to 30 GHz, enabling the exploration
of new frequency ranges for the frequency stabilization of lasers operating
at significantly shifted frequencies compared to unperturbed atomic transi-
tions. These transitions can also be used to form coherent processes such
as electromagnetic-induced transparency in large magnetic fields [11, 12]. A
thorough understanding of the evolution of alkali transitions in a magnetic
field is also important for magnetometry above Earth field [13, 14]. Note that
MI transitions can also appear in spectra of ions [15], and atoms other than
alkali [16]. Similar atomic transitions are also used in solar physics [17, 18].

Despite possessing interesting features, magnetically-induced transitions
are often disregarded because traditional weak-probe spectroscopy lacks the
resolution to distinguish individual transitions due to the Doppler effect.
Conversely, sub-Doppler spectra acquired through nonlinear techniques, such
as saturated absorption, are cumbersome to interpret because of the large
number of transitions [19]. However, with nanocells (NCs), where the va-
por is confined between two almost-parallel windows separated by a distance
ranging from a few nm to several µm, one can realize weak-probe sub-Doppler
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spectroscopy [20]. By selecting the proper cell thickness, this can be used
to realize sub-Doppler spectroscopy of molecular lines [21]. Beyond spec-
troscopy, NCs serve as a crucial tool in fundamental physics. They are, for
instance, used to study atom-surface interactions [22–24], cooperative effects
[25], and realize single-photon generation at room temperature [26]. New
advancements in manufacturing techniques [27] are making nanocells (NCs)
increasingly accessible.

In this article, we study the evolution of MI transitions of Rb and Cs
vapors, confined in a NC, in the presence of a magnetic field. To improve
the resolution of the measurement, second derivative spectroscopy [28, 29] is
used. We show that the spectrum of Fg → Fg+2 MI transitions excited under
linearly-polarized (π) optical field contains only one intense transition out of
2Fg+1. In contrast, the spectrum of Fg → Fg+2 MI transitions excited under
circularly-polarized (σ+) optical field contains 2Fg+1 intense transitions, that
is 3 transitions for 87Rb, 5 transitions for 85Rb, and 7 transitions for 133Cs.

2. Alkali atoms in a magnetic field

In the presence of a magnetic field, magnetic sublevels are split and mixed,
leading to changes in transition probabilities and frequencies. These changes
can be calculated by diagonalizing the Hamiltonian matrix [6], which ac-
counts for the hyperfine atomic structure, and the Zeeman Hamiltonian,
that is

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).
The eigenvalues obtained after the diagonalization of the matrix provide ac-
cess to the resonance frequencies. The transition intensities are proportional
to the squared dipole moment, given, in the coupled basis |F,mF ⟩, by

|⟨e||d||g⟩|2 ∝ ΓN a
2[ψ(F ′

e,mFe);ψ(F
′
g,mFg); q] , (2)

where ΓN the natural linewidth of the transition, a[ψ(F ′
e,mFe);ψ(F

′
g,mFg); q]

are the transfer coefficients modified by the field [6], calculated using the
eigenvectors. Here, q = 0,±1 is associated with the polarization of the
incident laser field. To excite π (q = 0) transitions, the polarization of the
electric field of the laser should be collinear with the applied magnetic field
axis.
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Figure 1: Dependence of the intensity of (a) 133Cs 62S1/2 → 62P3/2, (b)
85Rb 52S1/2 →

52P3/2 and (c) 87Rb 52S1/2 → 52P3/2 Fg → Fg + 2 MI transitions versus magnetic field
when excited by linear π-polarization. In large magnetic fields, atoms are left with only
one MI transition (out of 2Fg+1). In each plot, the inset shows the diagram of transitions
with the corresponding labels.

Figure 1 shows the calculated evolution of Fg → Fg + 2 MI transitions of
the D2 line of 133Cs (a), 85Rb (b) and 87Rb (c) under π optical excitation.
A rapid increase of the MI transition intensities can be seen as a function
of the magnetic field for all three atoms. The characteristic magnetic field1

B0 = Ahfs/µB, where Ahfs is the magnetic dipole constant of the ground
state, is a good indicator for the dynamics of transitions. For each atom,
one transition is seen to have a much larger increase in intensity, reaching a
maximum at about B ∼ 0.5B0. With a further increase of the magnetic field,
the intensity smoothly decreases to almost zero. Note that a field B ≫ B0

marks the onset of the hyperfine Paschen-Back regime [32]. These transitions
are labeled 3○, 5○, 7○, for 87Rb, 85Rb and 133Cs, respectively, see the insets
in Fig. 1. Conversely, the intensities of all other transitions quickly tend to

1B0 is 0.7 kG, 2.4 kG and 1.7 kG for 85Rb, 87Rb and 133Cs, respectively.
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zero for fields B > 0.2B0. Thus, for a magnetic field above 0.2B0, only one
∆F = +2 transition remains in the spectrum of alkali D2 line observed under
π-polarization.

FI

PBS

Reference channel

Measurement channel
PM

PDNC

NC PD

PM

TDS 2014B

L L

ECDL

Figure 2: Sketch of the experimental setup. ECDL – extended cavity diode laser, FI –
Faraday isolator, PBS – polarizing beam splitter, L – lens, PM – permanent magnet, NC
filled with Rb or Cs in the oven, PD – photodiodes. The PMs are oriented such that
applied magnetic field B is collinear with the electric field of the laser radiation E (B∥E)
in order to excite π transitions. The reference channel comprises a Rb (or Cs) nanocell
from which the transmission spectrum of the D2 line is recorded at zero magnetic field.

3. Experimental arrangement

The sketch of the experimental setup is shown in Fig. 2. A linearly-
polarized laser beam, emitted by a cw extended cavity tunable diode laser
(ECDL) [33] is used. When the experiments are carried out with Rb atomic
vapor, an ECDL with λ = 780 nm is tuned in the vicinity of the Rb D2

line. In the case of Cs atomic vapor, another ECDL with λ = 852 nm, is
tuned in the vicinity of the Cs D2 line. In both cases, the spectral width
of the probe laser radiation is γl < 1 MHz. In order to avoid feedback in
the cavity, a Faraday insulator is placed immediately after the laser. A
polarizing beam splitter (PBS) is used to purify the initial linear optical
polarization and direct part of the light to an auxiliary channel serving as a
frequency reference. The laser fields transmitted through NCs in both the
measurements and reference channels are detected by a photodiode and the
signal fed to a Tektronix TDS 2014B digital four-channel oscilloscope.
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To excite π transitions, the applied magnetic field should be collinear with
the polarization of the incident laser field, i.e. B ∥ E. To apply fields above
0.5 kG, a set of two strong permanent magnets mounted on a translation
stage was used. The magnetic field strength applied to the atomic vapor is
varied via a simple longitudinal displacement of the PM set [34], calibrated
with a Teslameter HT201 magnetometer. Because, in this configuration, the
field is applied along the long side of the nanocell with PMs, a high gradient is
also introduced and not mitigated as in the case of σ± excitations [13]. This
results in an additional broadening of the transitions. To form the narrowest
resonance possible, the spectroscopy is performed at a vapor column thick-
ness of ℓ = λ/2 [20]. The laser beam diameter is reduced down to ∼ 1 mm
to only illuminate a region where ℓ is homogeneous. The acquired spectra
are then post-processed with second derivative (SD). The resulting spectrum
T ′′(ν) typically shows transitions with spectral linewidth of ∼ 20− 30 MHz,
which is narrower by a factor of ∼20 compared with the Doppler broadening.
This allows one to separate and study atomic transitions individually. Note
that the SD method correctly shows the relative intensities of atomic transi-
tions and their frequency positions; it can therefore be used for quantitative
measurements [29].

4. Results

Figure 3 shows the experimental (black dots) SD transmission spectrum
obtained using a NC filled with natural-abundance Rb atomic vapor at a
column thickness ℓ = 390 nm and a field B = 800 G, upon excitation by a
π-polarized radiation. It was recorded with a laser power of 20 µW, and a
NC temperature of 120◦C. The laser frequency is scanned across the 85Rb
F = 2 → 3′, 4′ and 87Rb F = 1 → 2′, 3′ manifolds of the D2 line. The red
solid line corresponds to the theoretical SD spectrum, calculated by second
order numerical differentiation of the transmission spectrum. The theoret-
ical transmission spectrum is obtained by summing the contribution of all
possible transitions j, each of which is treated as an independent two-level
system:

T (ν) ∝ 1

|Q|2 ·
∑
j

Im [χj(ν, ℓ, B)] , (3)

where Q = 1−r2 exp(2ikℓ), r is the (field) reflection coefficient of the cell win-
dows. This approximation, valid at low laser intensities, is used to speed up
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calculations. The two-level system lineshape χj(ν, ℓ, B), derived in Ref. [35],
is a function of the cell thickness ℓ and the laser frequency ν; it reads

χj(ν, ℓ, B) = −4(1− r exp[ikℓ])2 ·
sin2(kℓ/2)

Q

·
N

ku
√
π

·
iAj(B)

Γ/4π − i∆j(B)
,

(4)

where N is the vapor density, u(Θ) =
√

2kBΘ/ma is the thermal veloc-
ity at a temperature Θ for atoms of mass ma. The transition parameters
∆j(B) = ν − νj(B) and Aj(B) are fed from the results obtained after diag-
onalization of the Hamiltonian matrix, see (1). The homogeneous broaden-
ing Γ, including contributions from natural linewidth, collisional broadening,
etc., is left as a free parameter in our simulations. As seen in Fig. 3, only
one MI transition can be observed for each atom: 5○ for 85Rb and 3○ for
87Rb. In similar conditions, 2Fg + 1 transitions have been observed in the
case of σ+-polarized excitation [36]. Such a strong difference in the number
of MI transitions excited when using σ+ and π-polarizations is a manifes-
tation of an anomalously strong polarization dependence of the intensity of
transitions. Other nearby transitions belong to the 85Rb F = 2 → 3′ and
87Rb F = 1 → 2′ manifolds. A good agreement between the experiment and
the theory can be observed. Nevertheless, some discrepancies can be seen
which are likely due to laser instability during the measurements.
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Figure 3: Second derivative transmission spectrum recorded in the vicinity of the 85Rb
F = 2 → 3′, 4′ and 87Rb F = 1 → 2′, 3′ manifolds. The experimental spectrum is obtained
with a π-polarized excitation at B = 800 G and ℓ = 390 nm. The red solid line represents
the calculated spectrum. The weighted center of the 85Rb D2 line was chosen as the zero
laser frequency. In this spectrum, only one MI transition remains at this field: transition
5○ (out of a possible five, for 85Rb), transition 3○ (out of a possible three for, 87Rb).
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Figure 4: Second derivative transmission spectrum recorded in the vicinity of the F =
3 → 4′, 5′ manifolds of the 133Cs D2 line. The experimental spectra are obtained with a
π-polarized excitation, with ℓ = 426 nm and B = 2.90 kG (a), 1.95 kG (b), 1.30 kG (c).
The red solid lines represent the respective calculated spectra. The weighted center of
the 133Cs D2 line was chosen as the zero laser frequency. In this spectrum, only one MI
transition (out of a possible seven) remains at these fields: transition 7○. The theory
describes very well the frequency positions and amplitudes of the peaks.

Figure 4 shows SD transmission spectra upon excitation by a linear π-
polarized radiation, obtained from a Cs-filled NC at ℓ = 426 nm and B =
2.90 kG (a), 1.95 kG (b) and 1.30 kG (c). For the experimental spectra (black
dots), the laser is scanned in the vicinity of the D2 line F = 3 → 3′, 4′, 5′

transitions with a power of 30 µW. The NC temperature is set to 100◦C. As
the theory predicts, there remains only one MI transition at these magnetic
fields, the transition labeled 7○, out of the possible 7. The other visible
transitions belong to the F = 3 → 3′, 4′ of the Cs D2 line manifold. Note
that seven MI transitions have been observed in the case of σ+-polarized
excitation in similar conditions [9]. As the magnetic field is increased above
1 kG, the intensity of the MI transition decreases. According to Fig. 1, the
ratio of the amplitude of the MI transition 7○ at 1.30 kG to that at 2.90 kG
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should be about 1.8. However, on the spectra in Fig. 4, the observed ratio
is about 2.7. This discrepancy is due to the increased transition broadening
because of the magnetic field gradient from the PMs. The calculated spectra
show a very good agreement with the experimental ones. To match, the
broadening Γ/2π in Eq. 4 had to be increased from 150 to 210 MHz. Note
that the SD transmission spectrum is about 2.5 times narrower than the
transmission spectrum given by Eq. 3.

5. Conclusion

In conclusion, we have studied the evolution of Fg → Fg+2 MI transitions
of Rb and Cs D2 lines, in the presence of a magnetic field upon linear π exci-
tation. In the case of π excitation, the applied magnetic field is collinear with
the laser polarization. In this configuration, the vapor is much more sensi-
tive to the gradient produced by permanent magnets, which adversely affects
the transition linewidth. This was partly overcome using weak-probe second
derivative spectroscopy [20, 29], allowing individual atomic transitions to be
resolved. For magnetic fields B > 0.5B0, we predict and observe that only
one MI transition (out of possible 3 for 87Rb, 5 for 85Rb and 7 for 133Cs)
remains in the spectrum. This is in contrast with the evolution of MI transi-
tions in the case of circular σ+ polarized excitation [9, 36]. Our calculations
also show that such a feature exists for the MI transitions of all alkali atoms
D2 lines such as Na, K, Li, etc. Furthermore, a similar feature is expected
for n2S1/2 → (n + 1)2P3/2 alkali lines, where n = 3, 4, 5, 6 is the principal
quantum number for Na, K, Rb, Cs respectively, which amounts to about
100 MI transitions [37]. With the rapid development of micro-machined
vapor-cell-based sensors, these results are important for magnetometers op-
erating above Earth field, wide-range laser frequency stabilization systems,
and atomic Faraday filters.
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