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Abstract

The Zeeman effect is an important topic in atomic spectroscopy. The
induced change in transition frequencies and amplitudes finds applications
in the Earth-field-range magnetometry. At intermediate magnetic field am-
plitude B ∼ B0 = Ahfs/µB, where Ahfs is the magnetic dipole constant of
the ground state, and µB is the Bohr magneton (B0 ≈ 1.7 kG for Cs), the
rigorous rule ∆F = 0,±1 is affected by the coupling between magnetic sub-
levels induced by the field. Transitions satisfying ∆F = ±2, referred to as
magnetically-induced transitions, can be observed. Here, we show that a
significant redistribution of the Cs 6S1/2 → 6P3/2 magnetically-induced tran-
sition intensities occurs with increasing magnetic field. We observe that the
strongest transition in the group Fg = 3 → Fe = 5 (σ+ polarization) for
B < B0 cease to be the strongest for B > 3B0. On the other hand, the
strongest transition in the group Fg = 2 → Fe = 4 (σ− polarization) remains
so for all our measurements with magnetic fields up to 9 kG. These results
are in agreement with a theoretical model. The model predicts that simi-
lar observations can be made for all alkali metals, including Na, K and Rb
atoms. Our findings are important for magnetometers utilizing the Zeeman
effect above Earth field, following the rapid development of micro-machined
vapor-cell-based sensors.
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1. Introduction

Hot atomic vapors of alkali metal atoms are at the core of many funda-
mental and applied precision physics experiments. They can be used in the
search for signatures of beyond-the-Standard-Model physics [1], and possess
a large range of applications. In contrast to other technologies with similar
performances, vapor-cell-based sensors have been receiving a lot of attention
because of the possibilities for miniaturization and low power consumption
while retaining their sensitivities [2].

The Zeeman effect occurs when atoms are in the presence of an exter-
nal magnetic field. Hyperfine levels are split, and transition frequencies and
intensities undergo significant changes as a function of the field magnitude
[3, 4]. At intermediate magnetic field amplitude B ∼ B0 = Ahfs/µB, where
Ahfs is the magnetic dipole constant of the ground state, and µB is the Bohr
magneton (B0 ≈ 1.7 kG for Cs), the coupling between magnetic sub-levels
induced by the field leads to an ambiguous set of transition selection rules.
Transitions satisfying ∆F = ±2, referred to as magnetically-induced transi-
tions (MI), can be observed while being forbidden at zero field. As demon-
strated in previous studies [5, 6], the intensity of MI transitions satisfying the
condition Fe − Fg ≡ ∆F = +2 is the greatest with σ+ polarized radiation,
while MI transitions satisfying the condition ∆F = −2 exhibit the greatest
intensity with σ− polarized radiation.

At low and intermediate field, these transitions are often overlooked, as
conventional weak-probe spectroscopy is not enough to properly resolve indi-
vidual transitions because of the Doppler effect [7]. On the other hand, sub-
Doppler spectra obtained with non-linear techniques can be difficult to inter-
pret. With nanocells (NCs), however, one can directly obtain sub-Doppler
spectra while remaining in the weak-probe regime of interaction. In these
cells, the vapor is confined between two almost-parallel windows with a sep-
aration spanning from a few nm to a few µm. The confinement of the vapor
to dimensions on the order of the probe optical wavelength leads to the (opti-
cal) Dicke-type coherent narrowing [8], well known in the microwave domain
[9]. In addition to spectroscopy, NC are an important tool in fundamental
physics: they can for example be used to study atom-surface interactions
[10, 11], cooperative effects [12, 13], and single photon generation [14].

Magnetically-induced transitions can be utilized as novel frequency mark-
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Figure 1: Hyperfine transition diagram of the Cs atom D2 line indicating splittings between
hyperfine levels and relative transition strength factors. The dashed red arrows indicate
the transitions that are forbidden at zero magnetic field (MI transitions), subject of this
study.

ers in high magnetic fields, enabling the exploration of new frequency ranges
and facilitating the frequency stabilization of lasers operating at significantly
shifted frequencies compared to the initial transitions in unperturbed atoms
[15]. Magnetically-induced transitions in Cs and Rb have also found success-
ful applications in the process of electromagnetically induced transparency in
strong magnetic fields [16–18]. The complete understanding of the evolution
of alkali transitions in a magnetic field is important for high field magne-
tometry [19–23]. As these magnetometers are based on optical readout, they
are compatible with harsh environments applications [24]. Consequently, it
is important to investigate the behavior of MI transitions in magnetic fields
exceeding B0.

In this article, we study the absorption spectrum of Cs atoms confined
in a NC, and placed in a magnetic field spanning over a few kG. We show
that the strongest transition in the group F = 3 → 5′ (σ+ polarization) of
the D2 line, see Fig. 1, for B < B0 cease to be the strongest for B > 3B0.
On the other hand, the strongest transition in the group F = 2 → 4′ (σ−

polarization) remains so for all magnetic field values, in agreement with a
theoretical modeling of thin vapor layer absorption spectrum of alkali atoms
placed in a magnetic field, see Sec. 2. The experimental setup and results are
presented in Sec. 3.
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2. Spectrum of Cs atoms in a magnetic field

2.1. Absorption profile

The absorption profile of atoms confined in nanocells is fundamentally
different from that of a usual vapor cell. In the case of a nanocell, the atomic
response is dominated by a large spatial dispersion [25]. The profile strongly
depends on the thickness ℓ of the probed vapor layer [8]. In the weak-probe
regime, one can model the system as an ensemble of two-level systems inter-
acting with light of angular frequency ωl and wavevector k, see e.g. Ref. [6].
Each two-level system has a transition frequency and a dipole moment that
depend on the magnitude of the magnetic field. The transmission spectrum
is then obtained by summing over all possible transitions j:

St ∝
1

|Q|2 ·
∑
j

Im [χj(ωl, ℓ, B)] , (1)

where Q = 1−r2 exp(2ikℓ) and r is the (field) reflection coefficient of the cell
windows. An analytical expression for the transition lineshape of a two-level
system was derived in Ref. [26], it reads

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

Q
·

N
ku

√
π

·
iAj

Γ/2− i∆j

, (2)

where N is the vapor density, u(Θ) =
√
2kBΘ/ma is the thermal velocity

at a temperature Θ for atoms of mass ma. The (magnetic-field dependent)
transition parameters ∆j = ωl−ωj and Aj (proportional to the squared dipole
moment) are derived in the next section. The homogenous broadening Γ,
including contributions from natural linewidth, collisional broadening, etc.,
is left as a free parameter in our simulations.

2.2. Zeeman effect

The theoretical description of the Zeeman effect on the spectrum of alkali
atoms is extensively detailed in various studies [3, 4, 27–30]. In the presence
of magnetic field, the magnetic sublevels are split leading to changes in tran-
sition probabilities and frequencies. This can be calculated by diagonalizing
the Hamiltonian matrix accounting for the hyperfine atomic structure, and
the interaction with the magnetic field

H = Hhfs +
µB

ℏ
(gS Sz + gL Lz + gI Iz)Bz , (3)
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where gS,L,I are the Landé factors [31, 32] and Sz, Lz, Iz the projection of
quantum numbers on the z-axis (quantization axis). The eigenvalues give
the energy levels, needed to calculate the transition frequencies, and the
eigenvectors are used to calculate the transition dipole moments

|⟨e||d||g⟩|2 ∝ ΓN a
2[ψ(F ′

e,mFe);ψ(F
′
g,mFg); q] , (4)

with ΓN the natural linewidth of the transition. The transfer coefficients are
calculated with

a[ψ(F ′
e,mFe);ψ(F

′
g,mFg); q] =

∑
Fe,Fg

CF ′
eFea(F

′
e,mFe ;F

′
g,mFg ; q)CF ′

gFg , (5)

where CF ′F are the mixing coefficients (obtained from the eigenvectors). The
coefficient a(F ′

e,mFe ;F
′
g,mFg ; q) reads

a(F ′
e,mFe ;F

′
g,mFg ; q) = (−1)1+I+Je+Fe+Fg−mFe

√
2Je + 1

√
2Fe + 1

×
√

2Fg + 1

(
Fe 1 Fg

−mFe q mFg

){
Fe 1 Fg

Jg I Je

}
,

(6)

where q = 0,±1 is associated with the polarization of the incident laser field.
In the previous equation, the parentheses (curly brackets) denotes 3-j (6-j)
coefficients.

The calculated MI transition intensities are shown in Fig. 2. A striking
example of a gigantic increase in transition intensity is the behavior of the
F = 3 → 5′ transitions (seven transitions) and F = 2 → 4′ (five transitions)
of the Cs D2 line. Note that the excited state quantum numbers are denoted
with primes. In the range of 0.5 − 1 kG, the intensities of these transitions
increase greatly, especially for σ+ circularly polarized radiation. Three of
them ( 5○, 6○, and 7○) have the highest probabilities in the range of 0.5−2 kG
among all transitions originating from Fg = 3 [28]. Magnetically-induced
transitions have interesting characteristics: (i) they remain observable with
magnetic fields as high as Bz ∼ 8 kG; (ii) they are located either in the high-
frequency wing of the spectrum (for F = 3 → 5′) or in the low-frequency wing
of the spectrum (for F = 4 → 2′), see Fig. 3, without intersecting much with
other Cs transitions; (iii) for Bz ∼ 8 kG, the frequency shift of transitions
reaches about ±35GHz in the case of σ± polarization, with respect to the
weighed center of the Cs D2 line.

From Figure 2, we can see that transition 5∗ remains the strongest one in
the 4 → 2′ group, in the whole magnetic field range where it is measurable.
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Figure 2: Calculated probabilities of Fg = 4 → 2′ transitions (q = −1, bottom) and
Fg = 3 → 5′ transitions (q = 1, top) plotted against magnetic field. The inset plot shows
a zoom on magnetic fields ranging from 4.5 to 6.5 kG. Transition diagrams and labeling
are shown as insets.

On the other hand, transition 7○ is the strongest one only up to about
3B0 ≈ 5.1 kG, see the inset in Fig 2. Above 5B0, two MI transitions emerge
as the strongest in the group of F = 3 → 5′: transitions 6○ and 5○.

The magnetic field dependence of the frequency shift for the seven MI
transitions F = 3 → 5′ and five transitions F = 4 → 2′ is depicted in
Figure 3. Beyond Bz = 3.5 kG, both groups of transitions become distinctly
separated, which holds significance for applications involving MI transitions,
for example for laser frequency stabilization [15].

3. Experiment

The experimental setup is depicted in Figure 4. A tunable external-cavity
diode laser (ECDL) emitting at a wavelength λ = 852 nm with a spectral
linewidth of less than 1MHz is tuned in the vicinity of the Cs D2 line. Single-
beam sub-Doppler spectroscopy is achieved by illuminating the nanocell with
a 1mm-diameter laser beam in the region having a thickness ℓ = λ/2 ≈
426 nm [8, 33]. This region is indicated in the inset of Figure 4. Details on
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Figure 3: Transition frequency shift as a function of the magnetic field. (a) F = 3 → 4′, 5′

transitions in the case of σ+-polarized light, including the 1○ – 7○ MI transitions (cyan).
(b) F = 4 → 2′, 3′, 4′, 5′ transitions in the case of σ−-polarized light, including the 1∗ – 5∗

MI transitions (orange). The frequency shifts are calculated with respected to the weighed
center of the Cs D2 line.

the nanocell fabrication process and its oven can be found in Ref. [34]. In
addition to increasing the spectral resolution, using a NC also allows to record
the spectrum in the linear regime of interaction between light and atoms.
This is convenient to directly compare the amplitude of the absorption peaks
and extract ratios of amplitudes. The cell temperature is set to 100◦C, and
the power of the laser beam was about 15µW. At this temperature, the Cs
vapor pressure is 6.1× 10−4Torr and the number density is 1.6× 1013 cm−3.

Magnetic fields ranging from Bz = 1mT to 0.9T are applied using a
robust permanent ring magnets system mounted on a translation stage [35].
Despite a large gradient (with respect to e.g. a pair Helmholtz coils), the
spectral resolution is acceptable when using permanent magnets: transitions
are additionally broadened by only a few tens of MHz. This is because of
the small thickness of probed layer [36]. Note that the field inhomogeneities
could be reduced using the ”magic sphere” configuration [37], as was shown in
Ref. [38]. The magnetic field is aligned with the propagation direction of the
laser radiation, so that σ± transition can be observed. The light polarization
is adjusted using a quarter-wave plate placed before the NC-oven assembly.
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Figure 4: Sketch of the experimental setup. ECDL – extended cavity diode laser, FI –
Faraday isolator, BS – beam splitter, M – mirror, PBS – polarizing beam splitter, NC
– Cs nanocell in the oven, λ/4 – quarter-wave plate, PM – permanent ring magnets,
PD – photodetectors. The inset shows a picture of the Cs nanocell where the thickness
ℓ = λ/2 ≈ 426 nm is indicated.

Approximately 30% of the laser radiation is split off to form a frequency
reference channel [6]. The change of light intensity by propagating through
the nanolayer of alkali is captured with photodiodes whose signal is fed to a
four-channel oscilloscope (Tektronix TDS2014B).

Figure 5 shows examples of absorption spectra recorded from the nanocell
at various magnitude of the magnetic field for σ+ (top) and σ− (bottom) laser
polarization. In these spectra, all 12 MI transitions ( 1○ to 7○ and 1∗ to 5∗)
for both circular polarizations are observed and well resolved. Fits of the
model described in Sec. 2 to experimental data (black dots) are shown with
red solid lines. A good agreement between experiment and theory can be
seen. For Bz < 3B0 [Fig. 5(a)], the transition |3,−3⟩ → |5′,−2′⟩, labeled 7○,
is seen to be larger than |3,−2⟩ → |5′,−1′⟩, labeled 6○. Note that states
are expressed in the coupled basis of states |F,mF ⟩; for the complete set of
labels, see the inset in Fig. 2. However, when Bz > 3B0 [Fig. 5(b)], transition
6○ is seen to be the largest one among the seven σ+ MI transitions of this
group. In contrast, the transition |4,−1⟩ → |2′,−2′⟩, labeled 5∗ remains the
strongest one, [see Fig. 5(c) and (d)].

The magnetic-field dependence of the ratio between the strongest MI tran-
sitions in the case of σ+- (cyan) and σ−- (orange) polarized light is shown

8



14 16 18 20
0

1

2

3

4

7

6
σ
+
S
ig
n
a
l
(a
rb
.
u
n
.) (a) B ≈ 3.7 kG

26 28 30 32
0

0.2

0.4

0.6

0.8

7
6

(b) B ≈ 6.7 kG

−28 −26 −24
0

0.2

0.4

0.6

0.8

1

4∗

5∗

Frequency detuning (GHz)

σ
−

S
ig
n
a
l
(a
rb
.
u
n
.) (c) B ≈ 6.0 kG

−10 −9.5 −9 −8.5 −8
0

2

4

6

8

10

4∗

5∗(d) B ≈ 1.5 kG

Figure 5: Examples of Cs D2 line absorption spectrum in a magnetic field for (a-b) σ+-
polarized light, (c-d) σ−-polarized light recorded with 32 averages. The model discussed
in Sec. 2 (red lines) was fit to the experimental data (black dots). Depending on the
magnitude of the magnetic field, fitted linewidths ranging from 50−75MHz were extracted
from the fits. The zero frequency detuning corresponds to the frequency of the that of the
6S1/2 → 6P3/2 transition.

in Fig. 6. The experimental data (dots) were obtained by simply dividing
the on-resonance signal of the transitions. The amplitude of the error bars
corresponds to the measured voltage noise on the peaks of interest. Below
3B0 ≈ 5.1 kG, transitions 7○ and 5∗ have the largest amplitude. However,
one can observe that, above 3B0, transition 6○ becomes larger than 7○ (ratio
below 1). Transition 5∗ remains stronger than 4∗ in the whole range of mea-
surements. Despite the simple method used to extract the peak amplitude,
these observations align with the calculated ratios of MI transition intensities
as a function of magnetic field (solid lines in Fig. 6). This can be useful, for
example for large field magnetometers utilizing quick algorithms to find the
peak heights and positions and deduce the magnetic field seen by the atoms.

9



0 2 4 6 8

0.8

1

1.2

1.4

Magnetic field (kG)

A
m

p
li

tu
d

e
R

a
ti

o 7 / 6

5∗/4∗

Figure 6: Evolution of transition amplitude ratio as a function of applied magnetic field
for the two strongest σ+ (cyan dots) and σ− (orange dots) MI transitions. The amplitude
of the error bars corresponds to the measured voltage noise on the peaks of interest. The
lines show the theoretical ratio. The case where the amplitude of both transitions are
equal is indicated with a dashed line.

4. Conclusion

We have studied the behavior of magnetically-induced transitions in mag-
netic fields up to 9 kG by means of linear transmission spectroscopy from a
nanocell. A large redistribution of the intensities with increasing magnetic
field is observed. In particular, the σ+ MI transition |3,−3⟩ → |5′,−2′⟩ cease
to be the most intense at field above 3B0. In contrast, the σ− MI transition
|4,−1⟩ → |2′,−2′⟩ is observed to remain the strongest in the whole range of
investigated magnetic field. A simple reading of the on-resonance signal is
found to yield results in agreement with a theoretical modeling of thin vapor
layer absorption spectrum of alkali atoms placed in a magnetic field. The
model predicts a similar behavior for MI transitions of other alkali metals,
including Na, K and Rb atoms. For example, the 85Rb |2,−2⟩ → |4′,−1′⟩
MI transition cease to be the strongest one in the group F = 2 → 4′ above
3B0(

85Rb) ∼ 2.1 kG while the MI transition |3, 0⟩ → |1′,−1′⟩ remains the
strongest one in the group F = 3 → 1′.

These results could be beneficial to large field magnetometers utilizing
the Zeeman effect. With quick algorithms to find the peak heights and po-
sitions to deduce the magnetic field seen by the atoms, one could improve
the bandwidth of high-dynamic range magnetometers based on alkali D line
spectrum fitting [22]. Because of a smaller sensitivity to field gradient, one
could achieve better sensitivities in high pulsed field measurements [19] by
using nanocells. To conclude, we note that our findings could also be use-
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ful to enlarge the tuning range of group velocity manipulation for slow-light
experiments using electromagnetically-induced transparency [39].
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