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We propose and demonstrate an experimental implementation for the observation of magnetic fields from spatial
features of absorption profiles in a warm atomic vapor. A radially polarized vector beam that traverses atomic
vapor will generate an absorption pattern with a petal-like structure by the mediation of a transverse magnetic
field (TMF). The spatial absorption pattern rotates when the azimuthal angle of the TMF is changed, while its
contrast decreases when the longitudinal component of the magnetic field increases. By analyzing the intensity
distribution of the transmitted pattern, we can determine the magnetic field strength. Our work provides a frame-
work for investigating 3D magnetic field distributions based on atoms. © 2021 Chinese Laser Press

https://doi.org/10.1364/PRJ.418522

1. INTRODUCTION

Perhaps the most remarkable demonstrations of coherent inter-
action between atoms and photons are electromagnetically in-
duced transparency (EIT), electromagnetically induced
absorption (EIA), and coherent population trapping [1–4].
These processes can be interpreted as a consequence of quantum
interference, i.e., they are based on the fact that an optical field
can transform atomic states such that an atomic transition can
be entirely suppressed and subsequent absorption eliminated.
Quantum interference shows exceptional sensitivity to frequency
shifts, including those induced by magnetic fields. This makes
atomic ensembles an excellent tool for magnetometry, with po-
tential application across research fields as diverse as biomedicine,
seismology, defense, and general metrology [5,6].

Atomic magnetometers can now reach excellent sensitivities,
comparable with and even surpassing those of superconducting
quantum interference devices [7–9]. Since the first demonstra-
tion of EIT-based scalar magnetometers [10], various schemes
have been reported, relying on the zero field resonance observed
in Hanle-type experiments [11,12], on optical pumping
[13–16], or the nonlinear Faraday effect in a manifold of a sin-
gle ground state [17–22]. Miniaturization presents a challenge
for atomic magnetometers; over the last two decades, however,
devices have been developed that combine extreme sensitivity
with minute detection volumes [9,23].

Most atomic magnetometers perform scalar magnetic field
metrology, i.e., determine the magnetic field along a predefined
axis. Simultaneously measuring the strength and direction of a
magnetic field would be of great importance in specific areas such
as satellite navigation and biological magnetic field measurement
[24,25]. The direction of a magnetic field can be addressed by
vector magnetometers, first demonstrated in Ref. [26]. Since
then, various schemes characterized by EIT or its counterpart,
EIA, have been extensively studied [27–30]. The full vector
nature of a magnetic field may be accessed by simultaneously
probing the magnetic field in orthogonal directions by separate
probe beams. Alternatively, adding an external transverse mag-
netic field (TMF) can make EIT-based methods sensitive to dif-
ferent magnetic field components by considering polarization
rotation or resonance amplitudes [28,29].

In this work, we explore the possibility to detect the strength
and alignment of a magnetic vector field from the interaction of
a warm atomic vapor with a vector beam (VB), i.e., a light field
that has a polarization pattern that is varying across the beam
profile. The interaction of vector beams with atoms is a rela-
tively new concept [31,32], which has been used to explore
spatial anisotropy [33–37], nonlinear effects [38–41], and
quantum storage [42,43].

Of particular interest to this work is the extension of EIT,
conventionally observed as spectral features with homogeneously
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polarized probe beams, to spatially resolved EIT resulting from
inhomogeneously polarized VBs. This effect has been observed
in cold [44] and warm [45] atomic systems. In the former case,
a weak TMF closes the EIT transitions, thereby generating
phase-dependent dark states and, in turn, spatially dependent
transparency. As the spatially observed transparency patterns
and applied magnetic fields are directly coupled; this offers
the possibility of detecting magnetic fields from absorption pro-
files [46,47].

In this paper, an experimental setup is presented to visually
observe the magnetic field based on Hanle resonances in a
warm atomic vapor. Importantly, we analyze spatially resolved
absorption patterns instead of the time-resolved spectrum,
which is fundamentally different from other aforementioned
methods. By employing VBs, we show that the absorption pat-
tern is sensitive to the TMF strength, visible particularly in the
degree of absorption, whereas maximal transmission remains
unchanged. It is worth noting that the above results will change
depending on experimental parameters, e.g., increasing the
temperature of the gas should lead to a reduction of transpar-
ency throughout the whole beam profile. Furthermore, the
transmitted pattern of VBs can be rotated arbitrarily according
to the alignment of TMF. For the general case in the current
work, the spatial magnetic field can be decomposed into a TMF
and a longitudinal magnetic field (LMF) according to the quan-
tization axis. The absorption patterns and corresponding polar
plots can then be analyzed to recover the full magnetic field
information. Such a procedure could prove to be a powerful
tool to measure the 3D magnetic distribution and can even
be applied in room temperature atomic vapors, simplifying fu-
ture atomic magnetometer design.

2. EXPERIMENTAL SETUP

The experimental setup is shown in Fig. 1. The output of a
frequency-locked 795 nm external cavity diode laser is sent
through a single-mode fiber to improve the mode quality of
the Gaussian beam. After the fiber, the beam passes through
a half-wave plate and a polarizing beam splitter to adjust the
beam intensity and fix the polarized state of the beam as
horizontal polarization. A telescope is applied to expand the
beam size, and the achieved high-quality Gaussian beam waist

is 4 mm. The VBs are generated by sending the linearly polar-
ized beam through a vortex retarder plate (VRP), a liquid-
crystal-based retardation wave plate with an inhomogeneous
optical axis, which displays an azimuthal topological charge
[48,49]. The laser frequency is locked to the 5S1∕2, F � 2 →
5P1∕2, F 0 � 1 transition of the 87Rb D1 line. The Rb cell has
a length of 50 mm. A three-layer μ-metal magnetic shield is
used to isolate the atoms from the environmental magnetic
fields. The temperature of the cell is set at 60°C with a temper-
ature controller. A solenoid coil (not shown in figure) inside the
inner layer generates a uniform LMF, oriented along the light
propagation direction, k. A TMF, in the plane perpendicular
to k and covering the whole cell, is generated by two pairs of
orthogonal Helmholtz coils, each pair independently controlled
by a high-precision current supply driver. By adjusting the cur-
rent ratio and, hence, the horizontal and vertical TMF compo-
nents, it is possible to produce an arbitrary TMF. The power
of the incident laser beam is 3.4 mW∕cm2 (≈0.75I sat). After
passing through the cell, the spatial intensity distribution of the
beam is recorded by a charge-coupled device camera (CCD).

The polarization distribution of the probe VBs can be re-
constructed by measuring the Stokes parameters, which re-
present the full polarization information of the light [50].
Experimentally, the Stokes parameters can be obtained by using
the projection measurement system consisting of a QWP, a
polarizer, and a CCD. Figure 2(a) shows the polarization dis-
tribution of the generated VB withm � 1, which is also known
as a radially polarized beam. Here, m is the polarization topo-
logical charge of the VB. It can be seen that this distribution
varies periodically with the azimuthal angle in the plane of the
beam. The electric field vector of the VBs considered here can
be expressed as

E�r,ϕ, z� � E0�r,ϕ, z�
� cos�mϕ�
sin�mϕ�

0

�
: (1)

Here, r is the radial distance, ϕ denotes the azimuthal angle,
and z is the propagation distance. The position-dependent
complex amplitude of the light is E0�r,ϕ, z�, and m is an
integer.

Fig. 1. Schematic of the experimental setup and atomic energy lev-
els. M, mirror; HWP, half-wave plate; QWP, quarter-wave plate; L,
lens; PBS, polarization beam splitter; PD, photodetector; SMF, single-
mode fiber; VRP, vortex retarder plate; CCD, charge-coupled device
camera; MFS, magnetic field shielding; PM, projection measure-
ment; SAS, saturated absorption spectroscopy; VBG, vector beam
generation.

Fig. 2. Experimental results of the radially polarized beam in pres-
ence of TMF. (a) Intensity and polarization distribution without
atoms. (b)–(h) Intensity distributions after passing through atoms
under vertical TMF of varying strength: BTMF � 0, 23, 61, 123,
146, 206, and 230 mG, respectively. (i) Dependence of transmitted
intensity for two selected regions against BTMF.
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3. EXPERIMENTAL RESULTS

Now we turn to how the magnetic field influences the inter-
action between the vector beam and the atoms, the transmis-
sion in particular. First, when the magnetic field is not applied,
there is very little absorption of the vector beam, as compared
with the profile without atoms [Figs. 2(a) and 2(b)]. As a ver-
tical TMF is applied to the atoms, however, a petal-like trans-
mission pattern gradually appears, as shown in Figs. 2(c)–2(h).
In general, one predicts 2 × m petals, with the exception of
m � 0. In our case, we consider m � 1, so we observe a two-
fold symmetry, as considered in more detail below.

Increasing the magnitude of the TMF, we observe that
maximum transmission always occurs in the region where
the linear polarization is parallel or antiparallel to the TMF.
The strongest absorption occurs in regions where the local lin-
ear polarization is perpendicular to the TMF axis, and it in-
creases with increasing magnitude of the TMF. We note
that positive and negative TMFs both lead to the same pattern,
as atomic transitions respond to the alignment but not orien-
tation of linear polarization. The variation of transparency and
absorption is plotted against the TMF strength (from −230 to
�230 mG) in Fig. 2(i). To make a systematic comparison, a
point of maximum transmission and absorption, respectively, is
chosen, and the corresponding probe intensity (I∥ and I⊥) is
determined, averaged over a square area of 25 pixels, to reduce
experimental error. The red curve then shows the local sensi-
tivity of the VBs to the TMF strength, in agreement with the
Hanle-EIT profile.

As expected, the absorption of the optical E-field compo-
nents aligned with the B-field orientation is independent of
the magnitude of the applied magnetic field strength. We
can therefore monitor these spatial positions to consider the
effects of an LMF. Accordingly, applying an LMF of varying
magnitude, between 0 and 200 mG, we observe uniform ab-
sorption across the whole beam, which increases with the mag-
nitude of the TMF (Fig. 3). The variation of transparency for
the whole beam is shown in Fig. 3(g), displaying the same
Hanle-EIT profile as Fig. 2(i). Such results are adequately de-
scribed by the Zeeman effect and are no different from prior
experiments that rely on linearly polarized light.

The transmitted vector beam, as a whole, is highly sensitive
to the TMF however, particularly in regard to the B-field’s

alignment. To characterize the axis of the TMF, we select a
radially polarized VB, which generates the two-petal pattern
after passing through the vapor cell. We then define the image
axis as the line that passes through the maximal transmission
regions of the two petals and the beam center. As mentioned
previously, the visibility of the transmission profile can be con-
trolled by the magnitude of the TMF, with a stronger magnetic
field corresponding to stronger maximal absorption. We set the
TMF to 230 mG to ensure maximal contrast, allowing us to
identify the image axis as precisely as possible. We further note
that the linear polarization of the transmitted region is also par-
allel to the image axis, providing an alternative way to identify
the TMF axis.

Figures 4(a) and 4(b) show the relationship between the
TMF alignment and the transmitted polarization, as recon-
structed from CCD measurements of the Stokes parameters.
Figure 4(c) shows the angle of the image axis (green arrow)
when rotating the TMF axis from 0 to π rad. Moreover, the
VBs’ polarization can also be manipulated by rotating the
half-wave plate and the VRP, producing the same rotational
results as when the angle of the TMF axis is fixed. The axis
of the TMF can thus be easily observed, and the TMF strength
can be measured similarly to the procedure outlined in Fig. 2.

To visualize arbitrary magnetic field alignments, we can
combine our observations for a TMF and an LMF with further
experiments that consider an arbitrary inclination angle, θ, be-
tween the B-field and the propagation axis, k. For a TMF along
the vertical axis, θ then denotes the angle in the y−z plane, and
the magnetic field can be written as B �jBj�0, sin θ, cos θ�T ,
as reported in Fig. 5. In the absence of a magnetic field, there is
no petal-like pattern, and the transmission of the radially po-
larized VB is uniformly distributed along the azimuthal angle,
similarly to Figs. 2(b) and 3(a).

We then set the strength of the magnetic field to
jBj � 230 mG. When θ � 0, the magnetic field is aligned
to k, corresponding to a pure LMF, destroying Hanle reso-
nances and resulting in strong homogeneous absorption as
discussed in the context of Fig. 3. By increasing θ, the petal-
like pattern gradually appears according to the strength of
the TMF component. In the case of θ � π∕2, the magnetic
field is purely transverse, and the transmission profile is the
same as for Fig. 4. As expected, regions where the polarization

Fig. 3. Experimental results of the radially polarized beam in pres-
ence of an LMF. (a)–(f ) Intensity distributions after passing through
the atom vapor under the varied LMF: BLMF � 0, 50, 100, 120, 160,
and 200 mG, respectively. (g) Dependence of transmitted intensity for
whole beam against the BLMF.

Fig. 4. Transmission profiles as functions of TMFs alignment.
(a) and (b) Intensity and polarization distributions for vertical and
diagonal TMF alignment. (c) Image axis of the transmission profile
as a function of TMF alignment. Insets: examples of observed trans-
mission profiles.
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is perpendicular to the B−k plane experience maximal absorp-
tion. However, with larger angle θ, the TMF component of B
increases and induces transparency in regions with parallel
polarization. The relationship and sensitivity of transmitted
patterns to the angle θ are captured in Fig. 5(g). The visibility
of the pattern also depends on the magnitude of the field. A
rotation of the magnetic field around the azimuthal angle ϕ
would result in a corresponding shift of the absorption pattern.
Visual inspection of the absorption pattern therefore gives
maximal information on the magnetic field alignment, subject
to the symmetry of the probe pattern.

Thus far, we have considered only radially polarized VBs,
but similar observations hold for general VBs. We demonstrate
this in Fig. 6 by comparing VBs with differing topological
charge: m � 1 and m � 2. Figures 6(a) and 6(d) show the
polarization and intensity profiles of the generated VBs with
and without atoms, respectively. These donut-like profiles
change very little without appropriate shielding from magnetic
fields, as shown in Figs. 6(b) and 6(e). However, in the presence
of a TMF, the transmitted beams show a twofold and fourfold
petal pattern, respectively, as shown in Figs. 6(c) and 6(f ). Polar
plots of the absorption profile with atoms, for m � 1 and
m � 2, are shown in Fig. 6(g) and are in agreement with
the original observation in cold atoms [44].

4. THEORETICAL INTERPRETATION AND
DISCUSSION

As is now well known, atom–light interaction is strongly polari-
zation-dependent. There are, however, infinitely many ways to
decompose a field’s polarization and to choose an atom’s quan-
tization axis. For the former, the spherical basis has many useful
properties [26,28,51]. Here, light polarized perpendicularly to
the atom’s quantization axis drives a superposition of σ� and σ−

transitions (ΔmF � �1), while light polarized parallel to
the quantization axis drives the associated π transition
(ΔmF � 0). In the absence of a magnetic field, it is convenient
to choose the quantization axis, z, along the propagation axis,
k, so that any light, E, polarized in the x−y plane is simply
formed from the superposition of two orthogonal circular com-
ponents with equal amplitude and a varying phase difference.
In the presence of a magnetic field, however, it is helpful to
choose the quantization axis along the axis of the magnetic
field, B, so that the interaction is only dependent on the angle
between B and E.

Thus, we define the optical field in the spherical basis
fe0 � ez , e�1 � ��ex � iey�∕

ffiffiffi
2

p g [28]:

E � E0

�
�cos α�e0 �

sin αffiffiffi
2

p �−e−iβ1e�1 � e�iβ2e−1�
�
, (2)

where ei∀i ∈ fx, y, zg are the basis unit vectors in Cartesian
coordinates and ej∀j ∈ f0,�1, −1g represent the spherical
basis with the quantization axis set by the magnetic field.
Here, π-polarized, left and right circularly polarized light cor-
responds to e0,�1,−1, respectively, E0 is the amplitude of light,
α is the angle between B and E, and β1 and β2 are the phase
of each circular polarization.

A. Interaction under an LMF
As shown in Fig. 7(a), when an LMF is applied, we choose the
quantization axis along the LMF, coinciding with the propa-
gation direction of the light. In this case, all the linearly polar-
ized components of the probe VBs are perpendicular to the
quantization axis, and the light will connect all Zeeman sub-
levels of the F � 2 → F 0 � 1 transition via multiple Λ
schemes with simultaneous σ�1 excitations [29,52,53].
According to the light polarization in Eq. (2), the VBs shown
in Eq. (1) can be rewritten as

Fig. 5. Experimental results of the radially polarized beam in pres-
ence of the spatial magnetic field with fixed strength (jBj � 230 mG).
(a) jBj � 0 mG. (b)–(f ) Transmitted patterns with θ � π∕6, π∕4,
π∕3,5π∕12, π∕2, respectively. (g) Polar plots for patterns at different
angle θ at the radius indicated in (f ).

Fig. 6. Polarization and intensity profiles for VBs with different
polarization topological charges m � 1 (top row) and m � 2 (bottom
row). (a) and (d) Profiles of VBs without atoms. (b) and (e) After pass-
ing through atoms in the absence of a magnetic field. (c) and (f ) Petal-
like patterns under BTMF � 230 mG. (g) Polar plots of the absorption
profile in (c) along the radius of largest contrast.

Fig. 7. Excitation scheme for (a) the LMF and (d) the TMF.
(b) Coherent dark state and (c) decoherent state induced by
Zeeman splitting. Bare dark state (e) without and (f ) with Zeeman
splitting. In presence of the magnetic field, magnetic sublevels are
shifted by an amount μBgFmFB, where μB is the Bohr magneton,
gF is the Landé-factor, and B is the magnetic field strength.
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E � E0ffiffiffi
2

p �cos�mϕ� � sin�mϕ���−e−iβ1�ϕ�e�1 � e�iβ2�ϕ�e−1
�
,

(3)

where β1 and β2 are dependent on the azimuth.
When the LMF is zero, the Zeeman sublevels are degener-

ate, and atoms are pumped into a nonabsorbing state induced
by coherent population trapping. This is similar to the case of
standard EIT, where the left and right circularly polarized com-
ponents of an optical field resonate with the atomic levels to
form the Λ structure shown in Fig. 7(b). Here, a dark state
due to coherent superposition of atomic energy levels is formed,
which causes transparency of the whole VBs’ profile. Increasing
the strength of the LMF results in splitting of the Zeeman sub-
levels and an effective detuning, as shown in Fig. 7(c). Thus,
the coherent dark state is destroyed; the atoms can now inter-
act, which leads to absorption of the probe VBs. For any linear
polarization exciting the σ� transitions, the transparency is sen-
sitive to the magnitude of the magnetic field and shows the
Hanle-EIT profile [54].

B. Interaction under a TMF
When a pure TMF is applied, as shown in Fig. 7(d), the quan-
tization axis is chosen to be aligned with the axis of the TMF. In
contrast with the former case, the interaction of the linearly
polarized components of the probe VBs is strongly dependent
on the azimuthal angle. The components whose linear polari-
zation is parallel to the TMF axis operate on the π transition
[55–57], while the orthogonal components activate the σ�
transitions. Other linearly polarized components can be consid-
ered as superpositions of these special cases, and the inclined
angle between the BTMF and the E determines which transition
is dominant. Here, the situation of perpendicular components
is similar to interaction under the BTMF and shows the same
sensitivity to the magnetic field strength. Assuming the
BTMF is along the y axis and combining Eqs. (1) and (2), then
the E-field of the VBs can be rewritten as

E � E0 sin�mϕ�e0 �
E0ffiffiffi
2

p cos�mϕ��−e−iβ1e�1 � e�iβ2e−1�

� E0 sin�mϕ�e∥ � E0 cos�mϕ�e⊥,
(4)

where e∥ � e0 and e⊥ � �−e−iβ1e�1 � e�iβ2e−1�∕
ffiffiffi
2

p
. The first

term in Eq. (4) is the linear component with polarization di-
rection along the TMF axis driving π transitions. In this situa-
tion, atoms are optically pumped into the stretch states by
means of spontaneous emission and removed from the optical
transition. Here, another type of dark state, due to strong op-
tical pumping, is formed, which will cause transparency of par-
allel components and shows insensitivity to the magnetic field
[Figs. 7(e) and 7(f )]. The second term in Eq. (4) is the linear
component with polarization perpendicular to the TMF axis.
In this position, the analysis is similar to the interaction under
the BTMF as discussed before. Increasing BTMF enhances the
absorption (destroying the coherence) of perpendicular com-
ponents and the splitting of the beam profile, since parallel
components are always transmitted. Thus, the transmission
profile of the probe VBs under the nonzero TMF follows
the equation as

I ∝ jsin�mϕ�j2, (5)

satisfying the 2m sinusoidal transmission profile observed in
Fig. 6(g).

C. Interaction with Arbitrarily Oriented B-Fields and
Associated Applications
Generally, when B is not applied along the axis of light propa-
gation, it can be decomposed into contributions of an LMF and
a TMF. Thus, for the general case, the interaction of the light
with atoms can be viewed as a combination of the cases dis-
cussed in Sections 4.A and 4.B, including all three transitions.
A coherent dark state only appears when B � 0 and forms from
pure σ� and σ− transitions. Frequency detunings (Zeeman
splitting) and π transitions induced by the magnetic field break
the coherence of these dark states, although the π transition
associated with the TMF induces bare dark states, which are
insensitive to the magnetic field.

Based on the above analysis, the transmitted pattern of VBs
after passing through the atoms is strongly dependent on the B,
making this configuration a potentially useful tool for exploring
spatially varying magnetic fields. The radially polarized beam
whose polarization distribution resembles a compass would
be used as the probe, and the transmitted pattern has two petals
whose orientation clearly shows the axis of the TMF. Besides,
by comparing maximum intensity of the transmitted pattern
with initial intensity of the beam in the same position, the angle
between the magnetic field and the plane of the beam profile
can be easily obtained, as shown in Fig. 5(g). By combining the
included angle with the axis of TMF, the axis of the spatial B
could be defined. Not only the alignment of the magnetic field
but also its strength influences the observed transmission pat-
tern. The strength of the magnetic field is associated with the
intensity of the region perpendicular to two petals because the
polarization of this part is always perpendicular to the quanti-
zation axis set by the B. The transparency of this region de-
pends on the Zeeman splitting of atoms influenced by the
magnetic field, which means the magnitude of the magnetic
field can be deduced by measuring the intensity of this region.

Ultimately, the alignment and strength of a spatial B-field
can be seen and quantified from the transmitted vector beam.
There are experimental limitations, however. First, the atomic
coherence limits measurement range of the magnetic field. In
this experiment, the Zeeman energy levels were used to build
the atomic coherence, but hyperfine levels could expand the
range of measurement of this configuration. Second, the direc-
tion of the spatial B-field cannot be obtained here. Because only
resonant light is used in this experiment, the frequency detun-
ing induced by spatial B has the same influence on both σ� and
σ− transitions. After passing through atoms, the linear polari-
zation can always be obtained, which indicates two circular
components have equal amplitudes and experience the same
absorption. Further study will be carried out to solve this prob-
lem by utilizing detuned light and measuring the polarization
ellipse of transmitted parts [46,58].

5. CONCLUSION

In conclusion, we have investigated the transmission properties
and pattern formation of vector beams in an atomic vapor, as
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influenced by a magnetic field. In particular, there are two lim-
iting cases, corresponding to two kinds of dark state. When an
LMF is applied, an incoming probe beam undergoes uniform
absorption, and the coherence between Zeeman sublevels (co-
herent dark states) can be destroyed by increasing the strength
of the LMF. Applying a TMF, however, will generate bare dark
states and produce a petal-like pattern, which is dependent on
the azimuthal angle and topological charge of the polarization.
The general case, where the magnetic field is applied along an
arbitrary axis, is also studied, revealing the general influence of a
spatial B-field on transmitted patterns. Thus, information
about the alignment and the strength of a spatial B-field can
be seen in the transmitted pattern of a vector beam, providing
a powerful tool in the investigation of 3D magnetic fields.
Recent works on chip-scale VBs generation [59] and atomic
components [60–62] would be an exciting next step for real-
izing miniaturization. We also note that similar effects are seen
in related work in the diamond (nitrogen-vacancy center) [63]
and cold atoms [47] carried out, confirming the suitability of
VBs for visual observation of the alignment of magnetic fields
in 3D space.
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