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We describe and demonstrate how 3D magnetic field alignment can be inferred from single absorption
images of an atomic cloud. While optically pumped magnetometers conventionally rely on temporal
measurement of the Larmor precession of atomic dipoles, here a cold atomic vapor provides a spatial
interface between vector light and external magnetic fields. Using a vector vortex beam, we inscribe
structured atomic spin polarization in a cloud of cold rubidium atoms and record images of the resulting
absorption patterns. The polar angle of an external magnetic field can then be deduced with spatial Fourier
analysis. This effect presents an alternative concept for detecting magnetic vector fields and demonstrates,
more generally, how introducing spatial phases between atomic energy levels can translate transient effects
to the spatial domain.
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Most investigations and applications of light-atom inter-
action are concerned with homogeneously polarized light or
scalar light. Light-atom interaction, however, by its very
nature, is a vectorial process that depends explicitly on the
alignment between an externalmagnetic field and the optical
and atomic polarizations [1–6]. Over the last decades, the
generation and use of vectorial light fields with spatially
varying polarization profiles has matured into an active
research area, with a plethora of applications in the optical
domain [7–11], including communication [12], polarimetry
[13], and superresolution imaging [14]. Our ability to design
complex vector light fields nowallows the full exploration of
vectorial light-matter interaction [5]. One of the earliest
examples is the prediction [15] and measurement [16] of the
rotational Doppler effect, with more recent applications
including complex image memories [17,18], manipulation
of nonlinear effects [19,20], investigations of spatial
anisotropy [21–23], and spatially dependent electromag-
netically induced transparency [24–26].
Here, we investigate the role of external magnetic fields

on the propagation of vectorial light fields through atomic
gases and specifically demonstrate that the 3D alignment of
a magnetic field can be deduced from a single absorption
profile of a vector vortex beam. Atomic gases are optically
active media with a highly sensitive external field response,
making them ideal candidates for magnetometry [27–30].
Atomic magnetometers have been developed to detect
magnetic gradients [31], multiple components of the
magnetic vector field [32–37], or to compensate magnetic
backgrounds in 3D [38]. Typically, optically pumped
atomic magnetometers are based on observing the coherent

Larmor precession of polarized atomic spins in a magnetic
field, whereas vector magnetometers may employ radio-
frequency modulation to map the vector components onto
different harmonics.
In this Letter, we demonstrate a fundamentally different

approach, replacing the dynamic detection of the spin
precession with the spatially resolved detection of the
atomic response to vector vortex light. We investigate the
interaction of cold 87Rb atoms with vector vortex beams on
theD2 (780 nm) F ¼ 1 → F0 ¼ 0 transition, as indicated in
Fig. 1, and show that the spatial transmission profile of such
light depends strongly on the 3D alignment of a static
external magnetic field. By observing the atoms’ absorp-
tion profile, and specifically, its Fourier decomposition, we
can deduce the alignment of the magnetic field in three
dimensions. Similar to other recent work [39,40], our
technique requires only a single probe beam, thereby
avoiding potential transverse dephasing effects. Unlike
these previous schemes, the F ¼ 1 → F0 ¼ 0 configuration
allows us to decouple the effect of 3D alignment from a
modification of the magnetic field strength: demonstrating
an atomic compass based on the absorption profile of a
vector vortex beam.
Concept and theoretical model.—The interaction of

atoms with light is, to first order, determined by the atomic
dipole Hamiltonian

Ĥ ¼ −D ·Eþ gFμBF ·B; ð1Þ

where E and B are the electric vector field and the external
static magnetic field, D and F are the induced atomic
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electric dipole and atomic spin polarization, gF is the Landé
g factor, and μB is the Bohr magneton. In a closed system,
an equilibrium can be reached, where the steady-state
atomic system is polarized according to the optical polari-
zation pattern, and the response of the optical field depends
on the alignment of the optical polarization with respect
to B.
Circularly polarized light generates atomic dipole

moments, causing optical dichroism, whereas linear polari-
zation leads to atomic quadrupole moments, which gen-
erate birefringence [41]. A vector vortex beam

EðrÞ ¼ 1
ffiffiffi
2

p EðrÞ½e−ilϕσ̂þ þ eilϕσ̂−� ð2Þ

represents the latter case. Here, the left and right circularly
polarized components σ̂� carry equal and opposite orbital
angular momentum∓l, resulting in a polarization pattern,
whose linear polarization rotates with the azimuth ϕ as
shown in the inset of Fig. 1. Although such absolute phase
effects are generally meaningless, a break in symmetry,
e.g., due to an external magnetic field, can make the
dependence measurable [24].
The inscribed structure of magnetic quadrupole moments

generates locally varying birefringence, in turn modifying
the propagation of the light through the atomic sample. The
induced atomic alignment precesses around an applied
magnetic field,

BðrÞ¼B0ðsinθBcosϕBx̂þsinθB sinϕBŷþcosθBẑÞ; ð3Þ

where θB and ϕB denote the inclination from the propa-
gation axis and the azimuthal angle, respectively.

The atomic response is determined by the interplay
between the local polarization direction of the light and
the global external magnetic field. The spatial features of
the resulting absorption profile can be analyzed in terms of
their angular Fourier decomposition, allowing us to identify
the 3D magnetic field alignment from a single absorp-
tion image.
We consider a standard Zeeman, Λ-type transition,

resonantly coupling the F ¼ 1, mF ¼ �1 Zeeman sub-
levels, denoted as jg�1i, to the F0 ¼ 0,m0

F ¼ 0 excited state
jei, as indicated in Fig. 1. The F ¼ 1, mF ¼ 0 sublevel of
the ground state, is denoted as jg0i. The transition is driven
by weak vector vortex probe light (2) in the presence of a
static magnetic field (3) with arbitrary inclination θB and
azimuth ϕB.
The Hamiltonian in the Zeeman basis reveals a strong

relationship between the geometry of the applied field and
the energy of the system

ĤZ ¼ ℏ

�
�Ωkjg�1ihg�1j − e∓ϕB

Ω⊥ffiffiffi
2

p jg�1ih0j

−
Ω�
2

jg�1ihej
�
þ H:c:; ð4Þ

where we have assumed resonant optical coupling. Here
Ω� ¼ expð∓ilϕÞΩR=

ffiffiffi
6

p
denotes the optical coupling,

where ΩR is the Rabi frequency, and we have considered
the appropriate Wigner-Eckart coefficients. The effect of
the magnetic field component along and orthogonal to the
optical axis imposes a Zeeman shift on the states jg�1i
and mixing of the Zeeman sublevels, characterized by
Ωk ¼ ΩL cos θB and Ω⊥ ¼ ΩL sin θB, respectively, where
ΩL ¼ gFμBB0 is the Larmor frequency.
The Hamiltonian can then be rewritten in terms of

spatially dependent partially dressed states jψ ii, such that

Ĥψ ¼ ℏ
2

�
ΩL coslϕ sin θBjψ1ihψ2j

þ ΩLNðϕÞjψ2ihψcj þ
ΩR

2
ffiffiffi
3

p jψcihej
�
þ H:c: ð5Þ

The states jψ ii and the normalization factor NðϕÞ depend
on ϕ, ϕB, and θB. See Supplemental Material for the
relevant transformation and expressions [42]. In the spa-
tially dependent basis, the structure in the optical coherence
is now explicitly manifest in the magnetic interaction. In the
absence of a magnetic field, jψ1i does not interact with the
optical fields, being equivalent to the unperturbed ground
state j0i, but in the presence of a transverse magnetic field,
there are certain values of ϕ for which the coherence still
necessarily vanishes, i.e., for ϕ ¼ nπ=ð2lÞ ∀ n ∈ N0,
creating a magnetically induced, spatially dependent dark
state, where there can be no absorption once the steady state
is reached.
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FIG. 1. Schematic energy levels and laser transitions: Rb87

atoms are cooled and trapped in a standard MOT and then
transferred into a SpOT, populating the F ¼ 1 ground state. A
vector vortex beam drives a Λ transition, where the σ� transitions
carry opposite phase profiles and an external magnetic field
couples the ground states. The phase profiles of the probe light
are shown for l ¼ �2, with hue representing values between 0
and 2π. The top inset shows the corresponding intensity and
polarization profile.
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Using Fermi’s golden rule (FGR), and so considering the
cumulative probability that a photon will transition between
jψ1i and jψci, we obtain a concise insight into the
analytical form of the interaction

T1→e ∝ Ω4
LΩ2

Rsin
2θBcos2ðlϕ − ϕBÞ

× ½cos2θB þ sin2θBsin2ðlϕ − ϕBÞ�: ð6Þ

Rewriting Eq. (6) as a cosine Fourier series, we can identify
the azimuth ϕB and the inclination θB from the phase and
magnitude of the Fourier components as

ϕB ¼ 2−1 arg½FϕðT1→eÞ�2l; ð7Þ

sin4θB ¼
ffiffiffiffiffiffiffiffi
8=π

p
jFϕðT1→eÞj4l; ð8Þ

forming the basis of what we might call a spatial atomic
compass. The transition probability T1→e and selected
absorption profiles are shown in Fig. 2. Rotating B
azimuthally results in a 1=l-fold rotation of the absorption
profile, whereas its inclination results in a splitting of the
absorption pattern. The latter is reminiscent of the splitting
of an absorption peak observed in [43]. We note that the
magnetic field amplitude jB⃗j enters Eq. (6) via the Larmor
frequency as an overall scaling factor, affecting the overall
fringe visibility of the absorption profile. This offers, as
long as the perturbative limit holds, access to the field
strength, in addition to its alignment.
We will show in the following that the analytic pre-

dictions based on FGR agree qualitatively with our exper-
imental results. It fails, however, to describe some of the
subtle atomic response, especially when dealing with B
fields that are largely orthogonal to the optical propagation
direction or for higher probe power. A rigorous treatment,
based on optical Bloch equations [25,44,45], results in
simulations that are in excellent quantitative agreement
with our measurements, however, without permitting a
simple analytical description. See the Supplemental
Material for an overview [42].

Experimental realization and discussion.—A cold
atomic cloud, optical probe light, and global magnetic
field B were created and combined in a simple linear
arrangement (Fig. 3). For each alignment of B, the
spatially dependent absorption profile, proportional to
the optical density OD¼ ln½ðIprobe−IbackÞ=ðItrans−IbackÞ�,
was recorded and the consequent Fourier components
extracted, where Iprobe, Itrans, and Iback represent the
intensity of the probe before and after absorption and
the background intensity, respectively, with examples
shown in Fig. 4(a). The atomic cloud was formed from
87Rb atoms collected in a magneto-optical trap (MOT),
before transfer to the F ¼ 1 ground state of a dark
spontaneous-force optical trap (SpOT) [46] (Fig. 1).
Approximately 5 × 107 atoms were evenly distributed over
the three Zeeman sublevels, while maintaining an atomic
density of 1011 cm−3 and a temperature of 100 μK. The
trapping, repump, and depump beams, as well as the
MOT’s magnetic quadrupole field, were then switched
off and the cloud expanded freely for 3.5 ms before
interaction with the vector vortex probe light. Such light,
locked to the F ¼ 1 → F0 ¼ 0 transition, was generated
with a q plate [47], where the measured polarization and
intensity profile is shown in Fig. 4(a) for l ¼ 2. The probe
power was varied over a range from 0.03 to 0.5 μW, but
had greatest agreement with Eq. (6) for lower values,
corresponding to a perturbative regime. The results
presented in Fig. 4 were taken with a total beam power
of 0.13 μW, corresponding to a Rabi frequency of
ΩR ¼ 2π × 0.26 MHz in the region of interest, indicated
by the red lines in Fig. 4(a).
Before interaction, a global B field with a fixed magni-

tude was generated and applied using three orthogonal sets
of rectangular coils, varying ϕB and θB in steps of 80 mrad
for each run. All data shown in this Letter were obtained for
1 × 10−4 T, but analogous results were confirmed for fields
between 0.5 and 3 × 10−4 T. Following standard practice,
the desired external field B was added to a cancellation
field, already applied during the operation of the MOT and
SpOT, and opposing any spurious environmental fields at
the position of the atomic cloud.

FIG. 2. Illustration of the transition probability T1→e based on
Fermi’s golden rule. (a) Predicted absorption profiles for vector
beams with l ¼ 1 and 2 for the indicated inclination angles.
(b) T1→e as a function of the magnetic field alignment.

FIG. 3. Schematic diagram of the experimental geometry. The
atoms are in the far field of the q plate (Q) and are imaged to the
camera plane. The optical pumping configuration for the SpOT is
explained in [46]. The bottom left inset shows the defining
coordinate system and the alignment of the magnetic field. HWP,
half wave plate; L, lens; RP, repump.
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Qualitatively, the results confirm that the absorption
pattern rotates azimuthally with applied B, Fig. 4(d), and
splits from 2l to 4l lobes when its inclination from the
optical axis rises from 0 to π=2, Fig. 4(e). The quantitative
comparisons, based on Fourier analysis of the data and
models, are presented in Figs. 4(b) and 4(c). The analytical
predictions of Eqs. (7) and (8), shown as gray lines, are
largely in agreement with the data. In our experiment, we
had to balance the low probe intensity required for the
weak-coupling limit with the necessity for high contrast
absorption images from our detectors. Therefore, although
providing a concise insight, the perturbative regime
required for Eq. (6) was not fully applicable to our
conditions, and we may observe a spatial analog of
intensity broadening. A model based on the full optical
Bloch equations, normalized to the data and fitting on the
beam intensity, leads to excellent agreement.
The remaining discrepancies in the data are likely

technical in origin. The polarization profile of our probe
shows small (ϕ-dependent) degrees of ellipticity, corre-
sponding to an imbalance between the σ� light compo-
nents. Furthermore, we are using the magnetic field
cancellation coils of a standard MOT setup to define our
B alignment, and any incomplete cancellation of environ-
mental fields may result in a small tilt from the desired
alignment, providing a likely source of systematic exper-
imental uncertainty. Random error, however, was reduced
to acceptable levels, as indicated by standard deviations,
averaging over five and three runs for each θB and ϕB,

respectively [Figs. 4(b) and 4(c)]. The corresponding
precision of the B field alignment, after inverting
Eqs. (7) and (8), was 30 mrad for both ϕB and θB.
We note that the emphasis of this Letter is on the

fundamental concept of measuring magnetic field
alignment via spatial, rather than time-resolved detection.
Our experiment is neither optimized nor competitive in
terms of sensitivity. On a fundamental level, the highest
possible sensitivities for optical atomic magnetometers,
realized, e.g., in spin-exchange relaxation-free and radio-
frequency magnetometers, are obtained by minimizing
spin-relaxation rates. The same mechanism applies also
to our technique: spin alignment is established at a rate
given by the Larmor frequency and destroyed due to
collisions among the cold atoms. For our parameters, we
expect a collision rate that should allow the detection of B
fields of about 50 pT.
Conclusions.—Throughout, we exposed a spatial rela-

tionship between magnetic field alignment and phase-
shaped light on interaction with an atomic cloud. Using
this relationship, we have shown, analytically and
experimentally, how an atomic cloud may be used as a
three-dimensional compass, without explicitly invoking
time-dependent effects. The 3D alignment is derived from
individual absorption images obtained in single-axis optical
probing, where a vector vortex probe beam both generates
and measures the atomic polarization. These results hold in
the steady-state limit and can be largely independent of
applied field strength, offering opportunities for a new

FIG. 4. Magnetic field alignment from Fourier analysis of the atomic absorption profiles. (a) Example images (600 × 600 μm2) in gray
scale of the probe intensity Iprobe, transmitted light Itrans, and resulting transmission profile OD (where black corresponds to high OD),
with the analysis region indicated in red. (b),(c) Dependence of the 2l and 4l Fourier components on ϕB and θB of the B and
comparison with FGR and optical Bloch model (OB). Error bars of the data points (blue) represent the standard deviation of 3 or 5 runs.
(d),(e) Corresponding compilations of the unwrapped OD images for steps of 70 and 87 mrad, respectively, with the FGR prediction as
insets.
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branch of magnetic sensing. This parallel geometry is
promising for the development of chip-based and miniature
sensors. In principle, the effect also holds for warm vapors,
with the caveat that transitions F ¼ 1 → F0 ¼ 0would, due
to Doppler broadening, also excite F0 ¼ 1 and 2, which in
combination with thermal motion would reduce the signal.
Although our present demonstration uses a simple vector

vortex beam to detect homogeneous magnetic fields, the
principle may be generalized to arbitrary vector light fields,
with possible applications to inertial, gradient, and position
sensing and long term magnetic effects, as well as magnetic
anomaly detection. In our current setup, we use azimuthal
polarization patterns and deduce the magnetic field align-
ment from an angular Fourier analysis of the measured
optical density. As this method does not rely on the radial
degree of freedom, we could detect a radially varying field
alignment. Instead, optical beams with linear polarization
modulation could be generated from superpositions of
Hermite-Gaussian modes, which would lend themselves
to the analysis of linear changes in B.
This spatial mapping to a magnetic field can be quite

general, providing an original toolkit for the spatial
manipulation of magnetic dipole and quadrupole moments
in atoms. With asymmetric polarization patterns, we not
only expect greater field information in the absorption
patterns, but we would also obtain programmable
dispersion relations, where early results suggest practical
gains in magneto-optical rotation, as well as fundamental
insight into spatial analogs of the Kramers-Kronig
relations.

The data set for this paper is available from Ref. [48].
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