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A Stern–Gerlach experiment for slow light
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lectromagnetically induced transparency allows light
transmission through dense atomic media by means of
quantum interference1 . Media with electromagnetically
induced transparency have very interesting properties, such as
extremely slow group velocities2–4 . Quasiparticles, the so-called
dark polaritons, which are mixtures of a photonic and an atomic
contribution5 , are associated with slow light propagation. Here,
we demonstrate that these excitations behave as particles with
a non-zero magnetic moment, which is in clear contrast to the
properties of a free photon. It is found that light passing through
a rubidium gas cell, under the conditions of electromagnetically
induced transparency, is deﬂected by a small magnetic ﬁeld
gradient. The deﬂection angle is proportional to the optical
propagation time through the cell. The beam deﬂection observed
can be understood by assuming that dark-state polaritons have
an eﬀective magnetic moment. Our experiment can be described
in terms of a Stern–Gerlach experiment for the polaritons.
The magnetic dipole moment of a particle is a fundamental
property. Its magnitude is diﬀerent from zero for all known massive
elementary particles. In contrast, no magnetic moment exists for
photons in vacuum6 . It is the purpose of this letter to demonstrate
that when light propagates through matter it can behave as if it
has acquired a magnetic moment. Notably, in the ﬁeld of solidstate physics it is well known that the environment can modify a
particle’s properties, and common concepts include, for example,
the eﬀective mass or charge of an electron7 .
In our experiment, we study the deﬂection of a circularly
polarized optical beam in a Stern–Gerlach-like magnetic
ﬁeld gradient under electromagnetically induced transparency
conditions in a rubidium vapour cell. We ﬁnd that the optical
beam is typically deﬂected by an angle of several 10−5 rad, with a
smaller group velocity leading to a larger deﬂection. We interpret
our results in terms of the dark polariton, as the quasiparticle
that is physically associated with the slow-light propagation,
having a non-zero magnetic moment. The deﬂection can be
understood in a simple model by considering the mechanical
force F = ∇(μpol · B(r)) onto the hybrid light–matter quasiparticle
with magnetic moment μpol in the spatially inhomogeneous Stern–
Gerlach magnetic ﬁeld B(r). The origin of the magnetic moment
is attributed to the spin-wave contribution of the polariton that
develops on the entry of light into the medium, and in agreement
with theoretical expectations.
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Figure 1 Principle of experiment. a, Simpliﬁed diagram of relevant atomic levels
coupled to a σ − -polarized control ﬁeld and a σ + -polarized signal ﬁeld. b, Schematic
diagram of the experiment, in which a transverse Stern–Gerlach ﬁeld gradient
causes an angle deﬂection of the optical signal beam within a rubidium gas cell.
This deﬂection is interpreted as evidence for the dark polariton, as the relevant
hybrid atom–light quasiparticle, possessing an effective magnetic moment. Before
entering the cell, the optical control beam (not shown) is aligned collinearly to
the signal beam.

Before proceeding, we note that it is well known that the
spectral position of dark resonances is very sensitive to magnetic
ﬁelds, and both absorptive and dispersive properties of these
resonances can be used for magnetometry8 . Slow-light experiments
directly illustrate the highly dispersive nature of electromagnetically
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Figure 2 Experimental spectra. a, Signal beam intensity transmitted through the rubidium cell as a function of the two-photon detuning δ = ω s − ω c + μ B · B from the
Raman resonance, where ω s (ω c ) denotes the optical frequency of the signal (control) beam, μ B the Bohr magnetron, and B the magnetic ﬁeld on the beam axis.
b, Measured transverse position of the signal beam along the x axis as a function of the two-photon detuning. On two-photon resonance, a deﬂection of the signal beam
corresponding to a deﬂection angle near 2× 10−5 rad is observed.

induced transparency2–4 . More recently, a stopping of light was
also demonstrated9,10 . Furthermore, we wish to point out that the
deﬂection of optical beams in external ﬁelds has been the subject
of previous work11–13 . In recent experiments, angle deﬂection
was observed to be caused by spatially inhomogeneous optical
pumping and saturation eﬀects12,13 . In other work, beam focusing
was achieved by a spatially inhomogeneous modiﬁcation of the
refractive index with a pump beam14 . In contrast to all earlier
work, the eﬀect observed here gives access to the intrinsic magnetic
dipole moment of a light–matter quasiparticle. The optical beam
deﬂection obtained is interpreted in terms of the Stern–Gerlach
eﬀect for the quasiparticles.
Our experiment is carried out in a heated buﬀer gas cell
with light tuned to the rubidium (87 Rb) D1-line. The eﬀects
observed can be understood by considering the -type three-level
conﬁguration shown in Fig. 1a. The levels are coupled by two
optical ﬁelds, a weaker ‘signal’ ﬁeld and a stronger ‘control’ ﬁeld.
The beams have opposite circular polarizations, and couple the two
stable ground states |g−  and |g+ , with Zeeman quantum numbers
diﬀering by two, over a short-lived electronically excited state |e.
When the atomic population is left in a suitable (‘dark’) coherent
superposition of the ground states, the excitation amplitudes in
the upper state interfere destructively, and the atomic medium
is transparent to light1 . It is of importance to our experiment
that spontaneous processes can thus (in principle) be completely
avoided, and coherence can be preserved. It is well known that
besides spectrally sharp variations in absorption (note that a truly
stationary dark state only exists for a two-photon detuning δ of
zero), drastic modiﬁcations in the dispersive properties also occur,
which are the origin of slow-light propagation.
In our experiment, the optical group velocities observed are
typically a few hundred metres per second, which results in a
Stern–Gerlach deﬂection of the light–matter quasiparticles some
12 orders of magnitude larger compared with a situation in which
such a quasiparticle would move with a speed close to vacuum
light velocity. A transverse magnetic ﬁeld gradient, designed to
be compatible with the presence of electromagnetically induced
transparency, is applied to the rubidium cell (see the Methods
section). As shown in Fig. 1b, the bias ﬁeld is directed collinearly to
the signal and control beams (the latter is not shown in this ﬁgure),
which we have denoted as the z axis. The magnitude of the bias ﬁeld
varies in a direction transverse to the beam, which was denoted as

the x axis. For magnetic dipoles oriented along the beam axis, a
non-zero transverse force is expected. After its passage through the
cell, we monitor the transverse displacement of the signal beam.
In initial measurements, we have mapped out the magnetic ﬁeld
by recording dark resonances for variable transverse positions of
the beam. A typical spectrum is shown in Fig. 2a as a function
of the two-photon detuning. The ﬁeld gradient was found to be
relatively uniform along the transverse direction. We are aware
that our measurement technique is not very sensitive to residual
longitudinal gradients.
Subsequently, we have monitored the angle deﬂection of the
signal beam while scanning through a dark resonance. For this
measurement, the beam position was monitored with a chargecoupled device camera placed 2 m from the cell. Figure 2b shows
the result of a corresponding experiment, in which the beam on
two-photon resonance is deﬂected by 35 μm, corresponding to an
angle deﬂection near 2 × 10−5 rad. The spectrally sharp deﬂection
peak observed is accompanied by two side maxima with opposite
deﬂection directions. With other measurements, verifying both the
absence of a deﬂection with no ﬁeld gradient and monitoring the
beam position in a diﬀerent focal plane, we have conﬁrmed that
ﬁeld gradients do indeed give rise to a beam angle deﬂection, as
is expected for a non-zero magnetic moment of the dark-state
polariton. This reaches its maximum absolute value near zero twophoton detuning, where the transparency is also maximal. We
interpret our results in terms of a proof-of-principle experiment
demonstrating that the dark polariton has an eﬀective magnetic
moment. The presence of such a dipole moment is attributed to
the atomic spin-wave contribution.
In a mechanical model, the expected angle deﬂection of a
polariton subject to a transverse magnetic force d B z /dx for a
dipole moment μpol aligned collinearly to the bias ﬁeld, for small
deﬂection angles, is given by α ∼
= Ftint /p with F = (dB z /dx)μpol .
Here, tint = L/vg denotes the interaction time with L as the cell
length (∼
=50 mm here), vg the optical group velocity and p = n h̄k
the photon momentum15 , for which we take the free-space value
because the refractive index n here is very close to unity. We arrive
at an expected deﬂection angle

α∼
=

L μpol dB z
,
vg p dx

(1)
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Figure 3 Deﬂection of the signal beam on two-photon resonance as a function
of the inverse optical group velocity. The error bars for the beam deﬂection give
the standard deviation of the mean value of 14 measurements for each point. The
values quoted for the group velocity were determined from the measured temporal
delay of signal beam pulses passing through the rubidium cell. The error bars give
the estimated uncertainty of the delayed pulse peak position obtained by ﬁtting a
gaussian curve to the measured temporal intensity distribution.

which is proportional to the time that a dark polariton is subjected
to the deﬂecting ﬁeld gradient. To monitor the experimental
dependence of the deﬂection on this interaction time, we have
recorded the beam deﬂection at two-photon resonance for diﬀerent
control laser intensities to vary the optical group velocity5 . In a
separate measurement, for each of those control laser intensities the
corresponding optical group velocity was measured by observing
the delay that a gaussian-shaped signal beam pulse experienced
when passing through the cell. Figure 3 shows the beam angle
deﬂection observed as a function of the inverse group velocity.
Here, an increase of the deﬂection is clearly observed for larger
values of 1/vg , corresponding to longer interaction times with
the ﬁeld gradient. On the other hand, the experimental data
do not show the linear dependence predicted by our simple
model. We attribute this to an inhomogeneous variation of
the two-photon detuning inherent both in our Stern–Gerlach
deﬂection measurement due to the ﬁnite optical beam diameter
transverse to the ﬁeld gradient, and our pulsed group velocity
measurement due to the Fourier width of the pulses. This causes
some loss of coherence of the fragile dark state and non linearities
of the dispersion. From our observed Stern–Gerlach deﬂection,
our simple model nevertheless allows us to extract an estimate
for the value of the unperturbed polariton magnetic moment
by solving equation (1) for this quantity. From the average of
our deﬂection data at a magnetic ﬁeld gradient of d B z /dx ∼
=
910 μG mm−1 (this gradient was achieved at a magnetic ﬁeld
on the beam axis of 116 mG), we estimate a value of 5 .1 ×
10−24 J T−1 for the magnetic moment. The expected value for this
moment can be calculated both directly from the dark-polariton
model and indirectly by means of the deﬂection originating
from the transversally dependent dispersive properties of the
dark resonance, and in the limit vg  c is given by one Bohr
magnetron for the atomic transition used (see the Methods
section). Also, note that for a ‘usual’ Stern–Gerlach experiment
carried out, for example, with a neutron beam, the angle deﬂection
observed can also be described alternatively in particle or wavenature pictures (the latter being less common), as follows from
the well-known quantum-mechanical wave–particle duality. Our
experimental value for the dark-polariton magnetic moment is a

factor of 1.8 lower than the theoretical result, and thus is clearly of
the correct order of magnitude. For the future, it is believed that
a reﬁned theoretical model accounting for the ﬁnite control beam
intensity, and connecting the eﬀective polariton interaction time
with our pulsed group velocity measurement is required. Ideally,
the experiments should be carried out with an ultracold rubidium
source, which should allow for very detailed comparisons of theory
and experiment.
We expect that the eﬀects observed can have applications
in the ﬁeld of quantum information storage and manipulation
in optical gases for switching applications and to address
parallel channels16–18 . A diﬀerent perspective would be to search
for signatures of the Aharonov–Casher eﬀect with slow light
originating from the interaction of the eﬀective magnetic
dipole moment with an external electric ﬁeld19,20 . Such an
experiment could further determine the quantum properties of the
dark polariton.

METHODS
EXPERIMENTAL SETUP

Our setup is a modiﬁed version of a previously described apparatus21 . Both
the signal and the control optical beams are derived from the same
grating-stabilized diode laser source operating near 795 nm. The two beams
pass independent acousto-optical modulators to allow for a variation of the
optical diﬀerence frequency, are spatially overlapped and then fed through an
optical ﬁbre. Subsequently, the collinear beams are expanded to a 2-mm beam
diameter, and with opposite circular polarizations sent through a rubidium cell
subject to the Stern–Gerlach ﬁeld. We use a heated rubidium gas cell ﬁlled with
20-mtorr Ne buﬀer gas. To generate the desired magnetic gradient ﬁeld, we
place a μ-metal strip mounted parallel to the optical beams into an otherwise
homogeneous magnetic ﬁeld. This ferromagnetic strip is considerably longer
than the cell, and acts as a shortcut for the magnetic ﬂux. At the cell side
directed to this strip, the ﬁeld is lowered, which results in a transverse magnetic
ﬁeld gradient. In our experiment, the control ﬁeld intensity was usually much
stronger than that of the signal ﬁeld, so that most of the relevant population
was in the F = 2, m F = −2 ground-state sublevel. Under these circumstances,
the states |g− , |g+  and |e of the simpliﬁed three-level system (Fig. 1a)
correspond to the m F = −2, F = 2 and m F = 0, F = 2 ground-states and the
m F = −1, F  = 1 excited-state sublevels of the rubidium D1-line
components respectively.
THEORETICAL MODEL

The deﬂection of the slow light beam can be described theoretically both by a
wave-optics and a particle model, with the latter incorporating the concept of
the dark polariton. Let us begin this section by outlining the wave-optics
description, for which we assume that the response of the ensemble of
three-level atoms to the signal ﬁeld is such that it can be described by a
refractive index for the signal ﬁeld. Transversely to the beam axis, the magnetic
ﬁeld gradient causes a spatial variation of the two-photon detuning of
2g F μB dB z /dx , where μB denotes the Bohr magnetron and g F the (hyperﬁne)
g -factor, being equal to 1/2 for the rubidium transition used. In this model, the
corresponding variation of the refractive index, determined by the magnitude
of dn/dω, causes a prism-like angle deﬂection of the optical beam. Thus, one
readily ﬁnds that the line-shape of the angle deﬂection should be proportional
to the derivative of a dispersion-shaped line, which qualitatively agrees well
with the spectrum of Fig. 2b. Furthermore, when using the known formula for
the group velocity vg = c/(n + ω(dn/dω)), we arrive at
α∼
= (dB z /dx)2g F μB lL/(hvg ) for vg  c . Note that this result is identical to
equation (1) if we set μpol ∼
= 2g F μB .
The optical beam deﬂection observed must also be present in a
quantum-mechanical particle description, where the light propagation through
the medium is described by the propagation of hybrid atom–light
quasiparticles, that is, dark polaritons for the medium exhibiting
electromagnetically induced transparency. To allow determination of the
Stern–Gerlach force, the expected polariton magnetic moment is determined as
follows. Consider a quantum signal ﬁeld connecting the states |g−  and |e with
coupling constant g and a classical control ﬁeld driving the transition between
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levels |g+  and |e with a Rabi frequency Ω for an ensemble of N identical
three-level atoms (Fig. 1a). Following refs 5,22, we deﬁne a√mixing angle of
atomic and photonic contributions by means of tan Θ = g N /Ω , which is
directly related to the optical group velocity vg = c cos2 Θ . Starting from a
polariton ‘vacuum state’ with no such excitations, |0p = |0elm |g− . . . g− ,
where |nelm denotes a state with n photons in the signal mode and |g− . . . g−  a
collective atomic state with all N atoms in the internal state |g− , we can
generate a one-polariton state |1p = Ψ † |0p using the operator
N
1 
j
Ψ † = cos(Θ )a† − sin(Θ ) − √
σ−+ .
N j=1
j

Here, a† denotes the creation operator for a signal photon and σ−+ the spin
operator required to ﬂip the j th atom into state |g+ . In a calculation pointed
out to us by M. Fleischhauer, the magnetic moment of a polariton can now be
derived by considering the diﬀerence of the spin expectation values S z of a
one-polariton state and the polariton vacuum. For a m = 2 Raman
transition, we arrive at μpol = 2g F μB ( p 1|Sz |1p − p 0|S z |0p ) = 2g F μB sin2 Θ .
For slow light (vg  c ), this reduces to μpol = 2g F μB , which equals the value
obtained indirectly from the above-described classical model.
Finally, we give the corresponding values for the gyromagnetic ratio and
the g -factor of the dark polariton. As the angular moment of this quasiparticle
is h̄, being equal to the photon spin, we readily ﬁnd γ = −2g F μB sin2 (Θ )/ h̄
and gpol = 2g F sin2 Θ , respectively.
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