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Breaking of reciprocity and the Pancharatnam-Berry phase for light scattered
by a disordered cold-atom cloud
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Collective effects on the light scattered by disordered media such as Anderson localization and coherent
backscattering critically depend on the reciprocity between interfering optical paths. In this Letter, we explore
the breaking of reciprocity for the light scattered by a disordered cold-atom setup, taking advantage of the
noncommutation of optical elements that manipulate the polarization of the interfering paths. This breaking of
symmetry manifests itself in the reduction of the fringes’ contrast as the light scattered by the cloud interferes
with that from its mirror image. We provide a geometrical interpretation in terms of the Pancharatnam-Berry
phase, which we directly access from the fringe displacement. Our work paves the way toward the manipulation
of path reciprocity and interference of light using atomic media, where it could be combined with collective and
saturation effects.
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Introduction. Symmetries are fundamental properties of
a system which determine the conserved quantities of its
dynamics [1,2], thus setting constraints on its evolution. In
particular, the charge, parity, and time-reversal (CPT ) sym-
metry is universal as it applies to all known forces. Yet an
important aspect of this symmetry is that it holds for a system
as a whole, and considering the full symmetry, rather than a
single one of the three. A simple illustration can be found
in classical optics: While the CPT symmetry holds for the
scattering of light by particles if one monitors all degrees
of freedom, it breaks down as one focuses, for example, on
the coherently scattered light. Indeed, the scattering of elec-
tromagnetic energy in other modes is typically encapsulated
in the imaginary part of the medium refractive index, thus
inducing a dissipative nature to the system. The necessity to
differentiate absorption, which as a matter of fact defines an
arrow for time and prevents the time-reversal symmetry, from
other energy-preserving mechanisms which may break that
symmetry, has led to the notion of reciprocity [3,4].

Reciprocity, in optics and beyond, describes the similar-
ity of the transformations undergone by two waves traveling
along the same path, yet in opposite directions. The fields
emerging from these two “reciprocal paths” can be made to
interfere, and in disordered systems the constructive inter-
ference between such pairs of optical paths is at the origin
of modifications to the classical diffusion of waves, such as
the coherent backscattering effect [5–11] and the Anderson
localization of waves [12,13]. The vectorial nature of elec-
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tromagnetic waves may actually lead to a reduction of the
enhancement of the backscattered signal, as (de)polarization
effects kick in [5–7,14,15]. Similarly, the presence of multi-
ple, coupled polarization channels for light has been reported
to be detrimental to Anderson localization [16,17], superradi-
ance [18], and subradiance [19], or to the buildup of a large
refractive index in dense disordered media [20].

In this Letter, we explore the breaking of reciprocity for
light scattered by a disordered medium by introducing non-
commuting polarizing optics on the path of the light. The
light scattered by a large cold-atom cloud is made to inter-
fere with that from the cloud mirror image, yet the use of
a birefringent mirror (M), along with a half-wave plate (P),
breaks the symmetry in the transformation that the polar-
ization undergoes on each (reciprocal) path. The reciprocity
breaking is monitored through the interference fringes from
our mirror-assisted backscattering setup [21], and the reduc-
tion of their contrast is shown to derive directly from the
lack of commutation of the above-mentioned polarizing op-
tics. While this contrast is associated to the geodesic distance
between the polarizations on the Poincaré sphere, the phase
difference between them corresponds to the geodesic surface
between the injected polarization and the scattered ones (see
Fig. 1). This optical phase is known as the Pancharatnam-
Berry phase [22,23], and it belongs, as shown by Berry [23],
to the broad family of geometric phases that arise in quan-
tum mechanics [24]. In optics, this phase plays an important
role to describe wavefront shaping [25–27], especially in
the context of light with orbital angular momentum where
the manipulation of the optical phase can be interpreted as
a form of spin-orbit coupling [28,29]. In our experiment
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FIG. 1. (a) Representation on the Poincaré sphere of the light
polarization ε̂i and ε̂ii, obtained after the successive action of the
transformations M̂ and P̂ in direct or reverse order, respectively. The
angles ξ and γ are defined by the operations M̂ and P̂ , respectively,
and the solid angle � is indicated in light yellow. (b) Schematic
representation of the breaking of reciprocity between time-reversed
paths, composed by noncommuting polarization operators M̂ and P̂ .

the geometric phase is accessed by measuring the fringe
displacement, thus providing a geometrical interpretation to
the breaking of reciprocity.

Experimental setup. Our cold-atom setup consists of a
cold cloud of N ≈ 3 × 107 atoms of 88Sr, initially trapped
in a magneto-optical trap with a temperature of 10 mK (see
Fig. 2). The experiment is performed by turning off the trap,
so the atomic cloud expands for a time of flight of 200 µs and
reaches a 1/

√
e radius of R = 1100 µm. With an associated

optical density b0 ≈ 0.4, single scattering is dominant. Then,

FIG. 2. Experimental setup. The laser light, resonant with the
atomic sample, passes through a nonpolarizing beam splitter (BS)
before reaching the atomic cloud, which corresponds to path A indi-
cated by a blue arrow. The transmitted beam passes through the 1:1
telescope composed of two lenses of same focal length, is reflected
at the 45◦ mirror M, before being reflected back by a mirror with a
small angle θ0, passing again through a lens, the 45◦ mirror M, and
this time by a half-wave plate P before it reaches the other lens and
then atoms; this stands for path A′ (in blue). The laser light is finally
blocked by a beam blocker, as it accounts for unwanted background
in the detected scattered light. The scattered light by the atoms can
propagate along the reverse path, where it passes the wave plate
before the birefringent mirror and then travels back to the atomic
cloud, which corresponds to path B′ (in green); from the atomic
cloud, the light follows the path B through the BS, to be reflected
towards a CCD camera on which one can observe the fringes due to
the interference of all the possible paths.

the atoms are probed with a laser beam with a waist w0 =
2.1 mm, so that the intensity is almost homogeneous through-
out the cloud. The laser power Pl = 0.2 mW, resonant with
the 461 nm broad transition of neutral strontium (� = 2π ×
30.5 MHz), corresponds to a saturation parameter of s0 =
0.07, so that most of the light is scattered elastically. The pulse
duration tp = 70 µs leads to an average number of photons
scattered per atom of Np = 470, or to a Doppler displacement
of 10 MHz ≈ �/3, the actual Doppler displacement being
much smaller, since the atoms scatter simultaneously photons
from the incoming and retroreflected beam (see Fig. 2 and
discussion below).

Our experiment is thus set in the single- and elastic-
scattering regime, so the radiation from each atom can be
decomposed as four optical paths, composed of the paths A,
B, A′, and B′ shown in Fig. 2. Indeed, the light incoming on
the atomic cloud may either:

(i) Follow A + A′ + B, i.e., cross the atomic sample without
being scattered, be reflected on the 45◦ mirror (M) before
being reflected back toward the half-wave plate (P), and finally
be scattered by the atoms and reach the CCD.

(ii) Follow A + B′ + B, i.e., first be scattered by the atoms
toward the plate P, then reflected back toward the 45◦ mirror
M, and eventually propagate until the CCD.

(iii) Follow A + B, i.e., be directly backscattered by the
atoms before being collected on the CCD.

(iv) Follow A + A′ + B′ + B, i.e., cross the science cham-
ber without being deviated, be reflected on the 45◦ mirror M
before being reflected toward the plate P, and be backscattered
by the atoms to meet again the plate P, be reflected toward the
45◦ mirror M, and propagate until the CCD.

In terms of optical paths, the only difference between paths
(i) and (ii) is the direction along which the light propagates
past the atomic cloud (blue and green paths in Fig. 2), plus
a slight variation in optical path as the observation angle is
changed. Hence, (i) and (ii) are two reciprocal paths, which
interfere to build up fringes (according to the overlap between
their polarization). In contrast, (iii) and (iv) correspond to
a different optical path for each atom, thus contributing to
a background light. Disregarding polarization (that is, when
all paths possess the same polarization), this mirror-assisted
backscattering configuration [30] can be used to explore the
light coherence in disordered atomic clouds [21,31].

Breaking of reciprocity. The polarization of the reciprocal
paths is manipulated by using polarizing optics between the
cloud and the backscattering mirror (Fig. 2), which breaks the
reciprocity of the paths in the following way: The injected
light has a linear polarization ε̂0 = x̂. M is a dielectric mirror
that induces a phase delay ξ on the ŷ component (relative
to the x̂ component) of the light polarization—this mirror
plays the role of a birefringent element, known to induce
geometric phases in polarization [32–34]. The fast axis of P
is tilted from the x̂ axis by an angle γ /2, which is our con-
trol parameter, inducing a reflection of the polarization with
respect to the fast axis. Within the Jones formalism for polar-
izing optics [35,36], the matrices associated to M and P are,
respectively,

M̂ =
[

1 0
0 eiξ

]
, P̂ =

[
cos γ sin γ

sin γ − cos γ

]
, (1)
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in the (x̂, ŷ) basis. Then, the polarizations emerging from each
path are given by

ε̂i = P̂M̂ε̂0, ε̂ii = M̂P̂ ε̂0,

ε̂iii = ε̂0, ε̂iv = M̂P̂P̂M̂ε̂0 = M̂2ε̂0. (2)

Thus, the polarization of the two paths providing the back-
ground light, (iii) and (iv), remain along x̂.

The observed fringes result from polarization effects and
differences in optical path between the four paths. Indeed, ac-
counting for the tilt between the incident beam after the beam
splitter [wave vector k0 = k(sin θ0ŷ − cos θ0ẑ)] and the back-
ward direction of observation [wave vector k = k(sin θ ŷ +
cos θ ẑ)], we obtain the following field scattered by atom j,

�Ej = Es
[
eik(cos θ−cos θ0 )z j ε̂i + eik(cos θ0−cos θ )z j ε̂ii

+ eik(cos θ0+cos θ )z j ε̂iii + e−ik(cos θ0+cos θ )z j ε̂iv
]
, (3)

where Es is a prefactor which encapsulates the amplitude of
the pump, the single-atom cross section, and the distance of
the camera from the setup. Summing the fields from all atoms,
and assuming a continuous Gaussian density and a small tilt
|θ − θ0| � θ0, we get [37]

Iout(θ ) = NIa
(
1 + 1

2 Re[〈ε̂i, ε̂ii〉eiφ]SR(θ )
)
, (4)

where the scalar product is defined as 〈ε̂i, ε̂ii〉 = ε̂i · ε̂∗
ii, φ =

2θ0kh(θ − θ0) the angular variable describing the fringes,
with h the distance between the mirror and the center of the
atomic cloud, and SR(θ ) = e−2(θ0kR)2(θ−θ0 )2

the fringes’ spatial
envelope. Thus, while paths (iii) and (iv) contribute only to
the background, the reciprocal paths (i) and (ii) interfere to
provide fringes in an angle |θ − θ0| � 1/kR. An example of
these fringes and the surrounding background light can be
observed in Fig. 2.

Noncommutation of the polarizing optics. As it can be seen
in Eq. (4), the fringes with the largest amplitude are observed
in the backscattered direction θ ≈ θ0, and their contrast is
given by the modulus of the overlap (that is, the scalar prod-
uct) between the polarizations of the reciprocal paths (i) and
(ii). Let us now discuss how the reduction of this contrast
stems directly from the noncommutation of the polarizing
elements involved. The role of the (lack of) commutation
between the polarizing optics becomes clear when rewriting
the scalar product as

〈ε̂i, ε̂ii〉 = 〈P̂M̂ε̂0,M̂P̂ ε̂0〉 = 1 − 〈M̂P̂ ε̂0, [P̂,M̂]ε̂0〉,
(5)

where [·, ·] refers to the commutator. In other words, the inter-
ference between the reciprocal paths [see Eq. (4)] is reduced
when the matrices of the polarizing optics stop commuting. In
the case of M and P used in our experiment, the contrast reads

C = |〈ε̂i, ε̂ii〉| =
√

1 − sin2(2γ ) sin2(ξ/2). (6)

The delay ξ is determined by the dielectric coating of M, and
chosen close to π to maximize the reduction of the contrast
[ξ = (162 ± 10)◦ in our setup [37]], while γ is used as a
control parameter to explore the noncommutation between the
optics, and subsequently the breaking of reciprocity between
paths (i) and (ii).

FIG. 3. Colored lines: Interference fringes integrated along the
azimuthal direction, normalized to the background intensity, and
shifted vertically by one for visibility. Black continuous lines: Fitted
fringe profiles, following Eq. (4). Dashed vertical line: Center of the
fringes’ envelope, θ0, found by a global fit of the envelope to all
curves.

With our experimental apparatus, we measure the scattered
light profile at the CCD camera for different angles of the
wave plate (i.e., for different values of γ ). After over 1000
realizations of the experimental sequence described above,
we obtain the light scattered as a function of θ , showing
interference fringes that are shown in Fig. 3 (for details on
the data analysis and the extraction of the contrast and phase
of the fringes, see Supplemental Material [37]). The contrast
C extracted from those fringes is presented in Fig. 4(a), and
the minimum observed at γ ≈ π/4 is consistent with the
prediction from Eq. (6). Note that a better agreement with
the experimental data is reached when two effects are ac-
counted for (see the plain red curve). First, the finite optical
depth of the cloud is responsible for a larger signal from
the background-building path (iii) as compared to the others,
which in turn reduces the fringes’ contrast. Second, M induces
an intensity grating, which depends on the angle γ ; then, the
finite saturation parameter of the laser affects the fringes’ con-
trast differently depending on this grating [21]. In particular,
for γ = π/2 the incident beam and its backreflection possess
orthogonal polarization, so the intensity, and thus the satura-
tion parameter, are homogeneous over the cloud. Oppositely,
for γ = 0, the beams have parallel polarizations, which lead
to a variation of the saturation parameter over the cloud. The
detailed modeling of these effects, and the associated fitting
model, are described in Supplemental Material [37].

Pancharatnam-Berry phase and geometrical interpretation.
It is clear from the fringes at Fig. 3 that, as the axis of P is
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FIG. 4. (a) Contrast derived from the experimental fringes (black
squares), from the theoretical prediction (6) once the correction due
to the optical thickness of the atomic cloud (b0 ≈ 0.4) is included
(dashed curve), plus the correction due to the finite saturation param-
eter of the incoming beam (s = 0.07) (continuous curve). The red
shaded area corresponds to the confidence interval, which accounts
for the uncertainty on the measurement of ξ and on the fitted rescal-
ing factor to account for b0. (b) Pancharatnam-Berry phase from the
experimental fringe displacement (black dots) and from the theoreti-
cal prediction (8). The red shaded area corresponds to the confidence
interval associated with the uncertainty on the measurement of ξ .

rotated (i.e., as γ is varied), the fringes suffer a reduction in
contrast yet they are shifted at the same time. Indeed, if we
now consider the phase δ from the scalar product between the
polarizations,

〈ε̂i, ε̂ii〉 = Ce−iδ, (7)

and incorporate the expression in Eq. (4), then it becomes
clear that this phase actually translates into an angular
displacement for the fringes. This shift corresponds to
the Pancharatnam-Berry phase [22,23], and its geometrical

interpretation on the Poincaré sphere is presented in Fig. 1:
Starting from the injected polarization ε̂0 = x̂, the light is
split into paths (i) and (ii), with its polarization turned into
ε̂i and ε̂ii, respectively, before being made to interfere. The
solid angle � determined by the geodesic triangle (ε̂0ε̂iε̂ii ) on
the Poincaré sphere corresponds to twice the phase difference
between the polarizations ε̂i and ε̂ii [22], that is, δ = −�/2.

From scalar product (7), we obtain the following equa-
tion for the geometrical phase:

tan δ = sin ξ tan2 γ

1 + cos ξ tan2 γ
. (8)

The measurement of the Pancharatnam-Berry phase presents
a fair agreement with the theoretical prediction [see Fig. 4(b)].
The substantial error bars for the experimental data of
Fig. 4(b) stem from the uncertainty on the determination of
the center of the envelope θ0. Finally, we note that the con-
trast also has a geometrical interpretation: It corresponds to
C = cos(ζ/2), where ζ is the geodesic distance between the
polarizations ε̂i and ε̂ii on the Poincaré sphere [22].

Conclusions. We have explored the breaking of optical
path reciprocity in a mirror-assisted coherent backscattering
setup. The fringes emerging from the disordered cold-atom
cloud have their contrast reduced as the optical elements
used stop commuting and the two interfering paths become
nonreciprocal. The measurement of the contrast and angular
displacement of the fringes finds their geometrical interpre-
tation on the Poincaré sphere, encapsulated in, respectively,
the geodesic distance between the two polarizations and their
phase difference, as originally proposed by Pancharatnam
and Berry to provide a measure of the difference between
polarizations.

In full generality, these results explore the vectorial nature
of light to control the reciprocity of two interfering paths,
and thus control the interference itself, despite the persisting
spectral and spatial coherence. This breaking of reciprocity in
the single-scattering regime mimics what happens in multiple
scattering regime coherence phenomena, such as the coherent
backscattering (CBS) and Anderson localization, when time-
reversal symmetry is broken [38–40] via, e.g., the presence of
a multilevel Zeeman electronic structure in atoms [11,41,42]
or depolarization due to the near-field scattered electric field
of close atoms in high densities [16,43]. Interestingly, while
the application of a magnetic field can break the time-reversal
reciprocity in some cases, it may also restore strong inter-
ference phenomena based on the reciprocity of paths, such
as for CBS [44] or Anderson localization [45], or as in our
setup when the contrast is restored for specific angles of the
half-wave plate.

Although our disordered sample is made of saturable atoms
subjected to classical (thermal) and quantum (spontaneous
emission) decoherence [46], as well as to collective [47,48]
or many-body effects [49,50], the role of reciprocity in the
light emission is usually hidden within the complexity of the
system. Yet the interplay between the polarizations, associated
with transitions to different atomic sublevels, could be made
explicit, and even controlled, through strategies such as those
detailed here or by implementing chiral properties [51–53],
with applications, for example, to random lasers [54]. Finally,
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for atoms interacting with a Fabry-Pérot cavity where the out-
put results from the interference from several reflection paths,
a small nonreciprocal operation, such as a Faraday rotation,
on each round trip within the cavity could drastically change
the spectrum of the system and alter the lasing properties
of extended-cavity diode lasers, with a potential to unveil
rich new physics in the different cavity-matter interaction
regimes.
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