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Beyond the chirality of light associated to polarization
or spin, light beams can carry an additional orbital an-
gular momentum due to the helicoidal structure of their
phase front [1]. This property, if combined with light
localization could give rise to localized optical vortices
[2], whose existence in nonlinear and dissipative optical
systems is suggested by several theoretical studies [2–4].
However, while several kinds of localized states have been
experimentally found (see [5, 6]), no observation of local-
ized vortices have been reported to date. We demonstrate
the existence of bistable and addressable chiral localized
structures in a semiconductor laser with saturable ab-
sorber. For a fixed set of parameters, we observe localized
states with positive or negative topological charge, both
coexisting with a fundamental ”off” state. In contrast
with phase defects [7, 8] and vortex solitons (see [9] for a
review), the spatial structures described in this report are
transversally localized and bistable due to the presence
of dissipation. These properties, generically associated to
localized structures, make localized vortices attractive for
the realization of arrays of independant and controllable
”doughnut shaped” beams which would dramatically en-
hance the efficiency of advanced optical nanoscopy tech-
niques [10], especially in fast and compact sources such
as semiconductor lasers.

In order to realize a system able to sustain localized
vortices, we optically couple two broad area semicon-
ductor lasers (Vertical Cavity Surface Emitting Lasers
or VCSELs), one facing the other (see Figure 1, left).
Both are thermally stabilized and electrically pumped,
one such that it is a saturable absorber, and the other one
such that it amplifies light. The coupled system there-
fore constitutes a laser with saturable absorber (ie a sys-
tem with saturable nonlinearity and phase symmetry) in
which both the amplifying and the absorbing media are
inside their own cavity, which together define the res-
onator of the compound system. The existence of local-
ized states in the form of bistable localized laser beams
has been established in this experiment in [11] for a broad
range of parameters provided a few conditions in terms
of relative tuning of both cavities, total gain and absorp-
tion in the system [12] are satisfied. Within this parame-
ter regime, we also observe the spontaneous formation of
bright ring-like structures in the near field of the device
(Figure 1, right). As we shall demonstrate in the follow-
ing, these structures have a number of properties which
allow their interpretation in terms of localized vortices.

Independently of the presence of a phase defect, an ex-
pected property of dissipative solitons or localized struc-
tures in dissipative systems is bistability. This property
results from the discrete character of the ensemble of

soliton solutions in dissipative systems, as opposed to
the continuous family of solitons of conservative systems
[2, 13]. Indeed, the spatial structures described above can
appear for different parameter sets, but a consistent fea-
ture is their abrupt appearance when the pump parame-
ter of the amplifier laser is ramped upwards, which may
indicate subcriticality and therefore coexistence of multi-
ple states. These structures can either appear from a spa-
tially homogeneous low intensity background, or from a
preexisting localized state, depending on the parameters
values. In Figure 2 the intensity of the field emitted in a
small region (≈30 microns diameter) of the system as a
function of the pump current of the amplifier laser shows
an abrupt switch towards a dumbbell shaped structure,
which switches to a ring structure upon further increase
of the parameter. When the bias current is decreased,
the system switches back to the dumbbell shaped struc-
ture, then to a single hump one and finally back to the
fundamental off state. The stability region of each of
these states can be determined by appropriate scanning
of the parameter. In the present case, one clearly ob-
serves the coexistence between the ring structure with
both the two hump structure and the homogeneous state.
Similarly, the two- and single hump states both coexist
with the homogeneous state and with each other in a cer-
tain domain. On the other hand, the stability region of
the single-hump and the ring state do not clearly overlap
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FIG. 1: Left: experimental setup. Two broad area semicon-
ductor lasers (L1 and L2) are coupled by imaging them onto
each other via collimating optics (Coll) and lenses (L). Part
of the emitted beam is extracted from the compound cavity
via a beam splitter (BS) for near field (NF) detection allow-
ing interferometric measurements and spatial filtering (I). A
tiny beam from a tunable laser can be used to apply a local
perturbation to the system (WB).
Right: Spontaneously formed intensity rings in the near field.
The two devices (200 microns diameter) are laterally shifted
with respect to each other. In the spatial region where they
overlap, the absorption can locally saturate and lead to the
formation of bright bistable rings.
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at least in the present parameter set.

FIG. 2: Bifurcation diagram showing the spontaneous switch-
ing of the system between different solutions. The ring can
coexist with an ”off” state and/or with a dumbbell state.

While the stability properties of the ring structure is
compatible with theoretical predictions for a localized
vortex [2], the spontaneous formation of localized states
in the absence of any local perturbation of the system is
not expected in a system with perfect translation sym-
metry. This phenomenon can occur at different posi-
tions in the device, often for slightly different parame-
ter values [14]. As in other experiments involving local-
ized structures a possible explanation for this behavior
is the unavoidable presence of small scale material inho-
mogeneities in the devices, which may act as source of
localized states [15].

In addition to bistability common to all stationary lo-
calized states in dissipative systems, the distinctive fea-
ture of localized vortices is the presence of a singularity
in their phase front. In order to disclose the phase profile
of the intensity rings shown above, we perform interfer-
ometric measurements in the parameter range where a
ring structure exists. To this aim, the output beam of
the system is split in two parts which are recombined
on a charge coupled device camera after different prop-
agation paths, forming a Mach-Zehnder interferometer.
One of the beams is prepared such that the whole near
field of the system is imaged onto the camera while the
other beam passes through an additional lens in order to
considerably enlarge it with respect to the other. In this
way, a small spatial region of the beam profile can be se-
lected and converted to an almost plane wave which will
serve as a reference beam to build an interferogram of the
system. On the left of Figure 3, the reference beam has
been blocked: only one beam reaches the camera, which
reveals two structures in the central part of the near field.
On the right, the reference beam which has been selected
from a small part of the ring structure also reaches the
camera, under the same angle of incidence. An interef-
erence pattern is generated where there is mutual coher-
ence between the reference beam and the spatial region

with which it overlaps. We note that this phenomenon
is related to the absence of any phase reference in this
system, in contrast with the majority of experiments re-
garding localized structures in optics which involve some
form of coherent energy input. A remarkable feature is
that the interference pattern appears only where the ring
structure itself is. In particular, the neighbouring three
peak structure does not interfere at all with the refer-
ence beam. This absence of mutual coherence between
the fields emitted in distinct spatial areas shows the lack
or extreme weakness of any coherent coupling between
these two areas. This observation is compatible with the
interpretation of localized states in a laser with saturable
absorber as independant microlasers. The other striking
feature observable on the right panel of Figure 3 is the
presence of a phase discontinuity originating in the center
of the ring, which contains therefore a phase defect. The
spiral shape of the discontinuity, which is also observed
in numerical simulations in presence of localized vortices
[2] and does not exist in pure Gauss Laguerre resonator
modes [16], is a signature of the coupling between phase
and amplitude of an optical field propagating in a semi-
conductor medium.

FIG. 3: Left: near field intensity of the system, showing
two bright spatial structures sitting on the dark homoge-
neous background corresponding to nonsaturated absorption.
Right: interferometric measurement. When both arms of the
interferometer are aligned (a small part of the ring structure
being superimposed with the whole ring structure and sur-
rounding region), the phase profile of the ring structure is
indicated by spiral like interference pattern.

While the chirality of the phase profile of the ring struc-
ture is readily apparent in Figure 3, it can also be con-
veniently detected by performing an identical measure-
ment, but tilting the two beams with respect to each
other. In this case, interference fringes are detected, as
shown on Figure 4. The orientation and periodicity of the
fringes is of course set by the tilt between both beams,
but the presence of a dislocation in the pattern (Figure
4, (b) and (c)) reveals the existence of a phase defect
at the core of the ring since the circulation of the phase
around the center does not vanish. Even though the chi-
rality of the ring structure appears to be very robust (it
can persist for minutes in this experiment where typical
time constants are of nanosecond order), we occasionally
observed (with a constant parameter set) spontaneous
switching between the two chirality states shown on Fig-
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ure 4 (b) and (c).

(a) (b) (c)

FIG. 4: (a): Near field intensity of a localized vortex. When
a part of it is magnified and interferes with the whole vortex,
fringes appear if both beams are tilted with respect to each
other. Their orientation and periodicity is set by the tilt
angle.
(b),(c): The dislocation of the fringe pattern indicates the
presence of a phase defect and the direction of the dislocation
gives the sign of the charge.

Beyond the physical interest of localized vortices, the
possibility of optically controlling the ON/OFF state of
arrays of optical vortices could enable parallel approaches
to microobjects manipulation or optical nanoscopic de-
tection techniques. This switching procedure, referred to
as ”hard excitation” in [4] or considered as an initial con-
dition in [3] consists in placing the system in the suitable
parameter regime in the low intensity homogeneous solu-
tion, and locally modifying the system beyond a certain
threshold leading to the nucleation of a localized vortex.

As a first attempt towards such a realization, a local-
ized optical perturbation is prepared as a small diameter
laser beam tuned close to the emission frequency of the
coupled laser system, with zero topological charge, ap-
plied on the absorber section. The system is prepared
in the homogeneous low intensity state shown in Figure
5, a). The tuning condition between devices and the ab-
sorption are set such that only the ring structure and
the homogeneous state coexist. When the perturbation
is applied, the system switches to a high intensity state,
where no local minimum is observed (Figure 5, b)), with-
out modification of the neighbouring structures. When
the perturbation is removed, a localized state whose dark
center hosts a phase defect remains (Figure 5,c)).

Beyond this very basic switching demonstration, a
number of other manipulations could be attempted. In
particular, numerical simulations [3, 4] indicate the pos-
sibility to generate states with higher topological charge
if the perturbation itself possesses adequate vorticity.

In spite of the numerous experiments exploring either
phase defects or dissipative solitons in optics, no evidence
of localized structures hosting a phase defect had been
reported to date. Our experimental observations can be
interpreted in terms of localized vortices, structures pre-
dicted by several theoretical and numerical investigations
on both purely qualitative and more physical models.
Even if the experimental system in its present implemen-

tation is far from a usable device in terms of applications,

FIG. 5: A local optical perturbation can switch the system
from ”off” to ”ring” state: a) near field without local pertur-
bation; b) an optical perturbation switches the system to a
high intensity state; c) which ends up in a localized vortex
when the perturbation is removed.

it is in principle possible to grow semiconductor devices
containing all the necessary features for the formation
of bistable and independant localized vortices. Such a
robust and compact device may well prove useful for ad-
vanced micro objects manipulation such as torque mea-
surements or state-of-the art optical nanoscopy methods.

I. METHODS

A. Devices

The coupled devices are nominally identical bottom
emitting Vertical Cavity Surface Emitting Lasers pro-
vided by ULM Photonics. Their diameter is 200 microm-
eters and their effective length of a few microns for an
emission wavelength slightly below 980 nm. The thresh-
old current of uncoupled devices is around 400 mA and
the transparency current value has been estimated at
about 45 mA. The experiment described above has been
performed for current values between 15 and 25 mA for
the absorbing device and around 300 mA for the ampli-
fying device. The substrate temperature of each device
has been chosen such that they are brought into reso-
nance via Joule heating at these current values [12].

B. Stationarity

Since the system composed by coupling the two de-
vices has a total length of about 32 cm (most of it be-
ing linear propagation where diffraction is cancelled via
lenses), several longitudinal resonances of the compound
resonator may be involved in the radiation emitted by
this laser with saturable absorber. Indeed, dynamical
states spanning several of these modes have been ob-
served. However, 6 GHz bandwidth point-like measure-
ments have been performed and indicate that each ring
structure presented above is stationary, ie is a monochro-
matic solution of the system. The experiment has been
performed with system lengths ranging from 20 to 60 cm
leading to the same qualitative results.
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