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Multistability of a coherent spin ensemble in a
semiconductor microcavity

T. K. Paraiso’*, M. Wouters?, Y. Léger', F. Morier-Genoud' and B. Deveaud-Plédran’

Coherent manipulation of spin ensembles is a key issue in the development of spintronics. In particular, multivalued spin
switching may lead to new schemes of logic gating and memories. This phenomenon has been studied with atom vapours
30 years ago, but is still awaited in the solid state. Here, we demonstrate spin multistability with microcavity polaritons in
a trap. Owing to the spinor nature of these light-matter quasiparticles and to the anisotropy of their interactions, we can
optically control the spin state of a single confined level by tuning the excitation power, frequency and polarization. First, we
realize high-efficiency power-dependent polarization switching. Then, at constant excitation power, we evidence polarization
hysteresis and determine the conditions for realizing multivalued spin switching. Finally, we demonstrate an unexpected
regime, where our system behaves as a high-contrast spin trigger. These results open new pathways to the development of

advanced spintronics devices and to the realization of multivalued logic circuits.

in a great variety of solid-state systems'~. Owing to significant

advances in tunability and miniaturization, semiconductor
nanostructures have turned into ideal laboratories to address
spintronics challenges®. In this respect, microcavity polaritons
hold great potential®®. Arising from the normal-mode coupling
between cavity photons and quantum-well excitons, polaritons
behave as bosons and possess unique coherence properties that
have led to the demonstration of Bose—Einstein condensation and
superfluidity’™. A great advantage of polaritons is the one-to-one
correspondence between the polariton spin and the polarization
of the emitted light. This allowed the observations of the optical
spin Hall effect'®, or of half-quantum vortices'!, which have shown
that polaritons exhibit remarkable spin carrier properties. Finally,
recent realizations of optical bistability'*"? and electrical injection
in polariton diodes' allow the implementation of low-power
polaritronic devices working at room temperature'>'6.

Spin multistability refers to the possibility for a system to
present three or more stable spin states for a given excitation
condition. It requires precise control of coherence and interactions
and is therefore difficult to realize. The only successful studies of
multistability with a spinor system were carried out with atomic
vapours 30 years ago'”'®. Its demonstration in the solid state
would clearly lead to new schemes of spin-based logic devices'*?.
Microcavity polaritons were recently predicted to be promising
candidates to explore spin multistability?!. This phenomenon
rapidly emerged as an innovative solution for the design of spin
memory elements®?, and for the realization of logic gates based
on the selective transport of spin-polarized polaritons****. Such
developments first require an experimental demonstration of spin
multistability in a patterned environment and a characterization of
the interactions’ strengths.

We realize spin multistability in a semiconductor microcavity
where polaritons are localized in cylindrical structures (mesas) of
3um diameter® (see Fig. 1a,b). The typical polariton spectrum
obtained in such mesas is characterized by the coexistence of lo-
calized (zero-dimensional, 0D) and delocalized (two-dimensional,
2D) states for both the upper and lower polariton branches. Owing

E ; pin manipulation is the object of an intense research activity

to the discrete energy spectrum of 0D states, the experiments are
carried out with a single polariton energy level. In this work, we
focus on the ground state of the lower polariton. We excite the
mesa at normal incidence (k = 0) using a tunable, single-frequency,
continuous-wave laser (see the Methods section). We manipulate
the spin state of the polariton level by accurately tuning the
excitation power, frequency and polarization. Note that the laser
energy detuning A with respect to the polariton ground state is
kept smaller than the energy difference between the first excited
state and the ground state. The excitation polarization is tuned
between circular, elliptical or linear using a quarter-wave plate.
We characterize the complete polariton spin state and follow the
multistability trajectory in the Bloch sphere.

To control the new phenomenology of polariton bistability in
the presence of spinor interactions, it is important to understand
the influence of the different excitation parameters. We scanned
the excitation power for different values of the excitation circular
polarization degree Opump, and resolved the emission in the circular
(04, o—) basis. In this basis, one can first think about two
uncoupled polariton spin-polarizations, o+ and o—, excited
independently by the laser. The respective effective excitation
powers P, of 0+ and o — polaritons depend on both the total
excitation power Pyump and the circular polarization degree opymy

1 Ppump

Py =P pump 5 (1)
The emission circular polarization degree is given by
Io—1I_
-7 9= 2
Pc L. +1,_ (2)

where I, are the intensities detected for o £ polaritons.

Under circularly polarized excitation, a single spin-polarization
is excited and the emission intensity exhibits conventional
bistability'>?!. The schematic diagrams in Fig. 2a show that a much
richer behaviour is obtained under elliptical or linear polarization.
The reason is that the strengths of interactions between polaritons of
the same («;) and opposite («,) spin are not equal. Therefore, both
spin populations experience different blueshifts: Aey = o1y +osny
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Figure 1| Polariton lateral confinement. a, Our sample is a semiconductor 111-v microcavity in which we engineered local cylindrical extensions of the
cavity spacer (mesas). The 6-nm-high mesas trap polaritons through their photonic component. We measured Rabi splittings of 3.15meV and 3.35meV in
the planar region and in the mesas, respectively. QW: quantum well; DBR: distributed Bragg reflector. b, Polariton spectrum of a 3-um-diameter mesa
measured under non-resonant excitation. One clearly distinguishes the continuous spectrum of 2D polariton states and the discrete spectrum of 0D
polariton states. At slightly positive cavity detuning (8§ =0.15 meV) for the ground polariton state, the spacing between the ground state and the first
excited state is more than 0.6 meV. We show the estimated biexciton resonance (XX*) at 1meV below the quantum-well excitons’ (X) energy,

1,484.57 meV. ¢, Characterization of the linear polarization splitting. We measure a splitting of 15-20 ueV for orientations of the linear polarization directed
along crystallographic axes at about +45° with respect to the horizontal polarization axis (see the Methods section).

and Ae, = ayn, + a,n, for spin-up (0+) and spin-down (o —)
polaritons, respectively.

The experimental data are plotted in Fig. 2b—e. For this
experiment, the detuning of the polariton ground state with respect
to the exciton energy is 8’ = —1.47 meV and the laser detuning
with respect to the polariton state is A =0.49 meV. For nearly o+
excitation (P, > P,_), the coherent emission is dominated by o+
polaritons (see Fig. 2b). The corresponding emission polarization
degree pc (see equation (2)) is close to 1 during the whole power
scan. When pump is decreased, the proportion of o — polaritons
increases and becomes sufficient to cause a jump to the upper
intensity branch within the range of the power scan (see Fig. 2c).
The abrupt changes in population ratio cause large variations
of pc and hence polarization conversion. As p,ump approaches
0 (Pyy 2 P,_; see Fig.2d), simultaneous jumps to the upper
branch are observed for both polarizations, indicating repulsive
interactions between o+ and o — polaritons. The o — hysteresis
widens, but remains narrower than the o+ hysteresis, suggesting
important nonlinear losses in the presence of polaritons with
antiparallel spins. At the lower threshold of o — polaritons, the
emission polarization is then converted to fully circular.

Polarization conversion is most impressive in Fig. 2e, where
under linearly polarized excitation ppymp =0 (Py4 = P,_), the
emission polarization can be reversibly switched from linear
pc =0 to circular pc = 1 within very small variations of the
excitation power (inset).

The excitation powers are indicated for a 20-um-diameter spot.
The nominal excitation powers for the 3-um-diameter mesa are
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thus 50 times lower. In Fig. 2b, the excitation power needed to
jump on the upper branch is 1.75mW, which corresponds to an
effective power density of 500 W cm™ for the mesa. Polarization
switching cycles could be realized within variations of the power
density of less than 50 W cm™. Our micrometre-sized trapping
structures are therefore the state-of-the-art structures for low-
power polarization-switching®.

We analyse our data with a two-mode model based on the
spinor Gross—Pitaevskii equation. We qualitatively reproduce the
experimentally observed trends and extract information about the
relevant interactions in the system (see Supplementary Informa-
tion). Our model accounts for anisotropic spinor interactions
(o and «y), polariton linewidth y and linear polarization splitting
€1in- The last two parameters were directly measured experimentally
(see Fig. 1b,c). Moreover, losses resulting from biexciton generation
or spin-flip scattering producing dark excitons are described by
a nonlinear contribution to the decay rate 8. The two coupled
equations for the field amplitudes ¥ in the (04, 0 —) basis read

. .
iV = [—A—%(y+ﬁ|1//¢|2>+a1|wi|2+az|w¢|2]wi

€V

+
2

+F, (3)

where F, is the excitation field.

A first issue concerns the sign of the interactions between
polaritons of opposite spins «,. We have experimental evidence
for the manifestation of repulsive interactions between polaritons
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Figure 2 | Spinor bistability and polarization switching. a, lllustration of spinor bistability in terms of the energy levels of the two spin populations, o+ and
o —. (i) Under elliptically polarized excitation (ppump = 0.17, as shown in d), the spin states are differently populated and experience different energy shifts.
(ii) Small repulsive interactions between o+ and o — polaritons cause simultaneous jumps to the upper branch (see ay in equation (3)). (iii) As a result of
nonlinear losses, the linewidth of one spin state (line thickness) mainly depends on the population in the other spin state (see B in equation (3)). This
favours the jumps to the lower branch to be independent, allowing for polarization switching. b-e, Experiment (logarithmic scale). The excitation power is
scanned between 0.2 and 3 mW for 4 values of ppump. b, ppump is close to Tand o+ polaritons dominate the emission. ¢, The high density of o+ polaritons
inhibits the o — hysteresis. d.e, ppump = 0.17 and 0. We obtain high-contrast linear-to-circular polarization conversion (red rectangles). The inset in e

shows corresponding polarization switching from pc =0 to pc =1.

of opposite spin. The most obvious one is the simultaneous
jumps to the upper branch observed in Fig. 2d, showing that a
population increase of the dominant polarization blueshifts the
other one (see also Supplementary Information). This is in contrast
to the common considerations that o, < 0, used for the theoretical
prediction®'. Repulsive interactions in the singlet configuration can
originate from the proximity to the biexciton resonance? and from
the onset of exciton saturation.

A second important term of our model (see equation (3)) are the
nonlinear losses. Experimental evidence for their influence is the
narrowing of the power-dependent hysteresis under linearly polar-
ized excitation. Their effect is most pronounced in Fig. 2¢, where
the hysteresis loop in o — is much reduced because of the large
o+ density. Moreover, in Fig. 2d,e, the o+ population increases
at the lower threshold of o —. All of these features are qualitatively
reproduced by our model (see Supplementary Information).

Physically, nonlinear losses are probably related to the formation
of biexcitons when two polaritons of opposite spins collide.
Detuning-dependent experiments revealed a clear enhancement
of the nonlinear losses when the excitation energy is close to
the biexciton resonance” (see Supplementary Information). Our
simulations have shown that nonlinear losses are responsible for the
independence of the lower bistability thresholds. As we will see, this
independence of the lower thresholds down to ppumpy = 0 is crucial
for achieving polarization multistability.

In Fig. 3, we show the emission polarization p¢ versus ppymp. The
experimental data are taken in the same conditions as in Fig. 2. The
indicated powers give the position of the system on the curves of
Fig. 2. We see that, for a given ppump, even three stable solutions for
the pc can be found (see Fig. 3b—d).

If both 0+ and o— polaritons are on their lower bistability
branch, nonlinearities are negligible and p¢ varies linearly with
Ppump- Therefore, to observe multistability, we first initialize the
system by using high excitation power Pyymp With ppump = 1 to place
the o+ polaritons on the upper branch. Py, is then decreased to
the desired value, and p,ump is scanned back and forth between +1
and — 1. Experimental data are shown in Fig. 3a—d.
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At high excitation power (see Fig. 3a), by decreasing ppump, we
first observe a jump from pc =1 to pc = 0.4 because the o—
population becomes sufficient to jump to the upper branch. By
going further, at p,ymp = —0.5, the o+ population becomes too
low to stay on the upper branch and pc jumps to —1. The presence
of hysteresis for both jumps is evidence of polarization bistability
for each population.

A decrease of the excitation power causes the two hysteresis
loops to open and to get closer to the centre of the plot (see
Fig. 3b). The reason is that the decrease of excitation density must be
compensated by the polarization degree for o — polaritons to jump
to the upper branch (see equation (1)).

On a further decrease of the excitation power to the vicinity of
the lower thresholds, the two polarization hysteresis loops merge,
which demonstrates polarization multistability (see Fig. 3d).

Strikingly, at even lower excitation power, both 04 and o —
populations jump together in opposite directions without staying
on the middle branch (Fig. 3d,g). The polarization degree switches
abruptly from pc > 0.97 to pc < —0.97. We observe a total spin flip
of the ~10? polaritons present in the system, for a small variation
of the excitation polarization degree (Appump = 0.2). The system
behaves under these conditions as a spin trigger, analogous to the
Schmitt trigger in electronics. Theoretical simulations are shown in
Fig. 3e—h. Our model is again in good qualitative agreement with the
experimental results. Multistability and spin triggering are obtained
in our simulations. Details on quantitative comparisons are given in
the Supplementary Information.

In both spin multistability and spin triggering cases, three
stable states exist for pc under linearly polarized excitation: +1,
0 and —1. A fourth stable state actually exists because the pc =0
state is degenerate in intensity and can also be obtained if both
populations are on their lower branch. In this case, any memory
of high population regime is lost. The system is OFF, and has to be
re-initialized to switch reversibly.

We verified the stability of the pc = 0 solution by scanning
the excitation polarization degree back and forth (see Fig. 4a). In
the region of the multistability gap, a linear polarization branch
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Figure 3 | Multistability. a-d, Experiments in the same conditions as in Fig. 2. The system is first initialized on the upper bistability branch of o+ polaritons.
Then, ppump is scanned between +1and —1, for different values of Ppump. @, At high excitation power, the scan reveals two distinct polarization hysteresis
loops. b, A decrease of Ppump brings the two loops close to each other. ¢, Multistability (M) occurs when the power is sufficiently decreased so that the two

hystereses merge. In the M region, the system has three stable polarization states, for a given excitation condition. d, Spin trigger (T). At an even lower
Ppump the hystereses completely overlap. The whole system switches from spin-up to spin-down with a hysteresis in ppump of 0.2. e-h, Our model

reproduces the features of the experiments with good qualitative agreement.
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Figure 4 | Tuning the multistability. a, Stability. The middle branch of the multistability is stable and can be covered at will. We interrupted the scan of
Ppump at A and changed it forward and backward between A and B. This experiment shows that three stable solutions exist in the multistability region.

b, Asymmetric multistability. By rotating the excitation linear axis, we tune the linear polarization splitting and modify the symmetry of the multistability
cycle. We thus can displace the middle branch towards values of pc # O as well as the multistability gap. Data are taken for three different orientations of
the linear axis. The symmetric multistability cycle (triangles) corresponds to an orientation close to a main linear polarization splitting axis. The two others

correspond to rotations of +40° (circles) and —40° (squares).

is clearly evidenced. Moreover, because of the linear polarization
splitting, the multistability region can be asymmetric with respect
to Ppump = 0, favouring one or the other spin orientation. The
symmetry of the multistability cycle is tuned by rotating the linear
polarization axis of the excitation beam (see the Methods section).
The multistability gap can be displaced to regions of elliptical
polarization (see Fig.4b). The tunability of the multistability
holds great promise for the development of spin-dependent
optoelectronics devices.

To characterize the complete polariton spin state, we measure
the three Stokes parameters (see Supplementary Information). We
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are then able to track the trajectory of the pseudospin vector in the
Bloch sphere during the multistability cycle, as shown in Fig. 5. One
easily identifies the features of multistability. The experiment starts
at the 0 — pole of the sphere, where the pseudospin vector is pinned
before jumping abruptly close to the D+ state. A wide precession
towards the H state is then observed before the second jump to
the o0+ pole occurs (arrows). On the backward path, the third
jump brings the pseudospin farther from the D+ state, producing
a gap in the precession trajectory (purple circle in Fig. 5). Then
the pseudospin precesses towards the V state and finally jumps
down to the o — state.
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Figure 5 | Spin multistability. \We measure the three Stokes parameters to
reconstruct the trajectory of the pseudospin vector in the Bloch sphere. The
four jumps and the gap (circle) in the middle branch trajectory are
characteristic of the multistability of the polariton spin. The spin coherence
is maintained during the whole cycle. The method for measuring the Stokes
parameters is provided in the Supplementary Information, together with a
comparison with theoretical simulations and a movie of the experiment.

During the multistability cycle, the trajectory of the polariton
pseudospin vector strongly differs from the one of the excitation
polarization vector (see Supplementary Information). The conser-
vation of the pseudospin coherence during the multistability cycle
demonstrates the coherent control of a macroscopic spin ensemble.

Our experiments demonstrate the multivalued switching of a
spin ensemble in the solid state. The control and tunability of
spin multistability clearly establish the feasibility of spintronic
devices based on localized polaritons***. These results could easily
be combined with polariton diode technologies'>'* to develop
new integrated devices®®. In addition, microcavities based on
large-bandgap materials®® might be used for the development of
devices operating at room temperature. Finally, our experimental
procedure can be used to study spinor bistability and to realize spin
multistability in other kinds of photonic system®*—3.

Methods

Sample and set-up. The sample consists of a . GaAs/AlAs microcavity with a
single 8-nm-thick Ing ¢ Gag9sAs quantum well. The top and bottom distributed
Bragg reflectors are made of 21 and 22 GaAs/AlAs 1/4 layer pairs, respectively.
On top of the cavity spacer, patterned mesas of 6 nm height act as traps for
polaritons®. We measured a 3.35 meV Rabi splitting in the mesas. A gradient in
the sample thickness allows us to adjust the polariton energy 8" by changing the
position on the sample. Owing to confinement, we can excite single polariton states
with well-defined energy. Typical linewidths are about 80 eV and the spacing
between the first excited state and the ground state is close to 1 meV. We work

in the transmission configuration. The sample is kept at 5K in a helium-flow
cryostat. On the excitation side, the circular polarization degree of the excitation
is controlled using a quarter-wave plate. The linear axis of the excitation beam
can be rotated with respect to the horizontal polarization axis using a half-wave
plate. On the detection side, the emission is polarization-resolved using a second
quarter-wave plate, followed by a polarization beam splitter. The signal is then sent
to a high-dynamic-range charge-coupled device (CCD) camera.

Stabilization. Multivalued spin switching demands a very good stabilization of
the experiment and a high accuracy in excitation power and polarization degree.
To meet these requirements, we use a single-mode excitation laser and mount
several optics elements on motorized stages. The experiment is fully automated and
computer-controlled so that we have synchronization of the power or polarization
scans with the polarization-resolved detection. The sample position is another
crucial source of fluctuations. We control the position of the 3-pum-diameter mesa
in the centre 20-um-diameter excitation spot with micrometre precision using
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piezoelectric actuators. We have 0.5% accuracy on the excitation power and a
maximal 2% error on the emission intensity. The latter leads to a maximal error of
=£0.05 on the polarization degree.

Tunability. We have full optical control of polarization multistability in our
system. We control the overlap of the 0+ and o — polarization bistability curves
by tuning the excitation power. The laser detuning controls the width of the
polarization hysteresis. The smaller the laser detuning, the smaller the polarization
hysteresis. Nonlinear losses are tuned by adjusting the polariton—exciton detuning
8" and laser detuning A (see Supplementary Information). Finally the multistability
region can be displaced by rotating the excitation linear axes with respect to the
crystallographic axes of the sample. All of these parameters can be combined to
design tunable devices with very different properties. In particular, we observed
differences in the sensitivity of the spin trigger ranging over one order of magnitude
(from 0.05 to 0.38 hysteresis width).

Linear polarization splitting We carried out high-precision measurements of the
polarization-resolved transmission spectrum in 3 um mesas. The excitation linear
polarization axis was rotated with respect to our reference horizontal polarization
axis, with steps of 4°. For each orientation, we scanned the laser energy over 70 GHz
with steps of 0.5 GHz. We obtained a linear polarization splitting of about 20 peV,
with orthogonal axes at +45° with respect to our reference horizontal polarization
axis. These axes correspond to the [001] and [010] crystallographic axes and are
not related to any ellipticity of the mesas.
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