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1. Introduction

Exciton polaritons in a semiconductor microcavity constitute a very interesting and unique quasiparticle system where
excitons confined in a semiconductor quantum well are strongly coupled with photons confined in the microcavity [1]. Such
quasiparticles show properties that originate from this double origin.

First, from both constituents, they show a bosonic character. From their photon part, the polaritons inherit a very small
mass (more than 4 orders of magnitude less than the electron mass) as well as a very short lifetime (mainly limited by
the Q -factor of the microcavity). From their excitonic component, the polaritons acquire the ability to interact. From both
constituents, the polaritons also carry a spin that is shared by the exciton and the photon part of the polariton.
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Fig. 1. Far-field emission from a planar semiconductor microcavity.

Such properties are reflected by a number of properties that do not need to be described in great detail here (see
for example the following reviews on such topic [2-4]). We will simply highlight here some of them. From their bosonic
character and very small mass, they are able to condense at rather high temperatures [5,6], even up to room temperature
[7-9]. From their interactions, polaritons can form a quantum fluid where superfluid properties have been evidenced [10,
11] together with quantized vortices and dark solitons [12-15]. In such fluids, the existence of the Bogoliubov ghost branch
has been demonstrated through heterodyne four-wave mixing experiments [16,17]. The polaritons also evidence interesting
bistable properties allowed by the interactions of their excitonic constituents [18,19]. The possible use of such bistable
properties has been considered for many very interesting devices [20,21]. Finally, the spin properties of both components of
the polariton bring a wide range of very interesting properties, with in particular the existence of half vortices [22,23] and
the observation of the spin-Hall effect [24,25]. At the same time, the spin introduces additional degrees of freedom in our
system with the possibility of a Feshbach resonance [26,27] and the existence of multistability [28,29].

In the present review paper, we will describe the results of our measurements on the interactions between polaritons
and the influence of these interactions on the observed properties of excitonic polaritons. In order to be able to assess
the polariton fluid more precisely, we decided to report on resonant experiments where the fluid is in fact not acquiring
its coherence spontaneously. This of course does not mean that the interactions that occur under non-resonant excitation
schemes, and in particular the interactions with the exciton reservoir, are not of importance. This paper is organized in
the following way. In a first part, we will give some details on the samples that have been used and on their growth and
preparation. In a second part, we will describe some of the specificities of the experiments that have been performed. Then,
we will move to bistability and multistability followed by the detailed study of the interaction between polaritons and, in
particular, the case of a Feshbach resonance. In the last part of this review, we will present the connection between our
measurements and the measurement performed in the lower polariton basis.

2. Samples and experiments

Microcavities have been prepared with many different semiconductor systems. In fact, the work on microcavity excitonic
polaritons evolved from the work on VCSELs (Vertical Cavity Surface Emitting Lasers) [30,31] that allowed optimizing the
growth of monolithic DBR mirrors, an essential ingredient for preparing microcavities. The first observation of a microcavity
polariton was indeed realized in a structure that was meant to be a VCSEL [1].

Similar structures have then been used to observe microcavity polaritons, starting with the same material system, i.e.
GaAs-based cavities [32,33]. One of the best ways to measure in details the characteristics of the structure is to realize a
far-field image [34] such as the one shown in Fig. 1, as this allows one to assess precisely the coupling strength and the
detuning characteristics of the system.
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Fig. 2. Spatially resolved photo-luminescence of polaritons confined in cylindrical mesas of different sizes: (a) ~3 um, (b) ~10 pm, and (c) ~20 pm. The PL
intensity is plotted in a normalized log color scale. Confined lower polariton states are visible below 1.484 eV. Confined upper polariton states are found
between 1.485 eV and 1.490 eV. The two-dimensional excitonic-like lower-polariton energy is 1.4845 eV, and the two-dimensional photonic-like upper
polariton energy is visible above 1.492 eV (from the PhD thesis of Gaél Nardin [43]).

Microcavities are now prepared in a very wide variety of materials, from standard semiconductors to more “exotic”
systems such as organic materials. In many cases now, the mirrors are not any more monolithic, but could be realized for
example from dielectric mirrors or even using external mirrors or a fiber-based cavity [35,36].

Our own samples have been realized in the GaAs system using as quantum wells not the more standard GaAs quantum
wells, but InGaAs quantum wells with low indium content. This comes with some difficulties such as the strain in the
quantum wells, which may eventually be transferred into strain in the mirrors [37], but comes also with the great advantage
that the experiments can be realized in transmission mode, which allows obtaining a much higher signal to noise ratio
thanks to the suppression of the back-reflected light from the excitation laser. Let us note here that, in InGaAs-based
cavities, spontaneous condensation is very difficult to observe also because of the coupling between the different quantum
wells due to their very shallow depth [38]. Getting quantum wells with a larger indium content is therefore a necessity to
obtain condensation [39], which comes at the expense of the quality of the quantum wells, and therefore of their linewidth.

In order to be able to manipulate more precisely the polaritons, it is of major importance to be able to confine them. This
has been understood quite early and this has led to different possible techniques, of which each one displays advantages
and drawbacks. A simple technique consists in depositing a patterned metallic layer on top of the last layer of the DBR
mirror. This changes the confinement energy of polaritons and therefore allows their manipulation, although the potential
change is very small [40]. Another technique has been first proposed at the University of Wurzburg (Germany) [41], and is
now routinely used in many places, in particular at the LPN in Marcoussis (France) [42]. It consists in etching the whole of
the thickness of the microcavity, allowing one to provide a deep photonic confinement.

Our own technique aims at being able to realize confinement of polaritons allowed us to realize very high quality mesas
of any shape, as evidenced by Fig. 2. The principle has been given in details in [44,45] and consists of the following trick.
We grow the first half of the cavity, including the spacer with the quantum wells. Then we use microtechnology to etch the
desired structures by something like 5 nm. This will provide confinement for photons and then for polaritons.

As far as the experiments are concerned, most of them are now rather standard. Two of them nevertheless deserve
somehow special attention because of the fact that they both are relatively rarely used and because they allowed us to get
very interesting results.

The first experiment we would like to briefly describe here is the homodyne transmission system that is sketched in
Fig. 3. This is the system that allowed us to obtain the results of refs. [12] and [14]. The idea is in principle quite simple:
it consists in recombining on the CCD detector the emission of the sample with a delayed pulse from the exciting laser.
A similar system has been recently used in order to study and manipulate the dynamics of Rabi oscillations in microcavities
[46].



B. Deveaud / C. R. Physique 17 (2016) 874-892 877

N4
” " E fs
Ti:Sapph

interferential polarizer

f“ter pinho]e
¥
reference arm Al T \l

Telescope and
sample  |ans spatial filter

@10K L2 CCD
4 - \AB
o :
\/ A v ¢
i fic Camera : Lens
retro-re t?c or objective Mlcrosc'ope L1
on delay line objective

Fig. 3. Schematics of the homodyne system. Pulses from a Ti:sapphire laser are split into two arms. One excites the sample at a given angle, given a
well-defined speed to the polariton fluid. The light emitted by the sample is interfered with the second pulse from the laser. The interference fringes are
then Fourier transformed so as to obtain the time-resolved density and phase of the fluid (from the PhD thesis of Gaél Nardin [43]).

The second system has been inspired by the system installed by Wolfgang Langbein in Cardiff [47]. This is a pump&probe
as well as a four-wave mixing system with heterodyne detection. The system is detailed schematically in Fig. 4. This system
allows an unprecedented rejection of all sources of spurious signal and noise. It allows very high-quality results (see, for
example, [48]).

3. Bistability

As briefly stated in the Introduction section, polaritons evidence interesting bistable properties allowed by the interactions
of their excitonic constituents. The first observation of bistability in the case of polaritons has been obtained by the group
of Elisabeth Giacobino [18]. In this initial experiment, the bistable loop was observed when moving the laser spot at the
surface of the sample under resonant excitation at a very low excitation wavevector. Major improvements could be obtained
by the use of confined polaritons, which allows separating the ground state of the polaritons from the excited ones. For
example, the bistable behavior of a microcavity has been observed in an electrically pumped micropillar p-n junction [19].
In this case, the bistability was in fact due to the strong-to-weak-coupling transition in the system. This bistable behavior
was shown to produce propagating fronts of instability that could be used in future devices [20]. In an optical excitation
experiment, the threshold of the bistability is in fact given by the equalization of the excitation laser blueshift and the
density-dependent blueshift of the polariton population. When the system switches to the upper state of the bistable loop,
the polaritons are basically fully resonantly excited.

Using our carefully designed mesas, it has been possible to observe bistability in an optimal fashion [29]. The adjustable
separation of the different confined states, as a function of the size of the mesa, indeed allows us to precisely detune the
excitation laser so as to provide at will the required bistable loop. It also allows separating the ground state from the excited
ones and to tune the excitation laser to the biexciton resonance. The principle of the experiment is depicted in Fig. 5: the
excitation laser (red dot on the right figure) is slightly detuned from the ground state (here in a 3-um-diameter mesa) [50].

Typical bistable loops that have been observed for the case of a 3-pum mesa are shown in Fig. 6. The different loops have
been obtained for the same laser detuning, but for different values of the ellipticity of the exciting laser [51].

In Fig. 6, the excitation power has been scanned from 0.2 to 3 mW, forward (fw) and backward (bw), with four dif-
ferent excitation polarization degrees indicated in the figure: p, =0.77, 0.64, 0.17, and 0. For large degrees of circular
polarization (o, = 0.77), the system shows a conventional bistability loop for only one spin polarization, the population in
the counter circular polarization stays very small. When we decrease the polarization (0, = 0.64), a larger population in
the minority polarization now exists and the system shows some evidence of nonlinear losses. o polaritons jump to their
upper branch for a power of 1.5 mW. The subsequent jump of o~ polaritons to their upper branch causes a very strong
decrease in the population of o polaritons. This gives rise to the appearance of a middle-intensity branch. Similarly, when
o~ polaritons jump to their lower branch, ¥ polaritons jump back to their upper branch.

This shows that important nonlinear losses occur in the presence of polaritons of opposite spins. This loss mechanism
is evidenced even better while increasing the ellipticity further (pp = 0.17) with a larger ratio between the upper o+
polariton branch and the middle branch. The case of linear polarization in d) gives evidence of repulsive interactions. Indeed,
the simultaneous jumps of o and o~ populations are the result of repulsive interactions: the blueshift of the one-spin
polarization favors the blueshift of the other spin polarization.

Because of these observations, we were able to formulate the hypothesis of biexciton formation through pairing of
spin-up and spin-down polaritons under elliptically or linearly polarized excitation. Biexciton states have a long radiative
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Fig. 4. Schematics of the heterodyne four-wave mixing system. Pulses from a Ti:sapphire laser are split into three arms. All pulses are frequency shifted to
allow for synchronous detection of the proper combination. Two of the pulses are used to excite the sample and the last one is a reference that is mixed
with the signal to be detected. The excitation pulse can also be shaped to the proper energy width through a pulse (from the PhD thesis of Naotomo
Takemura [49]).
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(from [48]).
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Fig. 6. Different bistable loops observed in a 3-um mesa under an excitation with a laser detuning of 0.49 meV with different ellipticity values of the laser,
indicated in each of the panels (from [51]); p = %1 corresponds to circular polarization, p =0 to linear polarization.

lifetime and contribute to the blueshift of both polarizations, which lowers the thresholds of bistability. This assumption
will be of major importance for the observation of the Feshbach resonance.

As a standard in the field, we model the system using a Gross-Pitaevskii equation of the following form (see ref. [49] for
details):

i%wi = [Gg - %()’ + BlY=1?) + o |yre? +012|1/I:F|2}1ﬂi + % + Fye'ont (1)
In this equation, all parameters have their usual meaning: ¥ is the wavefunction of the condensate, € its energy, F+
the amplitude of the driving field. The important parameters are the interaction constants for co- and counter-circularly
polarized polaritons o1 and o. y is the polariton homogeneous broadening and B is a new coefficient that corresponds
to the loss of polaritons through binding into biexcitons. As detailed in [49], a proper choice of the different parameters in
this equation allows us to reproduce the main features of the experiments. The loss coefficient 8 is mandatory to reproduce
the switching to and from the middle branch of the bistable loop. The fitting coefficients, scaled to the value of o7 are the
following: oy = 0.4o7 and y = 0.4a1, which differ significantly from the results published in the literature. For example,
in [52] the oy parameter is found to be negative and much smaller than «1. A more detailed study of the value of the
interaction parameters in the Gross-Pitaevskii equations is therefore necessary, but before describing our efforts in that
direction, let us detail the observations of the multistable behavior of confined polaritons.

4. Multistability

The idea that, thanks to their spinor nature, a gas of polaritons might evidence a multistable behavior was initially
proposed by Nikolai Gippius [28]. The possibility of such a multistable behavior depends on a subtle balance between the
different parameters of the experiment. This may be evidenced in the different panels of Figs. 6 and 7.

In Fig. 7, multistable loops are observed for different input powers as a function of the ellipticity of the incoming laser
beam. Let us take Fig. 7b as an example: clearly, the system shows three stable branches, one for o ~, one for o™, and one
for linearly polarized polaritons. This is exactly what corresponds to multistability.

Fig. 8 provides a better understanding of the process by which multistability can be obtained. This is a pseudo-3D plot
of the polarization of the system as a function of both the input power and the input ellipticity. The different bistability
curves have been plotted in a quasi-3D plot in order to visualize the relation between the different ways of accessing the
multistability process (see Figs. 6 and 7).

5. Polariton interactions and Feshbach resonance
In this section, we describe our results on the measure of the polariton interactions through pump-probe spectroscopy

(these results have been detailed in ref. [53]). The main idea in this direction is to measure the energy renormalization
induced by the polariton interactions through the energy shift of the probe spectrum (see Fig. 9). A circularly polarized
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backwards. a. Polarization hysteresis. At high excitation power, narrow polarization hysteresis is observed for spin-up and spin-down polaritons. On the
forward path (black), a first jump of spin-up polaritons out of their upper branch causes a decrease in pc to a value close to p,. Then a jump of spin-down
polaritons to their upper branch brings pc to —1. On the backward path, the process is reversed with a hysteresis behavior. b. Effect of the excitation
power. A decrease in the excitation power brings the polarization hysteresis cycles close to p, = 0. c. Multistability. Further decrease of the power make
the two polarization hysteresis loops merge. Three values of pc are allowed in the multistability region M. d. Spin amplification. At even lower excitation
power, the overlap is complete. At the edge of the A region, a small variation of p, leads to a total spin-up/spin-down conversion. pc jumps from +0.97
to —0.97. (From the PhD thesis of Taofiq Paraiso [51].)
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Fig. 8. Principle of multistability. The blue curves represent the spin conversion plateaus obtained in power-dependence experiments at different excitation
polarization degrees pp, = 0.34, 0.17, —0.17, and —0.34. The sign of the plateau (+1) depends on the sign of the excitation polarization degree. We
represent a case where the polarization conversion is symmetric with respect to the linearly polarized excitation axis and display mirrored curves for
nearly linear excitation polarization. For instance, on the p, = £0.17 curve, the polarization is converted to pc & 1. Consider the system initially prepared
in the yellow-cross state (fixed power) in the plateau of the p, = +0.34 curve. The black curve highlights what happens upon a continuous change of p,
from +0.34 to —0.34. In fact, pc follows the plateaus, and, eventually, polarization hysteresis in the vicinity of pp =0 causes the right circular polarization
pc =1 to be preserved beyond the linearly polarized excitation axis before switching to linear pc =0 and then to left circular pc = —1. Red curve: on
the backward scan of pp (red curve), the opposite polarization pc = —1 is preserved by hysteresis, producing a multistability region (green circle) around
pp =0, where three spin polarization states are admitted (green crosses). (Figure adapted from the PhD thesis of Taofiq Paraiso [51].)
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Fig. 9. Co (blue) and counter (red) circularly polarized pump-probe spectra at the cavity detuning of § = —1.5 meV. The spectra are plotted for three
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pump and with pump pulse are respectively presented with dashed and solid lines. LP and UP respectively mean upper and lower polariton. From the PhD
thesis of Naotomo Takemura [49].

strong pump pulse generates spin polarized polaritons, they are then probed with a probe pulse. Both the pump and the
probe pulse have a duration of the order of 100 fs, so that their spectrum covers a range much larger than the typical
splitting observed in our sample.

When the pump and probe pulse are co-circularly polarized, the energy shift of the probe pulse reflects the interaction
of polaritons with parallel spins, while the energy shift of the probe for a counter-circular polarization configuration is
associated with the polariton interactions with anti-parallel spins. In order to measure the coherent part of the polariton
interactions, the measurements reported in Figs. 9 to 13 are performed at strictly zero time delay between the pump and
the probe. Fig. 14 shows the effects of a time delay between the pump and the probe. Since the probe pulse is weak, we
neglect the energy shift induced by the probe itself.

We display in Fig. 9 typical spectra for co- and counter-circular polarization for three different pump intensities, at a
cavity detuning of § = —1.5 meV. Both the lower (LP) and the upper (UP) polariton blueshift in co-circular configuration.
This is the clear signature of repulsive interactions between polaritons with parallel spins (see Fig. 9). As the pump intensity
increases, the blueshift also increases because the energy renormalization is proportional to the population of the pump
polaritons (see Eq. (1)).

In the case of negative cavity detuning, the lower polariton is photon-like, while the upper polariton is exciton-like. Since
the polariton interaction originates from the excitonic part of the polariton, the blueshift is larger for the upper polariton
than for the lower one.

In counter-circular polarization, both lower and upper polariton experience redshifts, which also increase with pump
intensity. This signals the attractive interaction of polaritons with anti-parallel spins. Please note that the curves reported in
Fig. 10 measure the effects up to the biexciton resonance, which will be described more specifically in the next paragraph.

In Fig. 10, we report the measured energy shifts of the lower and upper polaritons in co-circular configuration. The lower
and upper polaritons blueshift, forming a mirror image as a function of cavity detuning: the blueshift of the lower polariton
increases with cavity detuning, while the upper polariton’s blueshift behaves in the opposite way. This behavior results from
the respective excitonic fraction of the lower and upper polaritons. We can however notice that the mirror symmetry axis
is not at zero detuning, but slightly at a negative detuning (=~ —0.7 meV).
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This shift in the symmetry axis position may have two origins: photon-assisted exchange interaction (PAE) and relaxation
from the upper polariton into an exciton reservoir. PAE has been introduced by Monique Combescot in [54], and provides
a detailed interpretation of the origin of exciton saturation at large densities. The former is related to the fact that PAE
contributes to the attractive spinor polariton interaction between upper polaritons. The latter is associated with the possible
relaxation of upper polaritons to the incoherent exciton reservoir. In order to deal with both effects properly, the excitonic
Bloch equation approach would be required [55].

We report in Fig. 11 the results for the case of counter-circular configuration. Contrary to the co-circular configuration,
the lower polariton energy redshifts as a result of the attractive interaction of the lower polaritons with anti-parallel spins.
This behavior is a precursor of the Feshbach resonance, which will be detailed in the next section. The upper polariton
presents a more complex behavior: at low pump intensity, the redshift is small for all cavity detunings, while at high pump
intensities, rather large redshifts are observed for negative cavity detuning. The origin of this behavior is not yet clear.

It is worth mentioning that, at higher pump intensities, the system may reach the transition from a strong- to a weak-
coupling regime. In this regime, the coherent limit description based on the Gross-Pitaevskii is not adequate to explain
the experimental results. Instead, the excitonic Bloch equations (EBEs) approach including incoherent excitons (or reservoir
effect) would be indispensable [56].

The theoretical description of the above results has been given in [57], and we will reproduce here the main arguments
and ingredients of the model for sake of completeness. Since our experimental approach consists in exciting both lower
and upper polariton states at the same time, and because we are dealing with non-linear interactions which rely on the
exciton part of the polariton, cross interactions between polariton modes will be leading to a cumbersome description
within the polariton basis. We have therefore decided to use the exciton-photon basis for writing the Gross-Pitaevskii



B. Deveaud / C. R. Physique 17 (2016) 874-892 883

equation. Comparing the simulations to the experimental data will allow us to extract the spinor interaction constants
in the exciton-photon basis Hamiltonian. In a second phase, we will discuss how to transpose our analysis in the lower
polariton basis, yielding a meaningful comparison to previously reported results. The exciton-photon basis Hamiltonian is
the following for the case of spin-up polaritons:

H= GCE'J;&T + GX}A{;)A(T + EbBTE + Q(E;&T +)A<J;(AIT) + I:Iim (2)

Here &, %, and B are, respectively, the photon, exciton and biexciton annihilation operators, while ¢f, x' and BT are their
creation counterparts. The arrows 1 and | define the spin polarization as up and down. €, €x and €, are the energies of
the photon, exciton and biexciton resonances. The interacting part Hj, is given by:

I:Iint=I:ITT+I:IT¢+be
o afete s Sfate s BTt 1 2.z BT 3
_g++xTxTxTxT+g+_xTx¢x¢xT—|—ng( XX X ) (3)

g++ and g, _ are the interaction strengths for parallel and antiparallel excitons. The same expressions hold when changing
up and down spins in Egs. (2) and (3). The binding of two counter polarized excitons into a biexciton is given by gpx. This is
what could be called the “bipolariton model” [58,59]. Please note that although related, the coefficients g, and g,_ are for
excitons and differ from the «; and oy coefficients often used to describe the non-linearities of polaritons (see, for example,
Ref. [52]). Their relation will be written explicitly later in this contribution.

We could alternatively consider another type of biexciton creation mechanism: the “giant-oscillator strength model” [60,
61]. In such a model, the biexciton possesses significant oscillator strength and is formed through the absorption of a photon
in the presence of an exciton of opposite spin. Although both models could indeed be used, we favor here the bipolariton
model to describe our results, because, in our study performed on polariton Feshbach resonance, we found this model to be
in better agreement with our experimental findings [27].

The microscopic origin of the phenomenological interaction constants gy, and g;_ lies in the composite nature of
excitons, which are bosons composed of electron-hole pairs. Exciton-exciton interactions are governed by the Coulomb
interaction between their electron and hole constituents. The simplest approach allowing us to calculate exciton-exciton
interaction with parallel spins g, is to compute the scattering matrix of excitons based on the Born approximation [62].
According to this calculation, for zero momentum scattering, which is the case for our experiments, the main contribution
to the exciton-exciton interaction is the electron (hole) exchange interaction. However, this calculation cannot explain the
existence of the exciton interaction with antiparallel spins, because the exchange interaction disappears for the excitons
with antiparallel spins [43].

Therefore, the inclusion of the biexciton state through the term gpx and a calculation beyond the Born approximation are
necessary to explain the interactions between excitons with antiparallel spins [63,64]. For example, such a calculation has
been performed in Refs. [65] and [66] through the summation of higher-order interactions including the biexciton state. The
result first shows that the biexciton bound state introduces resonance scattering for exciton interactions with antiparallel
spins. The inclusion of these higher-order scattering matrices also results in a strong modification of the exciton-exciton
interaction both for parallel and antiparallel excitons: the so-called “continuum correlations” [59,62]. These continuum cor-
relations might be included in our phenomenological interaction constant with antiparallel spins g+, but this goes beyond
the scope of the present work, which is mainly experimental.

In our model, the phase space filling effects are omitted. Based on the results of Ref. [67], the exchange interaction
of excitons with parallel spins g4 and the contribution from phase space filling gpsp can be estimated as g4 =
3age?/emS (in the Born approximation) and gupse = £2/nsaS. Here e and ey, represent the elementary charge and the
dielectric constant of the quantum wells. S is a quantization area. Considering the 2D Bohr radius of GaAs ag = 6 nm, the
dielectric constant €y, = 13.9¢p (€9 being the vacuum permittivity), a Rabi splitting of 3.26 meV and exciton saturation
density nsa; = 7.5 - 10" cm™2, we obtain a ratio gnpsp/gens+ = 0.23. This ratio indicates that the Coulomb term is the
dominant contribution to the repulsive interaction of polaritons with parallel spins in our sample.

Using the Heisenberg equations of motion within a mean field approximation, we obtain the equations of motion for
the exciton, photon, and biexciton. In this Hamiltonian, biexcitons are created from spin-up and spin-down excitons, which
indicates that counter-circular polarization configuration is mandatory to induce the biexciton effect. The exciton (¥x),
photon (), and biexciton (i) wavefunctions are described by the following exciton-photon Gross-Pitaevskii equation
system:

iRy = <€x - i%)’ﬂm + 2%t + 2g++|1ﬁx,¢|21ﬂx,¢ + g Uy Py + ShxVBYy | (4a)
e . Ye
IFH/IC,T = <€c — 13>¢C,T + QWX,T —F (4b)

i = (e~ %2 ) o + gt (40
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Here, f is the reduced Planck constant. yx, ¥c, and yp are, the exciton, photon, and biexciton decay rates. In the numerical
calculation, we use yx = yc = 0.53 meV. F represents the external source of photons given by the laser pulse. Of course, all
equations are k-dependent, which is implicitly included here.

In the co-circular polarization configuration, only the g, term is involved. We omit the spin index since all polariton
spins are the same. Our co-circular polarization pump-probe configuration is equivalent to that of x> type parametric
amplification. Thus, if we assume that the pump and probe beams have momentum kpy =0 and k;, respectively, an idler
beam appears with a momentum k; = 2kpy — kpr = —kp,. Since in the experiment k,; = 0, we neglect the dispersion of
photons. We substitute the wave function:

¥ = Vaoy + Yao € + Ve (5)
into the exciton-photon Gross-Pitaevskii equations (4a) and (4b). Assuming a strong pump:
pu pr.i
}‘(//X(C)| > W’x(c)

the feedback on the pump wave function from the signal and idler can be discarded. Thus the pump wave function wf(‘é)
can be written as Egs. (4a) and (4b). Additionally, we neglect the terms that do not conserve momentum. The dynamics
of the set of wave functions i = (y}', ¥&, ¥i*, ¥i*) can be described as ilit = M*+ii — FPT [68], where FP' represents the

probe pulse excitation. The matrix M is given by:

ex+ag WP —in/2 @ 28y 0
M — 2 ) € —iye/2 0 0 (6)
28 0 —(ex+ 44+ 1Yx 1D —ive/2 -2
0 0 -2 —ec —iye/2

Since the lower and upper polaritons are excited with spectrally broad femtosecond pulses, we model the pump and probe
photon pulses as instantaneous delta function pulses exciting the system simultaneously. By Fourier transforming the tem-
poral photon probe wavefunctions, we obtain the spectra of the light emitted out of the cavity. Subtracting the pump-probe
spectra from the reference spectra, we single out the energy shift of both lower and upper polariton resonances due to
the presence of the pump pulse. The strength of our method to extract spinor interaction constants is based on the joint
comparison of lower and upper polariton energy shifts.

As detailed in Ref. [53], the comparison between the experimental results and the computed ones are very good for a
value of g, =1 meV/ng. Here, ng is a normalization particle density for the excitation pump photon density. The lower
polaritons show an increase in the energy shift from negative to positive cavity detuning, while the upper polaritons energy
shift decreases. In fact, the lower polariton becomes more excitonic and the upper polariton becomes more photonic for
increasing cavity detuning. This highlights the role of the excitonic content in polariton interactions.

6. Feshbach resonance

Lets now focus on the counter-circular configuration and concentrate on the detuning for which a crossing with the biex-
citon resonance occurs. Indeed, this might allow us to explore a possible Feshbach resonance for polaritons [54]. A Feshbach
resonance is a scattering resonance, which occurs when the energy of two free particles reaches that of a molecular bound
state [69]. In the vicinity of the resonance, the interaction strength of the two interacting particles dramatically changes.

In cold atoms, the Feshbach resonance is an essential tool to control the atom-atom interactions. It is even possible
to switch the sign of atomic interactions from repulsive to attractive. For example, the instability and explosion of Bose-
Einstein condensates have been realized with an attractively interacting Bose gas [70]. Moreover, in degenerate fermionic
cold atomic gases, the BEC-BCS crossover has been observed by tuning the atomic interaction from repulsive to attractive
[71].

In order to investigate the experimental signatures of the Feshbach resonance for polaritons, we need to work in the
coherent regime where the effects are expected. Therefore we set a zero delay between pump and probe. As in the previous
paragraph, we measure both the transmitted probe energy shift and amplitude change induced by the presence of the
polariton population generated by the pump. We then change the detuning by moving the excitation laser across the wedge
of the sample. The pump intensity is set to be large enough to produce a measurable shift (5-10'% polaritons/cm?), but
still below the transition to the weak coupling regime.

We report on the main results of this study [27] in Fig. 13, with the energy shift on the left and the absorption changes
on the right, as a function of the position on the sample (plotted here in terms of detuning between the exciton and the
photon energies). The total energy of two lower polaritons should cross the biexciton energy for a positive detuning of about
0.5 meV as indicated by the green shaded area in the figure.

The energy shift clearly shows a dispersive shape, characteristic of resonant scattering around a Feshbach resonance. In
cold atomic systems, the dispersive shape diverges in the case of magnetic field induced Feshbach resonance, thanks to the
very long molecular lifetime [53]. The smoothened dispersive shape that we observe here is similar to what is observed
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Fig. 12. Schematics of the pump-probe experiments around the Feshbach resonance. A population of spin-down polaritons is created by the pump pulse,
then the probe introduces a few spin-up polaritons, which interact with the spin-down polaritons. The relative energy position with respect to the biexciton
state determines the sign of interactions: from attractive (below the biexciton energy) to repulsive (above the biexciton energy). (From the PhD thesis of
Naotomo Takemura [49].)
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Fig. 13. Energy shifts (a, ) and absorption (b, d) of the pump spectrum as a function of cavity detuning. The intensities of pump polaritons are 5-10'? (a, b)
and 1.6-10"! (c, d) polaritons/pulse/cm?. The blue dots are the experimental results, the solid and dashed lines are numerical simulations respectively with
and without the biexciton effect. The green shaded areas represent the expected position of the biexciton resonance. For the numerical calculation, we use
the parameters given in the text. (From the PhD thesis of Naotomo Takemura [49].)

for optical Feshbach resonances with finite molecular lifetime [72]. This shape is linked with the finite lifetime of the
intermediate states.

For polaritons, the finite lifetime of the molecular biexciton state prevents the dispersive shape form diverging at res-
onance. Nevertheless, the sign of the energy shift does change from attractive at negative detuning to positive around the
biexciton resonance. At the same time, the absorption strength changes quite dramatically, which provides evidence for
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Fig. 14. Experimental probe transmission spectrum as a function of energy and time delay between pump and probe pulse. The cavity detuning is set at
0.5 meV. The black dashed lines are the lower and upper-polariton peak energies without pump pulse. (From the PhD thesis of Naotomo Takemura [49].)

the loss mechanism hypothesized in our observations of spinor bistability (see above). Both measured shapes provide clear
evidence for a Feshbach resonance.

We now display in Fig. 14 the amplitude of the o~ probe spectrum as a function of the pump-probe delay at the cavity
detuning 0.5 meV. We see that the redshift and absorption both remain for long delays at positive pump-probe delays. On
the other hand, at negative delays, both the redshift and the absorption decrease with the increase of the delay, which is
the expected behavior in the coherent limit model for the Feshbach resonance. In order to simulate the probe behavior at
positive delays, we would need to include the incoherent population effect of excitons [52].

To retrieve the physics behind our observations, we have performed numerical simulations based on a two-channel
model, which includes coupling between polariton and biexciton ggx in addition to the normal mode coupling between
exciton and photon £2x. For our system, it is given by the following Hamiltonian [73,74]:

U
H = 2x(aco Yy, + aeo¥rxo) + % (Vs Vo WX—o WX ) + 88X (Vax¥xo ¥X—o + VBXYse ¥t ) (7)

In this Hamiltonian, ac; and v¥xs (azo and w;;a) are respectively the photon and exciton annihilation (creation) operators.
The polarization states of the photon and of the exciton are defined by the spin variable (o, —0) as (4, }). The coefficient
gpx sets the strength of the possible coupling between two polaritons with antiparallel spins and one biexciton through
the Coulomb interaction of their excitonic content. Upg represents the value of the phenomenological interaction between
polaritons with anti-parallel spin usual referred to as the background interaction.

There are several possible mechanisms that may contribute to this “background interaction”. First, the indirect scattering
through dark exciton states has been considered [75,76], and possibly the scattering through excited exciton states [77], as
well as exciton-exciton scattering continuum correlations [78], all of which are attractive. Repulsive interactions have also
been considered such as Van-der-Waals and electrostatic interactions [62] could also contribute. However, it is very difficult
to determine a priori their relative contributions and the global attractive nature is only phenomenological, allowing us to
fit the negative detuning part of our observations.

Within a mean-field approximation, this effective quadratic Hamiltonian may be embodied with the following 3 x 3
matrix which includes the spin-up probe operators and the biexciton amplitude:

€x + 84Ny | — iyx 2 Zbx/Mx, |

I:Ieff =| 1&x,? 1/Afc,T 1/AfB ]T 2 € —iyc 0 (8)
8bx+/MNx, | 0 €g — iy
where ny | represents the density of the pump exciton, which we assume to be given by:
np 8

=30 ) o
The simulated energy shift and absorption changes are displayed in Fig. 15 as solid lines for the following parameters:

g, =036y, = 0180V

Vo ¢ no

These are the parameters that give the best fit to the experimental observations. To be complete, we also show as a dashed
line in the same figure the simulation obtained with the background interaction alone. Clearly, this background interaction is
attractive, but it changes monotonically with detuning and cannot reproduce the dispersive shape of the energy shift. At the
same time, the background interaction does not give rise to a sizeable absorption, which clearly comes from the binding of
two polaritons into a biexciton. The other way around, without the background interaction, the energy shift would become
strongly positive above the biexciton resonance. Clearly, both interactions have to be taken into account.

In order to highlight the resonance due to the exciton-biexciton coupling, we plot in Fig. 16 the ratios for the energy
shift as well as for the absorption for the two cases of biexciton resonance only and background interaction only. These
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Fig. 16. Interaction (orange line) and absorption (blue line) ratios as a function of the cavity detuning. The interaction and absorption ratios are the ratios
between the solid (with gpy # 0) and dashed (gpx = 0) lines extracted from Fig. 13. (From the PhD thesis of Naotomo Takemura [49].)

ratios are calculated from the numerical plots in Fig. 13. The interaction and absorption ratios are obtained by dividing the
total contribution (solid curve) by the background contribution (dashed curves). The two ratios show the familiar behavior
of a scattering resonance. The interaction ratio (orange curve) displays a dispersive shape and a large variation both in sign
and in amplitude with respect to the resonance point. The profile of the absorption ratio (blue curve) also displays a typical
enhancement of the absorption at the resonance associated with the two-body loss process of lower polaritons. A similar
behavior has been reported for optical Feshbach resonance in 8’Rb condensates [57].

Let us now concentrate on the coupling between polaritons and biexcitons in the matrix of the effective Hamiltonian
(Eq. (3)). This coupling is given by a coefficient that amounts to gpx./fx,; and therefore depends also on the population
of polaritons in the system. In the low-density regime, this coefficient is much smaller than the decay rate of biexcitons:
8bx+/Mx,| << B, Which allows the energy shift to display the smooth dispersive lineshape shown in Fig. 13a. In the high-
density regime, the situation becomes different and the biexciton coupling strength becomes dominant. Fig. 17 shows the
experimental spectra in the high-excitation density regime.

In Fig. 18, we plot the position of the two peaks observed in Fig. 17b as a function of the cavity detuning, for a large
density of 1.6 x 10! polaritons/pulse/cm?.

The experimental results are compared to the results of the simulation with (continuous lines) and without (dashed
lines) biexciton coupling. We associate the appearance of the two resonances with “strong coupling” between the photon
mode and the biexciton resonance [79]. Since the biexciton coupling term depends on the pump polariton population as
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Fig. 18. Energy shifts of the two peaks (green open circles and blue dots) shown in Fig. 17 as a function of cavity detuning. The solid lines and dashed lines
are numerical simulations respectively with and without the biexciton coupling. From the PhD thesis of Naotomo Takemura [47].

8bx+/Mx, |, at large polariton densities, polariton-biexciton coupling becomes comparable to the linewidth of the involved
states. Fig. 18 might therefore be interpreted as an “anti-crossing” between the lower-polariton and the biexciton resonance.

7. Lower polariton interaction constants

When experiments with lower polaritons are considered, a continuous wave laser excitation is usually involved. In order
to compare the parameters that we have extracted to this new configuration, we need to transform the exciton-photon
basis Hamiltonian into lower-polariton Hamiltonian. To this aim, we first rewrite the Hamiltonian of Eq. (2) using the lower
polariton basis defined as pj, = XX + C¢ and neglect all terms that include upper polaritons [63]:

A =etley +edliy + 2(E 8 +8181) + Aine
SO I sl st o5 s x4t 5t o5 s
= €ipPipPip + 8++1X1" Py 4 P14 Pip, 4+ Pip,t + &+~ X" Py 4 Py | Plp, | Plp,t
+ go (X?Pip 1 Pip. BT+ X*2p] BT B) (10)

where X and C are the Hopfield coefficients of the lower polariton, as usual. The lower polariton energy €, is then given
by:

€+ € 1
=X L e et 22 (11)

2 2
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Fig. 19. (a) Computed polariton energy shift for co-circular (blue) and opposite spins (red) as a function of the cavity detuning for a normalized pump
polariton density of 0.2; (b) az/a1 ratio as a function of cavity detuning (from Ref. [53]).

As usual, we calculate the Heisenberg equations of motion applying mean-field approximation. This brings us to:

o N
i,y = (elp - lf)wlp,T + 284 X1 Vp s P¥ip.t + &4 X1,y PVip.t + Sox X2 B — F (12)

and

iRy = (63 - 1’%)% + gox X2 V1.1 Vip. (13)

where yjp = IC1%yc + |X|?yx is the lower polariton decay rate. We will now solve Eqs. (12) and (13) for parallel spins and

then antiparallel spins. For the parallel spin configuration, the dynamics of the lower polariton wave function i, is given
by:

oy N

ihyhp = (elp - 17")% + 2814 1XI [Wrpl*Ynp — F (14)
Thus, the mean-field energy shift simply becomes:

AEt = a1yl (15)

Where the square of the polariton wavefunction |1mp|2 gives the lower polariton density. The lower polariton interaction
with parallel spins is thus defined as:

o1 =2g44|X/* (16)

In Fig. 19a, we plot as a blue line the energy shift of the lower polariton for parallel spin interaction (Eq. (16)) using the

value of g, that fits best our experimental results and a normalized pump polariton density |1//1p|2 =0.2. The energy shift
follows the expected dependence given by the excitonic content of the lower polariton through the term |X|*.

In order to obtain the lower polariton interaction for antiparallel spins, we consider pump-probe spectroscopy in the

counter-circular polarization configuration. Assuming that the spin-up pump pulse is much stronger than the spin-down

probe pulse, we can express the probe lower polariton dynamics as ift = M — FPT, where i = (wl DL ¥p) and FPris a

source term. The matrix M is then:
(T XAy 12 = 1v1p/2 - gox X2 -
gox X Yp € —iyp/2

Let us consider a pump resonant at the lower polariton energy, then it may be written 1//1pT |1//p“ le~ipt/% and the probe

has energy € : FPr = (0, )e™ /A _In order to obtain the steady-state solutions, we assume that the pump wave function has
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the form yP' =y (€)eiwt/M and that the biexciton wavefunction can be expressed as yg = ¥g(€)e € tw)t/" Replacing

Ip}
1//1[1;“ and wll;* by |1l/‘ll;uT| in the matrix M, we obtain the steady-state solution of the probe lower-polariton spectrum:
-1
pr _ (€ 0 1
WIN(E)_(] O)|:M (0 61P+€>:| (0) (18)

The analytic solution for 1//11;1 (€) is then:

g2 IXIyba 2 7
- (19)
B—€|p — € —iyp/2

Under the assumption of a weak exciton-biexciton coupling and a low pump excitation density, the two-mode solutions of
1//& (¢€) may be approximated by a single solution. Indeed, substituting € = €, the pump induced energy shift AE,_ can

be approximated as:

pr 4, PU 2 .
€)= |€p—€ _1X —1 2—
v (€) [lp g X1 P~ ivip/2 —

8o XI* 1P P (e — 2€1p)

AE =g [XI*ypil? - (20)
et (€8 — 2€1p)? + (8/2)?
and the interaction between lower polariton with antiparallel spins is then:
2 |y |4
8pl X" (e — 2€1p)
oy~ gy | X4 — —=bx P (21)

(g — 2€1p)* + (v8/2)?

This result shows that the two contributions to the energy shift in the counter-polarized configurations bring strong sim-
ilarity to derived expressions for optical Feshbach resonance in cold atoms. The first term is proportional to the excitonic
content |X|[4, this term is due to the interaction between antiparallel spin polaritons is usually called the background in-
teraction term (see discussion above). The second term takes the form of a Lorentzian profile. The values taken by oy are
reported in Fig. 19a for a normalized pump density of 0.2. The energy shift displays a change in sign and amplitude when
the energy of two lower polaritons crosses the energy of the biexciton, as observed in the experiments reported above.

In Fig. 19b, we plot the ratio between counter- and co-polarized interactions. We obtain a ratio similar to the one
reported previously using a different approach [51]. For negative detuning, the ratio takes a negative value, —0.8, which
progressively increases until reaching —1.2, then changes suddenly to a slightly positive value. This comparison to previous
results strengthens the interest and generality of the method presented here.

8. Conclusions

In this review, we have described a series of experiments that highlight the rich variety of phenomena that are allowed
by the partial excitonic origin of polaritons. Both the interaction between polaritons and the influence of spin on these
interactions have been considered. Of particular interest are the possibility of a multistable behavior of polaritons and the
existence of a Feshbach resonance at the crossing between the energy of two lower polaritons and one biexciton. The
experiments have been modeled within two frameworks: the exciton-photon-biexciton basis and the polariton-biexciton
basis.
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