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Direct measurement of polariton–polariton
interaction strength
Yongbao Sun1*, Yoseob Yoon1, Mark Steger2, Gangqiang Liu2, Loren N. Pfeiffer3, Ken West3,
David W. Snoke2* and Keith A. Nelson1
Exciton–polaritons in a microcavity are composite two-dimensional bosonic quasiparticles, arising from the strong coupling
between confined light modes in a resonant planar optical cavity and excitonic transitions. Quantum phenomena such
as Bose–Einstein condensation, superfluidity, quantized vortices, and macroscopic quantum states have been realized at
temperatures from tens of kelvin up to room temperatures. Crucially, many of these effects of exciton–polaritons depend
on the polariton–polariton interaction strength. Despite the importance of this parameter, it has been difficult to make an
accurate experimental measurement, mostly because of the difficulty in determining the absolute densities of polaritons and
bare excitons. Here we report a direct measurement of the polariton–polariton interaction strength in a very high-Q microcavity
structure. By allowing polaritons to propagate over 20 µm to the centre of a laser-generated annular trap, we are able to
separate the polariton–polariton interactions from polariton–exciton interactions. The interaction strength is deduced from
the energy renormalization of the polariton dispersion as the polariton density is increased, using the polariton condensation
as a benchmark for the density. We find that the interaction strength is about two orders of magnitude larger than previous
theoretical estimates, putting polaritons in the strongly interacting regime.

M

uch of the physics of polaritons1–13 is dominated by the
fact that they have extremely light effective mass. When
an exciton is mixed with a cavity photon to become an
exciton–polariton, it has an effective mass about four orders of
magnitude less than a vacuum electron, and about three orders of
magnitude less than a typical semiconductor quantum well exciton.
Therefore, one can view the exciton–polaritons, hereafter polaritons, as excitons which are given much longer diffusion lengths,
with propagation distances of polaritons up to millimetres14,15 ; this
may have implications for solar cells, which depend crucially on
the diffusive migration of excitons16 . Alternatively, polaritons can be
viewed as photons with nonlinear interactions many orders of magnitude higher than in typical optical materials, due to their excitonic
components17 . The light effective mass of the polaritons (typically
10−8 that of a hydrogen atom) allows for quantum phenomena to be
realized at much higher temperatures than in cold atomic gases.

Interactions among polaritons
The interaction of polaritons is presumed to come exclusively
from their underlying excitonic components. These interactions
renormalize the polariton dispersion, leading to a continuous blue
shift to higher emission energies as the polariton density increases.
To lowest order, one can view the blue shift of the polariton emission
line as the real self-energy due to the interactions, and the spectral
width of the polariton emission line as the imaginary self-energy
arising from the same interactions. When the particles undergo
Bose–Einstein condensation, the spectral width narrows due to the
spontaneously emerged coherence.
Most previous theoretical works have assumed the exciton–
exciton interaction strength calculated by Tassone and Yamamoto18 ,
found to be g ∼ 6Eb a2B , where Eb is the excitonic binding energy,

and aB is the excitonic Bohr radius. Typical values for excitons in
GaAs narrow quantum wells, namely Eb ∼ 10 meV and aB ∼ 100 Å,
give g ∼ 6 µeV µm2 . This, in turn, implies that the polariton gas is
intrinsically weakly interacting, as measured by the unitless parameter γ = g /(h̄2 /2m) ∼ 0.01 (refs 19,20), using the effective mass of
polaritons m ∼ 10−4 m0 , where m0 is the vacuum electron mass.
Under the mean-field approximation, at low particle density, the
blue shift of ground state energy is linearly dependent on the particle
density n, that is,
1E = gn
(1)
where 1E and n are the blue shift and particle density, respectively.
In the absence of many-body correlations, the slope g is independent
of the density. In the experiments reported here, we measured
the energy shift 1E of the polariton ground state at an in-plane
momentum kk = 0 for various excitation densities. The interaction
strength was then extracted as the slope of the energy shift
with density.
The main difficulty in previous experiments for measuring the
polariton–polariton interaction strength has been to establish the
absolute density of the polaritons independent of any excitons
that may be present. When the polaritons are generated by nonresonant laser excitation, not only polaritons but also bare excitons
are created. This leads to a population of excitons of unknown
density. If structures with short lifetime (about 2 ps) are used, the
polaritons do not travel far from the cloud of excitons. Therefore,
when a shift of the polariton energy is measured, it is not possible
to determine how much of this shift is due to direct polariton–
polariton interaction and how much is due to polariton–exciton
interaction. In principle, there may also be free carriers created near
the laser excitation region, which also interact with the polaritons.
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Figure 1 | Generation of an annular trap in a GaAs microcavity. a, Long-lifetime microcavity structure used in the experiment. The dark and light grey layers
are the distributed Bragg reflectors (DBRs) used to confine the light. The red solid line indicates the intensity distribution of the confined cavity mode. The
orange layers indicate the position of the quantum wells (QWs), with blue and red dots showing the bound electron–hole pairs (that is, excitons). The
yellow arrows indicate the energy oscillation between the cavity mode and the exciton state. b, A representative axicon phase imprinted on the surface of
the spatial light modulator used to generate the annular excitation pattern. c, Real-space image of the laser reflection, which is a ring with a diameter of
42 µm. The white dashed circle indicates the region where the photoluminescence (PL) is collected. d, The white solid line is the cross section of y = 0 slice
that is selected by the entrance of the imaging spectrometer. The white dashed lines indicate the positions of the pinhole edges.

Alternatively, if polaritons are created resonantly, they typically have
a highly non-equilibrium and coherent distribution that does not
allow easy extraction of the particle density.
In this work, we used a very high-Q microcavity under nonresonant excitation. The high Q implies long polariton lifetime,
200 ps or longer15 , which allows the polaritons to propagate well
away from the laser excitation region14 . By propagating polaritons
to the centre of a sufficiently big optically induced annular trap, we
can separate the polaritons from the population of free carriers and
hot excitons. We can then extract the polariton interaction strength
from the spectral data at the centre of the trap.
The interactions between polaritons are predicted to be spindependent, and several experiments have studied this spin dependence21–25 . In the experiment reported here, we assume that the
polaritons are equilibrated into a mixture of both spin states1 , and
therefore the interaction strength we measure is an average value.
Because the interaction of polaritons is stronger for spin-aligned
polaritons, we expect that our measured interaction strength will be
dominated by the spin-aligned contribution.

Separation of polaritons from excitation region
The sample is an Al0.2 Ga0.8 /AlAs 3λ/2 optical cavity, with a group
of four 7 nm GaAs QWs embedded at each of the three antinodes,
as shown in Fig. 1a. It has a quality factor of ∼320,000 and a cavity
lifetime of ∼135 ps, which is significantly higher than most samples
used in earlier experiments (the lifetimes of polaritons were at most
30 ps (ref. 26), even well into excitonic detunings), confirmed by the
propagation of resonantly created polaritons up to the millimetre
scale15 . The rate of radiative decay 1/τ is proportional to its photonic
fraction, which in turn depends on the cavity detuning δ, defined as
the energy difference between the bare photon energy at kk = 0 and
the bare exciton energy. Because the microcavity structure used in
this work is wedged, the detuning is then a function of the location
on the microcavity structure. We can easily vary the detuning, and
therefore the excitonic and photonic fractions of the polaritons,
by performing measurements at different sample positions on the
microcavity. Careful calibration of the upper and lower polariton
energies as a function of position on the sample allows us to
determine the detuning, and therefore the excitonic and photonic
fractions of the polaritons, at each position. At the resonance of the
excitons and cavity photons, the lifetime of polaritons in our sample
is ∼270 ps.
During the experiment, the sample was thermally attached to a
cold finger in an open-loop cryostat which was stabilized at 10 K. To
accumulate polariton densities after they accelerate away from the

excitation region, we made a spatial trap. We made use of the fact
that excitons created by a laser field in the same structure have much
larger effective mass than the polaritons; the typical polariton mass
is 10−4 times the electron mass, while the exciton mass is of the order
of a tenth of the electron mass in GaAs quantum wells. Therefore,
the excitons created by a laser pulse are essentially static as seen
by polaritons, and the mean-field repulsion energy of the excitons
acts as a static potential energy barrier. This method has been used
previously in several experiments to confine polaritons27–30 .
The annular trap in this work was formed by irradiating a spatial
light modulator (SLM) with a pixel density of 1,920 × 1,080 by a
continuous wave (cw) laser. The ability to address each individual
pixel on the SLM allows for shaping the incident Gaussian beam into
any designed intensity patterns28–30 . We imposed an axicon phase
map, shown in Fig. 1b, onto the surface of the SLM, which was placed
at the Fourier plane of an imaging lens. At the conjugate plane of this
lens, the Gaussian beam is transformed into a ring-shaped pattern
with a diameter of ∼2 mm. With another two pairs of telescopes, a
ring with a diameter in the range of 15–50 µm can be created on the
sample surface, as shown in Fig. 1c. The wavelength of the cw laser
was tuned to 720 nm, about 130 meV above the lower polariton
resonance, to match the second reflection minimum above the stop
band of the cavity at resonance. This generated a high density of free
carriers along the ring. To avoid any unwanted sample heating, the
cw laser was modulated by an acousto-optic modulator (AOM) at
1 kHz with a duty cycle of 0.5%.
The photoluminescence (PL) from the non-resonant excitation
was collected by a microscope objective with a numerical aperture
(NA) of 0.28, and was imaged in the far-field geometry to the
entrance slit of a spectrometer charge-coupled device (CCD).
A spatial filter was placed at a reconstructed real-space plane
downstream to filter out the emission further than 5.5 µm away
from the centre of the trap. The white dashed circle in Fig. 1c and
the white dashed line in Fig. 1d indicate the collection region. The
y = 0 slice was selected by the spectrometer slit and then spectrally
dispersed to get the emission energy. Figure 1d shows the intensity
profile of the y = 0 slice. We also measured the integrated light
intensity in the collection region with and without a neutral density
filter, and determined the light intensity in the collection region
is ∼2,000 times smaller than that of the pumping region. This is
crucial to the quality of the measurement; for, otherwise, light in
the collection region can create excitons and free carriers which can
lead to an additional shift of the polariton energy. As discussed in the
Supplementary Information, typical energy shifts of the polaritons
in the collection region are about 10% of the energy shift in the
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Figure 2 | Emission spectra at different polariton densities. a, Blue shift of ground state energies at different polariton densities at a detuning of
δ = 7.70 meV when the excitation annular profile has a diameter of 42 µm. The error bars are standard deviations of estimated energy shift. b, Polariton
emission profiles at kk = 0 at different densities. The blue (n = 0.08 µm−2 ) and red (n = 0.32 µm−2 ) dots correspond to the densities shown as the blue
square and red diamond in a, respectively. The solid lines are fits to Lorentzian profiles. c,d, Energy-resolved dispersions corresponding to the data points
indicated by the blue square (c) and red diamond (d) in a, both at low density when there is no condensate. The dashed lines are the assigned energies of
the ground state of polaritons. The jet colourmap is shown to calibrate the relative magnitude of the emission intensities.

pumping region. Assuming that the exciton density is proportional
to the pump intensity, the energy shift of the polaritons in the
collection region cannot come from the excitons.
Figure 2c shows a typical energy-resolved emission pattern in
the far-field geometry (that is, angle-resolved PL, which gives the
momentum distribution of the polaritons) at low excitation power,
and Fig. 2d shows a case of high excitation power, but below
the condensation threshold. As can be seen, the ground state of
polariton energies, indicated by the horizontal dashed lines, are
blue-shifted due to repulsive interactions among polaritons. As seen
in Fig. 2b, there is also a Lorentzian spectral broadening, which also
arises from the interactions. To a good approximation, when there
is no condensate, this spectral broadening can be seen as simply the
energy uncertainty given by 1E = h̄/1t, where 1t is the average
incoherent scattering time. As discussed below, this broadening also
gives a measure of the polariton–polariton interaction strength. At
low density, the emission profile deviates away from the Lorentzian
profile and resembles the Voigt profile, which accounts for the
disorder broadening, as shown in Supplementary Figs 3–5.

Calibration of polariton density
Care was taken to ensure that the polaritons were nearly in spatial
and thermal equilibrium. Supplementary Fig. 6 presents images of
the spatial distributions of the polaritons in a trap under a similar
condition, showing that the distributions are nearly spatially homogeneous. At high density, when a condensate forms, there is evidence
of self-trapping into a central region of the laser-generated trap.
The data reported here are for detunings with a significant exciton
component, allowing good thermalization31 . When polaritons are
very photon-like, the spatial and energy profiles of the polaritons
become fairly inhomogeneous in the condensate regime32 .
The greatest uncertainty in these measurements is the determination of the polariton density—that is, the total number of
872

polaritons in the area of the field of view. We used two methods and
found consistency between them. The first is to carefully determine
the absolute collection efficiency of our photon detection system
using photon counting, as discussed in ref. 31. The second method
allowed us to set an absolute density by pegging the density at which
the distribution of the polaritons is altered by the Bose–Einstein
statistics of the particles. In the long-lifetime microcavity structure,
polaritons are nearly in thermal equilibrium at resonance up to
excitonic detunings. The equilibrium Bose–Einstein distribution is
given by
1
(2)
N (E) = (E−µ)/k T
B −1
e
At densities well below the condensation threshold, this becomes
a Maxwell–Boltzmann distribution N (E) ∝ e−E/kB T . In the quantum
regime, however, when N (E) ∼ 1 for low-energy states, the shape
of the distribution is changed, and can be fitted to a value of the
chemical potential µ. The value of µ controls not only the shape, but
also the absolute value of N (E). Therefore, we have a tight constraint
on the values of µ when we fit N (E) at several particle densities.
By minimizing the mean-squared error in the fitting of a set of
n distributions N (E) collected at different pumping powers to the
equilibrium Bose–Einstein model as in equation (2) with 2n + 1 free
parameters, we deduce one single collection efficiency ξ as well as
n temperatures and n chemical potentials for different distributions.
This nominal efficiency factor was within the range of uncertainty of
the number deduced from photon counting, as discussed in ref. 31.
These methods give us an accurate calibration of the polariton
density in the annular trap. More generally, we do not have to rely
on the details of the above calculations to get the approximate range
of the polariton densities. We know that we measure the polariton
spectra up to the condensation threshold (as evidenced by the sharp
spectral narrowing, discussed below and also reported in ref. 33).
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Figure 3 | Blue shifts at various detunings. Blue shifts of the ground state
energies as a function of polariton density at different cavity detunings. The
error bars are standard deviations of estimated energy shifts. The solid lines
are fits to 1E = gn using weighted least-squares estimates.

Quantum effects will be important when the thermal de Broglie
wavelength λth is comparable to the interparticle spacing rs —that
is, when
s
2πh̄2
λth =
∼ rs = n−1/2
(3)
mkB T
where n is the particle density and T is temperature of the particles.
This implies n ∼ mkB T /2πh̄2 ≈ 4 × 107 cm−2 near the condensation
threshold, for kB T ≈ 20 K and the polariton mass given above.

Interaction strength below condensation density
The measured number of polaritons increased linearly with pump
excitation density in the low-density regime below the condensation
threshold. In this range of densities, the ground state energies of
the polaritons were extracted as shown in Fig. 2c,d. To determine
the ground state energy at zero excitation density, we linearly
extrapolate the measured blue shifts to zero density. All the blue
shifts are then reported with respect to this energy. As shown in
Fig. 2a, the blue shift increases linearly with the polariton density.
This confirms that the interaction strength g does not depend on
the density of the polaritons in this regime.
In Fig. 3, we plot the measured blue shift of the kk = 0 state
as a function of polariton density at four representative detunings. As expected, polaritons experience higher blue shifts for
excitonic detunings than for photonic detunings, since the energy
renormalization presumably comes from the excitonic constituents.
The solid lines show linear fits to the data using weighted leastsquares estimates.
Figure 4 shows the extracted slopes at different cavity detunings
versus their corresponding excitonic fractions. The interaction
strength increases when excitonic fractions in polaritons are higher.
The standard theory predicts that the interaction between polaritons
is governed by their underlying excitonic fractions x, given by


δ
1
1+ √
(4)
x=
2
δ2 + Ω 2
where Ω is the full Rabi splitting and δ is the cavity detuning, defined
as δ = Ec (kk = 0) − Ex , where Ec and Ex are the cavity and exciton
energies, respectively. The solid line is a quadratic fit to the extracted
slopes in Fig. 3. The dependence of the shift on exciton fraction
is clearly superlinear, which is another indicator that the shift is
not arising from polariton–exciton interactions; if interaction with
excitons were the dominant cause of the blue shift, the shift would
be linear with exciton fraction.
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Figure 4 | Polariton–polariton interaction strength. Measured interaction
strength (g) as a function of excitonic fraction (x), which is deduced for
each data set from the effective mass of the lower polariton dispersion
using the formula x ' 1 − mc /mLP , where mc is the bare cavity photon mass
measured at very large photonic detuning (−22.5 meV). Grey diamonds are
slopes extracted from Fig. 3. The vertical and horizontal error bars represent
standard deviations of the interaction strength and excitonic fraction,
respectively. The solid line is a best fit to a quadratic dependence using
weighted least-squares estimates.

By extrapolation, the interaction strength in the limit of x → 1 is
determined as 1.74 ± 0.46 meV µm2 . This value is fairly surprising,
in that it is two orders of magnitude larger than the absolute
value calculated in ref. 18, which has guided many theoretical
investigations of polaritons. It implies that the unitless parameter
for the strength of the interactions is γ = g /(h̄2 /2m) ∼ 1, which
means that the polariton gas cannot be treated by standard weakly
interacting Bose gas theory. In particular, it implies that many-body
correlations will play an important role at high densities.
The extrapolation to x → 1 seems to imply that not only
polaritons, but bare Wannier excitons also have this strong
interaction. However, we note that in all the measurements here,
the effective mass of the particles was very light, comparable to the
polariton mass at resonance (see the Supplementary Information for
a plot of the mass as a function of detuning). It may be that the strong
interactions seen here depend crucially on the light effective mass of
the polaritons, and therefore it may be unwarranted to extrapolate
this result to the pure exciton limit.
As noted above, the polariton–polariton interactions affect not
only the blue shift (real self-energy) but also the line broadening
(imaginary self-energy). The Lorentzian line broadening value
of ∼1 meV is also two orders of magnitude larger than that
would be expected for the nominal exciton–exciton interaction
strength. Using the semiclassical formula τ −1 = nσ v̄, where n is
the density, σ ∼ aB is the scattering cross section, and v̄ is the
average thermal velocity, it gives τ ∼ 100 ps, or h̄/τ ∼ 0.01 meV with
typical values for microcavity polaritons n = 4 × 107 cm−2 , σ = 100 Å
and v̄ = 2 × 108 cm s−1 for T = 20 K. The measured Lorentzian
broadening corresponds to a polariton–polariton scattering time of
less than 1 ps.

Interaction strength above condensation density
Evidence of the importance of many-body correlations is seen in
the behaviour of the blue shift at the condensation threshold. In
Fig. 5, we plot the blue shift of the ground state emissions at different
polariton densities up to and above the condensation threshold in an
annular trap with a diameter of 36 µm, for an excitonic detuning of
δ = 6.11 meV. We also show the spectral width of the emission at
kk = 0. As discussed above, the condensation threshold is indicated
by spectral narrowing.
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Figure 5 | Saturation of blue shift. Measured blue shift (grey squares) and
spectral width (white circles) of the kk = 0 lower polariton emission as a
function of polariton density at a cavity detuning of δ = 6.11 meV in an
annular trap with a diameter of 36 µm. The straight line shows a linear
dependence of the blue shift in the low-density regime.

At low densities, the blue shift scales linearly as the polariton
density with a slope of 0.91 ± 0.13 meV µm2 , consistent with the
value expected for this detuning. The linewidth of the emission
also increases linearly with density because the larger population
leads to more frequent incoherent collisions, and then narrows due
to the emergence of the coherence when condensation occurs. At
the condensation threshold, the blue shift of the polariton emission
becomes strongly sublinear with density, following a power law
of 1E ∼ n0.037 . The simple mean-field prediction for a weakly
interacting Bose gas is that the shift should still be linear with density
when it condenses, with an overall slope that is reduced by a factor
of two due to the nature of quantum indistinguishability. The fact
that the shift is strongly sublinear points to the importance of highorder correlations in the condensate regime, which have been shown
to have a significant role in strongly interacting gases34 .

Implications and outlook
Given that the measured value of the blue shift is so much larger
than the theoretical expectation, we consider possible ways that
the measurement could be misleading. First, one may ask whether
excitons and/or free carriers generated by the non-resonant laser
may indeed be diffusing into the region where the polaritons are
observed. We are confident that this is not the case. As the diameter
of the ring trap is increased up to 50 µm, the blue shift at fixed
density has a constant value independent of the trap radius (see
the Supplementary Information for a plot). If exciton or free carrier
diffusion were playing an important role, the blue shift at the
condensate density would depend strongly on the ring radius, as
their diffusion length becomes much less than the radius. Also,
the exciton diffusion length has been directly measured (see, for
example, ref. 10, Figure 3a therein) and is less than 10 µm. The
Supplementary Information shows data for the diffusion length of
the excitons. Furthermore, it is also known that the diffusion length
of the polaritons decreases with increasing excitonic component, as
polaritons with higher excitonic components have greater effective
mass and greater interaction with phonons. This will lead to a lower
exciton population far from the excitation region, while here we see
that the blue shift increases with increasing excitonic fraction.
A blue shift may arise from phase-space filling, which leads
to a reduction of the Rabi splitting between the upper and
lower polariton branches. This is also predicted to give shifts of
the order of Eb a2B or less35,36 , much less than what we observe
here. Bandgap renormalization due to heating (that is, phonon
population) is known to give a red shift, not a blue shift, with
increasing temperature.
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Another possibility is that the polaritons generate free excitons
in the centre of the trap via thermal up-conversion. In this model,
excitons are present in the centre of the trap, not due to diffusion
from the laser excitation region—that is, from the walls of the
ring trap, but from migration of polaritons by themselves, which
then turn back into free excitons by thermal excitation. For this
to give the blue shift we see, assuming the standard interaction
strength, there would need to be two orders of magnitude more
excitons than polaritons. This would severely deplete the population
of polaritons. Also, this effect should be exponentially dependent on
the splitting 1Esplit between the polariton and exciton states, due to
the Boltzmann e1Esplit /kB T factor, but in fact we see even more blue
shift than expected when the lower polaritons are very photonic,
with large 1Esplit . We also see very little temperature dependence of
the blue shift at constant 1Esplit as the lattice temperature is changed.
Assuming that the above mechanisms are ruled out, we can ask
what mechanism could give us much stronger effective interactions
at low density than predicted. One possibility is that the nearby
biexciton resonance37 significantly affects the interactions. We
believe this is not the case, because the dependence of the interaction
strength on detuning is not especially strong. Another possibility
is a mechanism involving disorder, which has also been invoked
as a way of explaining the larger-than-expected blue shift in
previous experimental results38,39 . In our experiments, the photonic
disorder is very low, but the excitonic disorder is approximately
2 meV (as measured by the inhomogeneous broadening of the
bare exciton line). Jacob Taylor has suggested that disorder may
cause the excitons participating in the polariton states to be
spatially correlated in ‘puddles’ of much higher density than the
average polariton density. This view requires no change to the
standard exciton–exciton interaction strength. It is supported by
the observation that both the blue shift and the Lorentzian line
broadening are about 100 times larger than expected; both of these
depend linearly on the effective density.
In conclusion, we have directly measured the polariton–polariton
interaction strength by propagating polaritons to the centre of a
laser-generated annular trap. The interaction strength is independent of polariton density in the low-density regime. The measured value is two orders of magnitude larger than expected from
prior theoretical calculations. The polariton–polariton interaction
is effectively a χ (3) nonlinearity17 , and is an important parameter for
the design and theoretical modelling of exciton–polaritonic optical
devices. The large value measured here indicates that the efficiency
of these devices may be much greater than anticipated, at least
in the low-density regime. The saturation of the blue shift upon
condensation calls for further theoretical analysis, and is probably
due to coherent many-body effects of the condensate.
Data availability. The data that support the plots within this paper
and other findings of this study are available from the corresponding
author upon reasonable request.
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