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Abstract: We demonstrate coherence between exciton-polariton 
condensates created resonantly at different times. The coherence persists 
much longer than the individual particle dephasing time, and this 
persistence increases as the particle density increases. The observed 
coherence time exceeds that of the injecting laser pulse by more than an 
order of magnitude. We show that this significant coherence enhancement 
relies critically on the many-body particle interactions, as verified by its 
dependence on particle density, interaction strength, and bath temperature, 
whereas the mass of the particles plays no role in the condensation of 
resonantly injected polaritons. Furthermore, we observe a large nonlinear 
phase shift resulting from intra-condensate interaction energy. Our results 
provide a new approach for probing ultrafast dynamics of resonantly-
created condensates and open new directions in the study of coherence in 
matter. 
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1. Introduction 

Interacting bosons can form coherent states of matter by generating quantum condensates [1–
5]. Spatial interferometry has been crucial for the demonstration of macroscopic coherence in 
cold-atom condensates [6,7] and in the rapidly-developing field of exciton-polariton 
condensates [8–10]. Such measurements have been performed on steady-state systems, and 
were therefore unable to access the non-equilibrium dynamics of coherence. Coherence is one 
of the key properties of quantum condensates [1–5] and superfluids [11], and has been widely 
studied in various steady-state systems [6–9]. Exciton-polaritons, which emerge from strong 
light-matter coupling in semiconductor microcavities [12], exhibit a combination of extremely 
low effective mass and strong polariton-polariton interactions, leading to a wide range of 
physical phenomena including high-temperature condensation [3–5] and superfluidity [13–
17]. A unique advantage of exciton-polariton condensates is that they can be directly accessed 
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with light, so that various properties such as spin, energy, momentum and phase of the 
excitation photons are mapped onto polaritons. This attribute has been employed in resonant 
imprinting of coherence on resonantly-created polariton condensates to generate quantized 
vortices [16] and to demonstrate long temporal coherence in steady-state condensates using 
narrowband continuous-wave lasers [18]. 

Here we demonstrate coherence between two condensates generated resonantly at 
different times with temporal separation an order of magnitude larger than both the individual 
particle dephasing time T2 and the injection laser coherence time. The polariton populations 
are injected by ultrafast laser pulses which impart an initial coherence to these resonantly-
injected populations, but at low particle density this initial coherence is quickly lost. In our 
pulsed resonantly-excited scheme, stimulated polariton-polariton scattering [19] results in 
increased decay time of coherence, T2c, which in turn implies spectral narrowing. The 
polariton populations are injected with different transverse momenta, leading to interference 
patterns which directly indicate the cross-coherence of the populations. We study the 
dynamics of coherence by monitoring the interference fringe visibility of the two condensates 
as a function of temporal separation. At high polariton densities, the coherence between the 
two resonantly-formed condensates persists for more than an order of magnitude longer than 
what would be expected from the initially imprinted coherence, so that T2c>>T2. We show 
that for exciton-like polaritons, the stronger interaction results in larger condensate fraction 
and thus in longer decay time of coherence – much longer than T2. Photon-like polaritons, on 
the other hand, result in lower stimulated scattering rates and thus in generation of a smaller 
condensate fraction. 

2. Experiments and results 

In resonant polariton injection, a finite energy range is populated by polaritons with the initial 
bandwidth determined by the laser and the polariton linewidth. Without polariton 
condensation the coherence time is limited by the polariton dephasing time, T2. We have 
measured this dephasing time in our samples directly to be T2< 1 ps using ultrafast pump-
probe spectroscopy [20], by observing the decay of the coherent oscillations [21] [Fig. 1(a)]. 
The lower polariton (LP) linewidth of ~2 meV observed in reflectance spectra measurements 
[Fig. 1(d)], is the energy bandwidth of the injected polariton population in our experiment. In 
the pump-probe differential reflectance spectroscopy experiments, the polarization of the 
polaritons is nearly instantaneously excited by the short white-light probe pulse and decays 
exponentially afterwards, leading to an asymmetrical temporal shape of the polarization, 
which is reasonably well described by ( ) ( ) 2t T i tP t t e e ω− −Θ  where Θ(t) is the Heaviside step 

function, T2 is the dephasing time, and ω is the polariton frequency. The Fourier-transform of 
this temporal shape is a Lorentzian, and the FWHM of this Lorentzian is related to T2 via 

2T 2 E= Δ , where ΔE is the polariton linewidth. For ΔE ~2meV, the corresponding T2 ~660 
fs. In order to determine the coherence times, we do not rely on the above idealized relation 
alone. Instead, we perform pump-probe measurements in which the polaritons are first excited 
by a short white-light pulse. The subsequently freely decaying polarization is then perturbed 
by a strong, red-detuned pump pulse after a delay time -τp. 
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Fig. 1. Time-dependent polariton experiments. (a) Polariton dephasing time, T2 measurements:. 
differential reflectance ΔR/R spectra in ultrafast pump-probe spectroscopy at 10K temperature 
and zero detuning measured (left) and calculated (right). T2 < 1 ps is observed in the decay of 
the coherent oscillations. (b) LP and UP calculated dispersions with a schematic representation 
of the resonant excitation at different inplane momenta, k1 and k2, and at different times t = 0 
and t = Δt. (c) Schematic diagram of the experimental setup. (d) Measured reflectance from the 
sample for various detuning values ΔE. 
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The effect of the pump is an instantaneous blue-shift of the polariton resonances, which 
leads to a phase shift of the polarization which accumulates during the pump, and which leads 
to spectro-temporal oscillations in the reflected intensity. The latter are often referred to as 
“coherent oscillations” or “perturbed free induction decay”. At negative τp, the perturbed free 
induction decay is observed [Fig. 1(a) left panel]. We have thus calculated the response of this 
experimental setting according to coherent-oscillation theory [21] and adjusted the 
polarization dephasing time T2 for best agreement with the experiment. The resulting graph is 
plotted on [Fig. 1(a) right panel]. The response of one polariton branch selectively can be 
switched-on in the calculation to remove the interference and obtain the T2 time of the other 
branch by fitting an exponential. We obtain T2 ~550 fs for the LP, and T2 ~290 fs for the UP. 

Therefore, without condensation, the interference visibility must decay rapidly within T2 < 
1 ps. At sufficiently high densities of injected carriers, we observe narrowing of the 
bandwidth and an interference fringe visibility time well above 10 ps. Thus in the condensed 
case coherence can be observed between condensates formed at times separated by much 
longer than T2, and than the laser coherence time. 

Our experiments were performed in a He-flow microscopy cryostat, on a strongly-coupled 
AlGaAs microcavity grown by molecular beam epitaxy, which consists of a 3λ/2 layer 
between a bottom 20-layer-pair Ga0.8Al0.2/AlAs distributed Bragg reflector (DBR), and a top 
16-pair DBR. Single GaAs quantum wells (QW) were placed at each of the 3 antinodes of the 
microcavity and separated by AlAs barriers. Our structure is similar to the one used in [20]. 
The thickness of the layers was tapered across the sample to allow tuning of the cavity 
resonance across the exciton resonance by probing at different locations on the sample. 

For initial and final polariton momenta, ki, kj, and kl, km, the polariton-polariton scattering 

matrix element is given by [19] ( )
,

.
i j l m

i m

k k k k i m
k k

M X X X X k k∝ −  The detuning 

( ) ( ) ( )|| || ||C XE k E k E kΔ = −  of the cavity energy ( )||CE k from the exciton energy ( )||XE k , can 

be controlled by changing the excitation location due to the tapered layer thickness across the 
sample. This detuning determines the polariton Hopfield coefficient for the exciton fraction 

( ) ( ) ( )
2 2 2

0

1
1

2kX E k E k = + Δ Δ + Ω 
      of the LP, where Ω0 is the Rabi frequency of 

exciton-photon coupling. Experimentally, ( )||E kΔ  was determined by reflection spectroscopy 

from the sample. The linewidth of the LP remains almost unchanged for the negative 
detunings in our experiments [Fig. 1(d)]. 

The output of the ~775 nm, 81 MHz repetition rate Ti:sapphire mode-locked laser was 
spectrally filtered with a narrow band pass filter (BPF), slightly broader than the polariton 
linewidth, to result in pulses with ~700 fs coherence time. This coherence time was measured 
by the interference in our setup on a reflecting sample. The pulse train was split into two paths 
with a controllable relative time delay, Δt, and recombined on the sample at different angles 
[Fig. 1(b)] and [Fig. 1(c)]. The measurements were performed for delays longer than 1ps to 
avoid interference of the excitation pulses. The central wavelength of the pulses was tuned by 
tilting the BPF, and the incidence angles determined the injected polariton in-plane momenta, 
k1 and k2. Each pulse from the pair injected a polariton population centered at an in-plane 
momentum given by the excitation pulse angle, and the interference between the two 
generated condensates formed an interference fringe pattern. Changing the laser wavelength 
from the polariton resonance reduced the overlap of the laser bandwidth with the polariton 
line, reducing the condensate fraction and thus the visibility of the interference. The 
luminescence from the polariton decay in the condensate was imaged onto a charge coupled 
device (CCD) camera to record the condensate interference pattern. The visibility 
measurement is averaged over the duration of both condensate lifetimes, T1. Assuming that 
the sizes of both condensates are equal, the instantaneous intensity on the CCD is 
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 ( ) ( ) ( ) ( ) ( ) ( ) 2cT2 cos 2 t
tI t I t I t t I t I t t kx e noise−Δ= + − Δ + − Δ +  (1) 

Where I(t) is the intensity corresponding to each individual condensate alone, T2c is the 
condensate coherence time, Δt is the delay between the two injection times, and cos(2kx) is 
the spatial interference fringe pattern. The normalized instantaneous visibility at time t is then 

 ( ) ( ) ( )
( ) ( )

2cT
2

, t
I t I t t

V t t e
I t I t t noise

−Δ− Δ
Δ =

+ − Δ +
 (2) 

The CCD records the time-integrated intensity ( )tI t dt , so that the extracted visibility is an 

integral of normalized instantaneous visibility weighted by the instantaneous intensity, while 
this intensity decays according to the polariton lifetime T1. For small condensate fraction and 
thus short T2c, the longer T1 has almost no effect on the measured visibility (T2c << T1). This 
short T2c is determined mainly by single-particle dephasing via intra-band scattering which is 
typically much faster than the inter-band transitions defining T1. On the other hand, for larger 
condensate fraction and thus longer T2c, T1 has a significant effect on the visibility decay time, 
and the measured T2c can approach T1. 

The first set of interference measurements was performed at a temperature of 10 K with 
high peak intensity of excitation (corresponding to average intensity of ~10 mWcm−2), with a 
spot size of approximately 100 µm, and close to zero-detuning cavity-exciton coupling, where 
both lower LP and UP have nearly equal exciton fractions. The LP was excited resonantly at 
time 0t = , forming a dynamic condensate at an in-plane momentum 1k ≈-0.7 µm−1. At a 

time t t= Δ , much longer than polariton dephasing time T2 and the laser coherence time, 
another population was injected resonantly at an in-plane momentum 2k ≈ + 0.7 µm−1. The in-

plane momentum was chosen to be small enough ( 1k ≈-0.7 µm−1) for the spatial interference 
fringes to be clearly resolved by the imaging system. The two formed condensates have 
substantial spatial overlap, resulting in a spatial interference pattern [Fig. 2]. This 
interference, at delay times much longer than polariton dephasing time and the laser 
coherence time, is a signature of enhanced coherence between the two condensates. Spatial 
interference in polariton condensates has been employed recently to demonstrate coherence 
[8,9]. However, our experiments study the interference of two distinct condensates, where 
initially only one condensate exists, while the second one is formed only at a later time. 
Moreover, we show the dynamics of condensate formation using pulsed excitation in the 
cross-coherence between two condensates generated at times separated by longer than T2, and 
the laser coherence time. 

The LP T2 at zero detuning in our sample is shorter than 1 ps. For LP condensates in our 
experiments, the observed coherence persists for longer than T2c~10 ps [Fig. 3(a)]. We 
performed a similar experiment on two polariton populations in the UP branch. The UP 
enhanced coherence time was measured to be T2c ~3 ps, which is longer than T2 ~1 ps, but 
shorter than T2c of the LP [Fig. 2 UP]. Some polariton population may be redistributed due to 
scattering over the |k||| = 0.7 µm−1 ring during the polariton population lifetime in our pulsed 
experiments. However most of the population in the several ps of the pulse remains at the 
injected momentum, as can be seen in the interference patterns with clearly oriented 
interference fringes [Fig. 2]. The LP and UP resonant excitation was achieved by tuning the 
central wavelength by tilting the dielectric band-pass filter, which slightly affects the spatial 
profile of the field distribution. The polariton populations in our experiments were injected 
resonantly into either the LP or the UP branches. The bandwidth of the excitation pulses was 
much smaller than the energy difference between LP and UP. Therefore LP and UP data were 
differentiated by the resonant excitation energy. 

The long decay time of coherence T2c observed here originates from an emitter with less 
than a tenth of the initially injected bandwidth. This spectral narrowing results from dynamic 

#224691 - $15.00 USD Received 9 Oct 2014; revised 18 Nov 2014; accepted 19 Nov 2014; published 1 Dec 2014
(C) 2014 OSA 15 December 2014 | Vol. 22,  No. 25 | DOI:10.1364/OE.22.030559 | OPTICS EXPRESS  30564



condensation of polaritons and becomes more significant at higher excitation intensities. The 
shorter coherence time in the UP branch relative to that of the LP is attributed to the faster 
population decay (e.g. to the LP branch). 

 

Fig. 2. Interference pattern for different delay times. LP resonant excitation and UP resonant 
excitation. The average excitation intensity is ~10 mWcm−2 – well above the threshold. 

Condensate formation results from bosonic stimulated scattering, and in polariton 
condensation, polariton-polariton scattering has been shown to be the dominant mechanism 
[22]. The rate of polariton-polariton scattering depends strongly on the excitonic fraction, 

2

kX


, of the polaritons. Therefore a smaller excitonic Hopfield coefficient, kX

, leads to a 

smaller condensate fraction. Smaller kX

also results in shorter lifetime of the polaritons, T1, 

which also affects the visibility decay in our pulsed experiments. 
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Fig. 3. Coherence measurements. (a) fringe visibility as a function of delay time for various 
cavity-exciton detunings. The solid lines are the calculated dependence. (b) fringe visibility as 
a function of excitation intensity for various lattice temperatures and for 6tΔ =  ps. The solid 
lines are power-law fits as a guide to the eye. The black line is the calculated dependence for T 
= 0 K, with the maximum visibility as a fitting parameter. 

We measured the decay of condensate coherence for several different excitonic fractions 
of the LP. This was achieved experimentally by controlling the cavity-exciton detuning, ΔE, 
which changes continuously across the sample. Figure 1(d) shows that the spectral width of 
the polariton mode changes very little at the detunings used in our experiments, and therefore 
the number of polaritons created for the three different detunings should be similar. The 
coherence times T2c were extracted from the calculated curves in Fig. 3 based on Eq. (2). 
Close to the zero cavity-exciton detuning, (ΔE ≈0), the coherence between the two 
condensates persists for longer than 10 ps indicating a large condensate fraction [Fig. 3(a)], 
and the visibility decay is limited only by the condensate lifetime, T1 – much longer than 
polariton dephasing, T2. For a slightly red-detuned cavity (ΔE = −6 meV), the LP is more 
photon-like, with a smaller excitonic coefficient kX


resulting in shorter condensate lifetime, 

T1, and lower polariton-polariton scattering rate. The lower scattering rate leads to a smaller 
condensate fraction, which manifests itself in shorter coherence times. An even larger red-
detuning of the cavity from the exciton (ΔE = −17 meV) yields an even smaller condensate 
fraction and shorter coherence times, approaching the limit of photon-like polaritons with no 
condensation. However, for large excitonic fraction, the fact that the measured visibility decay 
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time is significantly longer than T2 and the laser coherence time, is clear evidence of 
condensation. Larger excitonic fraction may also result in stronger depletion of the condensate 
[23]. Nevertheless, our data shows that despite the possible depletion, the condensate fraction 
is larger for larger excitonic fractions. For the bandwidth injected by the laser, without 
condensation and bandwidth narrowing, the interference visibility must decay as fast as 1ps – 
even for very long polariton lifetimes. For large excitonic fractions, our measurements show 
coherence times longer by an order of magnitude than that determined by the injected 
bandwidth. The shortest possible polariton T1 occurs for very negative detunings (photon-like 
polaritons) and is similar to the cavity photon lifetime and photon coherence time < 1ps. This 
is also similar to the injected polariton bandwidth, which determines the decay time of 
interference visibility – even for much longer polariton lifetimes T1. For smaller negative 
detunings, polariton lifetimes become longer, however this cannot make the decay time of 
interference visibility longer (without line narrowing and condensation) – regardless of how 
fast the T1 increases with detuning. For a short (<1ps) visibility decay time, determined by the 
injected bandwidth, to become longer (even for very long T1), the condensate fraction must 
increase resulting in line narrowing. 

In addition to decreasing the polariton scattering rates and T1, the smaller excitonic 

fraction results in a smaller LP effective mass ( ) 1
2 2

1LP k X k Cm X m X m
−

 = + − 
  

, where 

Xm and Cm are the exciton and the cavity-photon effective masses, respectively. In 
equilibrium (or quasi-equilibrium) condensates, smaller mass leads to higher condensate 
fractions, since the coherence length of the particle wavefunctions (thermal wavelength) must 
be longer than roughly the inter-particle spacing for condensation to occur [24]. In highly 
non-equilibrium condensates, formed from resonantly injected polaritons, such as the ones in 
our experiments, however, the effective mass does not affect the polariton coherence length. 
The LP coherence is determined directly by the injected momentum bandwidth, and 
condensation onset depends mainly on the injected polariton density and on the polariton-
polariton scattering rate. 

In our theoretical modelling, the pump pulse excites a population of polaritons – the 
reservoir, nR, over an energy bandwidth that corresponds to the injected optical bandwidth 
given by T2. The calculation of condensate coherence dynamics [Fig. 3], as well as the 
nonlinear phase shift [Fig. 4], were performed using the generalized Gross-Pitaevskii 
nonlinear equation [25] 

 
( )2

2

2 2
R

R R
LP

i R n
i g g n

t m

γ − ∂Ψ ∇  = − + + Ψ + Ψ 
∂   


 (3) 

Where γ = 1/T1 is the polariton loss rate. The polariton-polariton interaction within the 
condensate is modelled by a mean-field coupling constant, g , while the interaction with the 

polariton reservoir density given by a coupling constant Rg . The dynamics of the polariton 
reservoir are described by 

 ( ) 2 2
R R R Rn t n R n D nγ∂ ∂ = − − Ψ − ∇  (4) 

where D is the reservoir polariton diffusion constant and ( )RR n  is the scattering rate of 

polaritons from the reservoir into the condensate. The coupled Eqs. (3) and (4) account for 
stimulated scattering between the polariton reservoir and condensate. 

Using the model we have access to the coherent and incoherent populations and we can 
extract an interference amplitude for comparison with our time-integrated measurements. 
With simulation parameters scaled within an order of magnitude of the typical values, the 
calculated dependence of the condensate coherence agrees well with the measurements [Fig. 
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3]. The simulation parameters are common through each data set (versus detuning), and not 
retuned for each one. 

In order to demonstrate the dependence of the condensate fraction on the polariton 
density, we studied the dependence of coherence on the excitation intensity. Holding 

kX

fixed, increasing the pump intensity should result in a larger condensate fraction, and thus 

higher coherence at a given delay time of tΔ = 6 ps between two generated condensates. At 
very low pump powers, the measured coherence is equal to the polariton dephasing time T2. 
Our intensity-dependent condensate interference visibility verifies this property [Fig. 3(b)]. 
The average power for condensation is less than 90 nW, which corresponds to peak power ~4 
orders of magnitude higher. The dynamic condensate is far from thermal equilibrium, and its 
temperature is not well-defined. Nevertheless, the temperature of the semiconductor lattice 
can be controlled, and high lattice temperature has been shown previously to cause 
condensation deterioration in quasi-equilibrium systems due to phonon scattering [26]. Our 
experimental results show that at higher lattice temperature, higher pump intensities are 
required to reach a given coherence level [Fig. 3(b)] due to line broadening by phonons. 
Increasing the lattice temperature from 10 K to 50 K requires a ten-fold increase in pump 
intensity for condensation onset, comparable to recently reported results for non-resonantly 
generated polariton condensates [27]. 

Lastly, we have used the dynamics of macroscopic coherence accessible in our 
experiments to demonstrate the effect of the polariton interactions on the interference between 
two condensates. After the excitation pulse, the energy of the condensate Ψ is blue-shifted due 

to the mean-field interactions by 
2

g Ψ , an energy shift which increases with increasing 

pump intensity I = P/A, with P – pump power, and A – excitation spot area. This shift was 
demonstrated previously in spectral measurements [3,8,9]. In our time-dependent interference 
experiments, the first condensate will thus be blue-shifted, which will alter its phase relative 
to the second condensate generated at a later time. This phase shift ϕΔ  increases with the 

blue shift ( )2
,g t IΨ and the delay time tΔ : 

 ( )2

0

, .
t

g t I dtϕ
Δ

Δ = Ψ  (5) 

Therefore for constant delay time tΔ , increasing the pump intensity I results in a larger phase 
difference between the two interfering condensates, visible as a spatial shift in the interference 
pattern. 

We observed this nonlinear phase shift in our interference experiments [Fig. 4]. At a delay 
time of Δt = 6 ps, increasing I while keeping all other parameters constant results in a shift of 
the interference fringes with nearly linear dependence on I [Fig. 4(a)]. At a longer Δt = 16 ps, 
a larger shift of the interference pattern is observed due to a larger phase accumulation Δφ = 6 
ps [Fig. 4(b)]. The phase shift dependence is in good agreement with our calculations [Fig. 
4(c)]. The demonstration of the nonlinear phase shift shown on Fig. 4, requires a long 
coherence time because the longer the interference can be observed – the larger the observed 
phase shift. The UP branch has a much shorter coherence time (~3ps) so no nonlinear phase 
shift could be clearly observed. From a nonlinear optics perspective, this phase shift 
represents an extremely strong nonlinear process. The observed phase shift here is on the 
scale of 10−4 rad/photon – two orders of magnitude larger than the recently reported results on 
cold-atom nonlinearities using electromagnetically-induced transparency [28]. Such 
nonlinearities are at the forefront of atomic physics research aimed at quantum nondemolition 
measurements and quantum computing [29]. In cold-atom systems, intensity-dependent phase 
shifts can be obtained for nearly-resonant transitions, but the maximum shift is limited by the 
atom density. In polariton condensates, the large nonlinearity stems from the inherent light-
matter dressed states in the system. This optical nonlinearity is fundamentally different 
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because it is based on the strong Coulomb interaction between charged particles in the dressed 
states, in contrast to high-order multi-photon transitions in conventional nonlinear optics. 

 

Fig. 4. Nonlinear phase shift measurements (a) Interference pattern shift with increasing pump 
power at Δt = 6 ps delay. The curves are horizontal slices of interference patterns with high-
frequency noise filtered out. The curves are shifted vertically on the figure for clarity. The 
dashed lines are a guide to the eye following the fringe pattern minima, with Λ = 2π/k||. (b) 
Interference pattern shift with increasing pump power at Δt = 16 ps delay. (c) Nonlinear phase 
shift vs. pump power at Δt = 16 ps delay. The solid red line is the calculated dependence. 
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3. Conclusions 

In conclusion, we have demonstrated coherence between quantum condensates generated by 
resonant polariton injection at different times. The coherence time is more than an order of 
magnitude longer than that defined by the initial injected bandwidth and the polariton 
dephasing time. The observed coherence follows the density dependence of condensation, 
despite being independent of the mass of the particles. We have shown that polariton-
polariton interaction in the condensates results in a large nonlinear phase shift. Our results 
shed new light on the dynamics of coherence in matter, allowing the study of the ultrafast 
behavior of nonequilibrium condensates, and the development of new devices for future 
technologies. 
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