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Narrow-linewidth exciton-polariton laser

BiaNcA RAE FABRICANTE,' MATEUSZ KROL,' ® MATTHIAS WURDACK,' MACIEJ PIECZARKA,?
MARK STEGER,® DAviD W. SNOKE,®* KENNETH WEST,* LOREN N. PFEIFFER,*
ANDREW G. TRUscOTT,” ELENA A. OSTROVSKAYA,' ® AND ELIEZER ESTRECHO"*

'ARC Centre of Excellence in Future Low-Energy Electronics Technologies and Department of Quantum Science and Technology,

Research School of Physics, The Australian National University, Canberra, ACT 2601, Australia

2Department of Experimental Physics, Faculty of Fundamental Problems of Technology, Wroctaw University of Science and Technology,

Wyb. Wyspianskiego 27, 50-370 Wroctaw, Poland

3Department of Physics and Astronomy, University of Pittsburgh, Pittsburgh, Pennsylvania 15260, USA

“Department of Electrical Engineering, Princeton University, Princeton, New Jersey 08544, USA

*Department of Quantum Science and Technology, Research School of Physics, The Australian National University, Canberra, ACT 2601, Australia
*eliezer.estrecho@anu.edu.au

Received 22 April 2024; revised 21 May 2024; accepted 25 May 2024; published 13 June 2024

Exciton-polariton lasers are a promising source of coherent light for low-energy applications due to their low-threshold
operation. However, a detailed experimental study of their spectral purity, which directly affects their coherence prop-
erties, is still missing. Here, we present a high-resolution spectroscopic investigation of the energy and linewidth of an
exciton-polariton laser in the single-mode regime, which derives its coherent emission from an optically pumped and
confined exciton-polariton condensate. We report an ultra-narrow linewidth of 56 MHz or 0.24 eV, corresponding to
a coherence time of 5.7 ns. The narrow linewidth is consistently achieved by using an exciton-polariton condensate with
a high photonic content confined in an optically induced trap. Contrary to previous studies, we show that the excitonic
reservoir created by the pump and responsible for creating the trap does not strongly affect the emission linewidth aslong
as the condensate is trapped and the pump power is well above the condensation (lasing) threshold. The long coherence
time of the exciton-polariton system uncovered here opens up opportunities for manipulating its macroscopic quantum
state, which is essential for applications in classical and quantum computing.
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1. INTRODUCTION

The spectral linewidth or the inverse coherence time of a laser is an
important measure of its spectral purity. For photonic lasers, the
theoretical limit is set by the Schawlow—Townes (ST) linewidth
[1], which arises from phase fluctuations caused by quantum noise,
and is inversely proportional to the number of particles (photons)
N, in the lasing mode. For matter wave lasers, e.g., coherent atom
beams, where particle interactions play a significant role, the
theoretical limit is broadened due to particle collisions that turn
number fluctuations into energy or frequency fluctuations [2]. In
general, interparticle interactions lead to linewidth broadening
that scales with /Vj in a class of lasers with a Kerr-like nonlinearity,
such asatom and polariton lasers.

Polariton lasers are coherent light sources generated by the
decay of bosonic condensates of exciton-polaritons (polaritons for
short) [3,4], hybrid particles arising from the strong coupling of
photons and excitons (electron-hole pairs). These lasers, typically
built using an optical microcavity with embedded exciton-hosting
material, achieve lasing operation without population inversion
[5] and at a threshold much lower than that of an equivalent con-
ventional photon laser [6]. Their low-threshold operation, hybrid
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light-matter nature, large nonlinearity, and solid-state platform
are promising for a number of low-power applications, such as
ultra-fast optical polarization switches, modulation applications,
compact sources of terahertz radiation, and logic elements [7-9].
Polariton condensates also find applications in both classical and
quantum computing [10] where a long coherence time and a
narrow linewidth of the polariton emission can play an important
role.

Theoretical investigations of the polariton laser linewidth
[11-13] predicted the interplay between the ST mechanism and
the self-phase modulation arising from particle interactions. The
ST mechanism narrows the spectrum as the number of condensate
particles N, increases at low densities. At high densities, the inter-
action energy U Ny, where U is the interaction strength, dominates
and leads to linewidth broadening with increasing Ny. Hence,
an optimal Ny with the narrowest linewidth [12] is predicted to
occur close to the condensation threshold. However, a motional
narrowing is predicted at high densities when fluctuations decay
much faster than the coherence time [14], negating the broadening
induced by interactions.
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In reality, polariton lasers are more complicated since polari-
tons coexist with an incoherent excitonic reservoir that repels and
feeds the condensate [15], resulting in an additional decoherence
mechanism arising from number fluctuations in the reservoir. This
can potentially impose a lower limit on the linewidth. In the case of
optical pumping, both reservoir and condensate particle numbers
are directly affected by the intensity of the pump laser, making the
pump the main source of fluctuations. A narrow linewidth corre-
sponding to a coherence time of 150 ps was revealed in Ref. [16],
using a single-mode excitation laser instead of multimode ones
used previously [3,4]. This achievement was later followed by a
demonstration of a shot-noise-limited intensity-stabilized polari-
ton laser using a mode-selective microcavity [17] with a relatively
short 60-ps coherence time. In both cases, the excitonic reser-
voir, created by the excitation laser, directly overlapped with the
condensate.

An order-of-magnitude enhancement of the coherence time
was achieved by minimizing the condensate-reservoir overlap
using optically induced traps. In Ref. [18], the interference visibil-
ity persisted beyond 1 ns with an extrapolated coherence time of
up to 3 ns when the condensate is trapped, compared to <100 ps
when the condensate is “untrapped” but localized by gain [19-21],
with a tail expanding away from the excitation spot. The pro-
longed coherence time of trapped condensates enabled detection
of fine structure splitting of the polariton condensate energy [22],
self-induced Larmor precession [23], and long-lived coherently
coupled counter-circulating currents [24]. However, a systematic
study of the role of the reservoir on the decoherence of polaritons is
incomplete.

Previous experiments on polariton coherence typically rely on
a Michelson interferometer to measure the first-order correlation
function ¢ V. This technique images the interferogram at different
time delays to construct ¢V (t), where 7 is the time delay. This
requires multiple realizations of the experiment and averaging over
timescales orders of magnitude longer than the polariton lifetime
and the coherence time, which unfortunately, washes out fluctu-
ations in energy and linewidth. Furthermore, a precise motorized
delay stage is required, but its physical size becomes impractical for
coherence times longer than 1 ns.

In this work, we use a scanning Fabry—Pérot interferometer
(SEPI) to directly measure the linewidth and small energy shifts
of chopped continuous-wave (quasi-CW pulses) polariton con-
densates [25]. The unprecedented resolution enabled by the SFPI
reveals the fluctuations in energy and linewidth within a single
quasi-CW condensate pulse. We present the successful measure-
ment of a narrow Lorentzian linewidth of 56 MHz, which is four
times narrower than the previous record [18], translating to a
long coherence time of 5.7 ns. We further investigate how the
narrow linewidth can be achieved by probing the influence of the
optical trapping on the linewidth (coherence time) and reveal
that the decoherence effects arising from the overlap between the
condensate and the excitonic reservoir are only significant in the
near-threshold regime. For larger excitation powers above the
threshold, our polariton laser is highly robust against decoherence
aslongas the condensate is trapped.
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2. EXCITATION PROFILE AND LINEWIDTH
MEASUREMENT

We use a ring-shaped excitation profile to create and trap the
condensate [26-28], which has been an established trapping con-
figuration for studying the fundamental properties of polariton
condensates, such as the temporal coherence [18], thermalization
[29,30], excitation spectra [31-34], and critical fluctuations [35].
As schematically drawn in Fig. 1(a), the excitation profile has an
annular shape, with inner diameter D, wall thickness W, wall
height H, and inner offset Hy. The resulting optically induced
potential V assumes a similar shape but with “soft” edges due to the
excitonic reservoir diffusion [26].

We use a spatial light modulator (SLM) from Meadowlark
Optics in amplitude configuration to turn a broad Gaussian
laser beam into the desired shape, then image it onto the sample
using a high-NA objective. The excitation laser is a single-mode
Ti:Sapphire laser (Coherent 899-21), chopped by an acousto-optic
modulator (AOM) to 8-ms quasi-CW pulses every 800 ms, and
then coupled to a single-mode polarization-maintaining fiber. The
excitation laser wavelength is around 719 nm, tuned to the lowest
reflectance minimum of the microcavity, while the polariton lasing
wavelength is around 780 nm.

The sample is a high Q-factor GaAs/AlGaAs planar microcav-
ity with a cavity photon lifetime 7¢ ~ 150 ps [36], enclosed in a
cryostat at a temperature of <10 K. We restrict the measurements
to a region of the sample where polaritons have low excitonic (or
high photonic) content at an excitonic fraction of | X|*> =0.13,
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Fig. 1. Experimental configuration. (a) Schematics of the experiment
showing the excitation laser profile with parameters height A, inner
diameter D, and inner offset Hp, which results in a similarly shaped
optically induced trap V for the polariton condensate. (b) Example real
space condensate emission (bright emission) inside the trap created
by the pump laser (dashed line corresponds to the edges of the pump).
() Momentum-space emission of the single-mode condensate. The
dashed line is the polariton dispersion extracted from low-power mea-
surement (see Supplement 1). (d) Example spectrum (black dots) of the
emission of the condensate or the polariton laser measured using the
scanning Fabry—Pérot interferometer (SFPI) and fitted to a Lorentzian
function (red solid line) with a FWHM of £, = 56 MHz. There is no
other peak within the free spectral range of the SFPI (see Supplement 1).
Here, the excitation and condensate emission powers are 48.6 mW and
60 W, respectively.
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corresponding to a detuning of § = —17 meV and a polariton life-
time of ~175 ps (see Supplement 1 for more details). We use the
low excitonic fraction to minimize strong linewidth broadening
due to interactions [2,12,13,17] while allowing for the formation
of a single-mode confined condensate in the ground state. If the
excitonic fraction is too low, the condensate tends to occupy several
high-energy states of the trap [27,37,38]. An example of polariton
condensate photoluminescence (PL) emission is presented in
Fig. 1(b) showing the confined condensate in the center of the
ring-shaped potential barrier created by the excitation laser. The
corresponding energy and momentum distribution is presented in
Fig. 1(c) showinga single-mode ground-state emission.

We use a SFPI from Thorlabs (SA210-5B) with a 10-GHz free
spectral range (FSR) to measure the spectrum of the single-mode
polariton laser (see Supplement 1 for details). We synchronized the
chopping of our laser and the scanning of the Fabry—Pérot such
that at least three FSRs are spanned in every single quasi-CW pulse
of the condensate. An example of the measured spectrum fitted to a
Lorentzian function is presented in Fig. 1(d).

The normalized power spectrum /(w), where w/2m = v is the
frequency, is related to the first-order coherence function ¢ by
the Fourier transform [39]

1 e .
I(w) = —/ ¢V (r)e @ dr, 1)
T J-co
with a corresponding coherence time, T, defined as [39]
o0
T = / £V (0. @
—0oQ

If ¢V is exponential of the form exp(—yt), the coher-
ence time is Teon=1/y, and I(v) is Lorentzian, as in our

case, with a full width at half maximum (FWHM) or spectral
linewidth of £, =1/(7Teon). If gV is a Gaussian of the form
exp(—t2/25?), the coherence time is Teop=+/7s, and the
linewidth is £, =27 In2/(w Ton). We use these formulas to

compare linewidths and coherence times in Section 6.

3. EXCITATION POWER DEPENDENCE

We first study the dependence of the spectral properties of the
polariton emission on the excitation power, P, relative to the lasing
threshold Py, defined by the onset of nonlinear increase in photo-
luminescence intensity with increasing excitation power, as shown
in Fig. 2(a).

The condensate energy E grows with P, as shown in Fig. 2(b),
which is expected for polariton condensates. Different contri-
butions to this blueshift can be described using the following
approximation:

E(P)=Eo+To(P) +grnpro(P) +gn.o(P),  (3)

where Ej is the polariton energy at zero momentum in the low-
density limit. The second term 74 () is the quantum confinement
energy of the optically induced trap, which increases with P since
the trap gets tighter and potential walls higher with increasing P
[40]. The last two terms originate from interparticle interactions,
where ¢ (gg) is the polariton—polariton (polariton—reservoir)
interaction strength and 7, ¢ (nz,0) is the condensate (reservoir)
density around the center of the trap. Both the reservoir and con-
densate densities grow with P, such that at high excitation powers,
P > Py, they dominate over 7y. Note that the trapping potential is
created by the reservoir distribution, i.e., V(x, y) = grng(x, y).
However, we simplify it here such that V(x, y) = Ty + Wy, where
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Fig.2. Pump-power dependence. (a) Intensity and (b) energy of the condensate as a function of normalized excitation power, P/ Py,. The slopes of the

linear fits in (b) are 0.0185 meV (or 4.35 GHz)/(P/Py) and 0.111 meV (or 26.8 GHz) /(P / Py,) for the black and red lines, respectively. (c) Linewidth
of the polariton emission as a function of P/ Py, measured using (black dots) the spectrometer and (blue box plots) the SFPI. The box plots show the
interquartile range (length of box), the median (red line), and the whole range (dashed lines). The dots are considered outliers (see Supplement 1 for details).
Left inset: example measured signal from the SFPI of a single quasi-CW condensate pulse scanned over three FSRs of the SFPI. Right inset: combined
measurements in log scale. (d)—(f) Distribution of the measured linewidths at P = 1.04 Py,, 1.16 Py, and 1.80 Py, respectively. The standard deviations
are (d) 150 MHz, (e) 40 MHz, and (f) 8 MHz. (g) Standard deviation of linewidth, A¢,. (h) Energy distributions at P = 1.16 P/ Py, measured (red)
between shots, centered with respect to the median, i.e., E — E e, and (green) within the shot between two FSRs, i.e., E — Epsr. The standard deviations
are (red) 0.8 GHz and (green) 0.64 GHz. (i) Scattered plot of simultaneous linewidth and energy measurements corresponding to (f). For this dataset,

Py, &~ 30 mW.
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To captures the shape of the potential barrier and V) = ggng o
captures the energy shifts imposed by the trap offset Vy due to non-
negligible reservoir density at the bottom of the trap. Note that V),
is proportional to the inner offset Hj of the excitation profile, while
Ty is strongly affected by the trap diameter D. Equation (3) clearly
suggests that any fluctuation in both the reservoir 7 and conden-
sate 71, densities leads to energy fluctuation of the condensate, and
hence to the linewidth broadening.

The dependence of the linewidth on the excitation power is
presented in Fig. 2(c), which shows a remarkable three-order-of-
magnitude linewidth narrowing across the threshold Py. This
linewidth narrowing is one of the hallmark signatures of polariton
condensation [3,41], which signals the emergence of long-range
order, or in this case long temporal coherence. The black dots are
measured using a conventional spectrometer showing a spectral
narrowing from 50 GHz (200 peV) down to its resolution limit of
0.025 nmor 12 GHz (50 peV).

To probe narrower linewidths, we use a SFPI with a resolution
of 56 MHz. With this spectral resolution, we can clearly see the
fluctuations in energy and linewidth both between and within
shots, as shown by the distributions in Figs. 2(d)-2(i). A shot is
defined as a single pulsed condensate created by the quasi-CW
excitation pulse and an example measurement is shown in the left
inset of Fig. 2(c). Care is taken in analyzing the spectral profiles
due to the long timescale of the measurement (> 1077 s) relative
to the coherence time (1077 s). In most cases, the measured spec-
trum is symmetric and can be fitted to a Lorentzian, such as in
Fig. 1(d), representing situations where the optical spectrum did
not substantially change during the measurement.

The resulting distributions of measured linewidths are pre-
sented in Fig. 2(c) using a box plot to simultaneously show
the asymmetry and spread of the data. The plot clearly shows
that the linewidth continues to narrow as the excitation power
is increased. For P /Py > 1.2, the linewidths plateau to a
median of ~ 100 MHz up to the maximum excitation power
of Prax/ P =~ 1.8. This trend is accompanied by a narrowing of
the spread of the shot-to-shot variations of the linewidth, down
to a standard deviation of Af,, =8 MHz, as shown in Fig. 2(g).
The latter suggests that the linewidth is becoming less sensitive
to fluctuations at higher excitation powers. As shown in the next
section, the same trend persists as we change other parameters
of the trap that have a direct effect on the overlap of the conden-
sate and the reservoir. Note that close to the maximum power of
P/ Py, = 1.8, the distributions of linewidths are relatively symmet-
ric [see Fig. 2(f)] and the fluctuation in linewidth is not correlated
to the fluctuation in energy [see Fig. 2(i)].

We highlight that many shots have resolution-limited
linewidths, shown by the lower whiskers of the box plots reach-
ing the resolution limit (dashed horizontal line) in Fig. 2(c). This
is also supported by the asymmetric distribution of the linewidths,
which are truncated by the resolution limit, e.g., see Fig. 2(e).
This suggests that the actual linewidth in some shots could go well
below 50 MHz or a coherence time ., towards 10s of ns. This
possibility will be further explored in future experiments using a
higher-resolution SFPI or other interferometric techniques, such
as delayed self-heterodyne detection [42].

4. DEPENDENCE ON TRAP PARAMETERS

We change the parameters of the excitation profile [see Fig. 1(a)],
and hence the 7z (x, y) distribution, to probe how the different
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terms in Eq. (3) affect the linewidth. This effectively changes the
relative strengths of the different terms in the equation.

We first tune the inner offset Ay while keeping all other param-
eters of the excitation profile fixed (see Supplement 1 for more
details). This offset is proportional to the third term (Vo = gr.072r)
in Eq. (3) and will not strongly affect the other terms. Hence, this
measurement directly probes the influence of the reservoir on the
polariton laser linewidth. The dependence of the linewidth on Hj
at the maximum excitation laser power is presented in Fig. 3(a).
Interestingly, the offset does not significantly affect the linewidth
(~100 MHz) until a certain value, at which the linewidth drasti-
cally broadens to ~1 GHz. Note that increasing Hj also increases
the excitation power P. However, the observed dependence on
H is the reverse of the P/ Py, dependence observed in Fig. 2(c),
where the linewidth drastically decreases with P. This is because
changing Hj unavoidably changes Py,.

To compare the results on an equal footing, we scanned P for
different offsets Hj to determine Py, and the results are presented
in Fig. 3(b) using the normalized excitation power P/Py. The
trend clearly shows a general behavior consistent across differ-
ent offsets: the linewidth narrows with increasing P /Py and
plateaus to ~100 MHz at P/ Py, > 1.2. It now matches the power
dependence in Fig. 2(c). However, larger offsets tend to have larger
linewidths at the same normalized excitation power, especially
for P/ Py < 1.2. In addition, the linewidth variations, AZ,,
shown in Fig. 3(c), decrease and plateau in a similar manner but
at P/ Py, > 1.5. These findings strongly suggest that the overlap
between the excitonic reservoir and condensate only plays a signifi-
cant role in linewidth broadening near the condensation threshold,
i.e., for P < 1.2 Py,. At higher excitation powers, the trend is the
same regardless of the trap offset (at least within our spectral res-
olution), and the linewidth is robust against power fluctuations.
This could be due to the hole-burning effect [27,43] that results
in lower than expected trap offsets Hj at higher excitation powers,
regardless of the excitation offset Hj.

Note that tuning Hy/H towards large values also allows us
to probe the interplay between trapping and localization by gain
[13], since the trapping becomes less effective for large offsets
(Hy/ H > 0.45) such that an “untrapped” condensate [20] can
form at Hy/H — 1. In previous experiments [18], untrapped
condensates tend to have order-of-magnitude larger linewidths
(short coherence times) than trapped ones. Hence, the significantly
large linewidths observed for large offsets (Hy/ H > 0.45) can be
also be attributed to the increased role of gain [13].

We also tune the inner diameter D of the trap while fixing the
excitation intensity, the wall width W, and inner offset (Hy = 0).
Note, however, that the parameter H, which is proportional to
the potential height, changes with D since the amplitude mask
will sample different radial distances from the center of the input
Gaussian beam [see Fig. 3(d) inset]. Changing D will mainly affect
7o in Eq. (3), since the confinement energy is inversely propor-
tional to the trap area. The change will also affect 7z ¢ but this
effect will only be strong when D is small, i.e., when the center of
the trap is closer to the walls. In both cases, we expect the energy
fluctuation to be stronger, and hence linewidths broader, for
smaller D.

The measured linewidths are presented in Fig. 3(d) for different
trap diameters. The plot clearly shows a non-monotonic behavior.
Atsmall D (<8 pm), the median and the spread of the measured
linewidths are quite large (~1 GHz), as expected. Increasing D
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(d) show how the excitation profile changes as H; and D are tuned, respectively.

drastically narrows down the median linewidth to <100 MHz
and then slowly broadens it again to around 250 MHz. The spread
in measured linewidths behave in a similar manner, as shown in
Fig. 3(e).

The non-monotonic behavior arises from the unavoidable
change of the excitation power P and condensation threshold Py,
as D is varied. The normalized excitation power P/ Py, plotted as
orange dots in Fig. 3(d), clearly shows the same (albeit inverted)
non-monotonic behavior. This provides further evidence that the
linewidth tends to broaden close to threshold. However, for the
same P/ Py, smaller traps tend to have larger median linewidths
[see Fig. 3(f)]. For example, for the similar ratio of P/ Py =~ 1.1,
the condensate in the 6-pm trap has a median ¢, &~ 1GHz, which
is an order of magnitude larger than that in the 16-pm trap. This
behavior is similar to Fig. 3(b), further suggesting that the over-
lap with the reservoir, which is large for smaller traps, strongly
broadens the linewidth at excitation powers close to threshold.

In addition to changing Py, increasing the trap size can pro-
mote multi-mode behavior due to increased occupation of the
excited states as the level spacing decreases. Spontaneous emission
into these states effectively results in additional noise to the lasing
mode (the ground state) [13], which can contribute to the observed
broadening for D > 12 pm.

5. FLUCTUATIONS AND TIMESCALE ANALYSIS

Finally, we analyze the fluctuation in the condensate energy £ and
its relation to the measured linewidth £,. Fluctuation in energy
leads to linewidth broadening, but the energy fluctuation and
linewidth measurements occur at different timescales. It takes
about 2.5 ms to scan over a single FSR or to measure any energy
shift, but it only takes <50 Ws to scan over a single narrow spectral
peak. Hence, we can probe effects of slow and fast noise by probing
the fluctuation in £ and the linewidth, respectively.

We first look at the slow fluctuation by analyzing the distri-
bution of the energy shifts, such as the one shown in Fig. 2(h),
exhibiting a mean shift of ~ 1.0 GHz. The mean shift can arise
from aslow increase in excitation power within the 8-ms quasi-CW
pulse due to a slow increase in AOM efficiency after turning on.
Heating of the sample due to the excitation laser can also contrib-
ute, but would result in a redshift instead of the blueshift observed
here.

The fluctuation above the mean energy shift, quantified by
the standard deviation AE, is AE = 0.64 GHz within the shot
(every 2.5 ms) and AE =0.80 GHz from shot to shot (every
800 ms), for the dataset in Fig. 2(h). The former is generally smaller
than the latter such that for each power in Fig. 2(c) the average is
around AE ~ 1.0 GHz and AE ~ 1.6 GHz, respectively. This
means that there is less energy drift (or less fluctuation) on the ms
timescale compared to longer timescale. Furthermore, the energy
fluctuation does not have a strong dependence on the excitation
power, trap offset, and ring diameter (see Supplement 1 for the
relevant plots).

Assuming the excitation power is the only source of noise, we
can estimate the equivalent fluctuations in P responsible for the
observed energy fluctuation using the slope of the linear fits on the
experimental E£(P) in Fig. 2(b). Fluctuations of AE ~ 1 GHz
correspond to power fluctuations of 22% and 4% for P/ Py, < 1.3
and P/ Py, > 1.3 in Fig. 2(b), respectively. The latter is comparable
to the measured intensity fluctuations of the laser in this timescale.
The former is quite large and can arise from the other sources of
technical noise such as SLM flicker, air currents, and mechanical
vibrations of the cryostat, which can all lead to large intensity
modulation and shifts the excitation spot on the sample. The
latter can change the excitation profile and the polariton detuning
resulting in changing P, and polariton energy Ey [see Eq. (3)],
cumulatively changing the condensate energy £ even if the input
power P is the same. An active feedback can be implemented using
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Fig. 4. Effect of external modulation on the linewidth measurement.
(a) Spectral profiles and (b) effective linewidths measured for increas-
ing strengths of 1-MHz sinusoidal modulation. (c) Spectral profile
and (d) effective linewidths measured for increasing strength of added
Gaussian noise. (e) E-£, correlation for smallest trap size in Fig. 3.

the AOM to modulate the excitation intensity to minimize the
energy drift at these timescales.

To probe the faster timescales (< 107%s), we analyze the
linewidth by intentionally modulating the excitation laser intensity
using the AOM to externally introduce controllable fluctuations.
Sample spectra are presented in Fig. 4(a) for different amplitudes
ofa 1-MHz sinusoidal modulation. The results for low frequencies
are presented in the Supplement 1. The lineshape of the spectra
is clearly affected by the added modulation such that it deviates
from a Lorentzian to a flat-top and eventually towards a two-peak
profile. We define the effective linewidth using the FWHM of
the spectra and their dependence on the modulation strength
is presented in Fig. 4(b), clearly showing the broadening of the
spectra with increasing modulation strength. This suggests that if
fast modulations in P or in the reservoir density are present, they
naturally lead to broadening of the linewidth.

We also introduce Gaussian noise to the laser intensity to emu-
late realistic random noise across all frequency ranges (at least those
allowed by the AOM). The sample spectra and the modulation
amplitude dependence are presented in Figs. 4(c) and 4(d), respec-
tively. Instead of flat-top-like spectra, random fine peaks appear in
the spectra as the modulation strength is increased. Note, however,
that the “envelope” over these peaks resembles a more Gaussian-
like distribution, e.g., around 0.14%. Below 0.05% peak-to-peak
random noise, the measured linewidth remains the same as in the
non-modulated case. This puts an upper limit (of approximately
the same level) of noise that may exist in the experiment.

Finally, we demonstrate the extreme sensitivity of the linewidth
on small shot-to-shot fluctuations in energy E or power P close to
the threshold. The simultaneous energy and linewidth measure-
ments taken from single quasi-CW pulses of the condensate are
plotted in Fig. 4(e) for the experimental conditions corresponding
to the 6-um trap in Fig. 3(d), which has an average P/ Py, ~ 1.1.
The plot clearly shows that if the energy blueshifts by a small
amount ~1 GHz, the linewidth narrows by an order of magnitude.
This means that the large measured fluctuations in linewidth AZ,
close to the threshold are due to this extreme sensitivity. At higher
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P/ Py, when the linewidth plateaus, the £ — ¢, correlation van-
ishes [see, for example, Fig. 2(i)] and the measured A¢, reflects the
uncorrelated fluctuations in linewidth.

6. DISCUSSION

We presented precise linewidth and energy shift measurements of
the laser emission from an optically trapped single-mode polariton
condensate using a scanning Fabry—Pérot interferometer. We
found three general behaviors regarding the linewidth. First, the
linewidth drastically narrows with increasing excitation power
and plateaus to a median of ¢, <100 MHz (measured within
50 wps) for P /Py > 1.2. This behavior is independent of the
overlap with the reservoir, as confirmed by increasing either the
trap offset or the trap size, as long as the condensate is trapped.
Second, the reservoir only strongly affects the linewidth at excita-
tion powers close to threshold (P / Py, < 1.2), where larger overlap
leads to larger linewidths. Third, the fluctuations in the measured
linewidth decrease with excitation power down to A, =8 MHz
at P/ Py, ~ 1.8. Hence, to optimize the linewidth, the normal-
ized excitation power should be increased beyond P /Py, > 1.2,
followed by reduction of the overlap of the condensate with the
reservoir.

To compare our results with previous works, we converted the
reported coherence times to linewidths using Egs. (1) and (2).
The narrowest linewidth we measured (£, =56 MHz) is four
times narrower than the previous record [18], but note that the
latter was only extrapolated from a limited dataset. In terms of
coherence time, the Lorentzian lineshape in our case translates to
Teoh = 1/, = 5.7 ns, which is twice longer than in Ref. [18].
The comparison with other reported values [16-18,22,24,25] of
coherence time and linewidths are tabulated in Supplement 1.

We can also compare the linewidth of the polariton laser to that
of vertical cavity surface emitting photonic lasers (VCSELs), which
share the same sample structure but are not affected by particle
interactions. Our linewidth is on par with the state-of-the-art
single-mode VCSELs (50 MHz) [44,45], despite the presence of
strong nonlinearity in polariton lasers. Better design, such as in
multi-mirror VCSELs [45], as well as electrical injection of carriers
[46,47], can further narrow the linewidth.

We expect the true linewidth of our polariton laser to be less
than 50 MHz, beyond the resolution limit in our experiment, as
evidenced by the skewed distribution in Fig. 2(f) and the low-
amplitude external modulation measurements in Fig. 4. This
will signify the coherence time up to the order of 10-100s of ns,
paving the way for coherent manipulation of condensates at exper-
imentally accessible timescales, for example, in realizing quantum
computations with polariton qubits [48]. Increasing the linewidth
resolution using either a higher-resolution SFPI or other interfer-
ometric techniques [42] will be essential in finding the optimum
excitation conditions [12] for obtaining the narrowest linewidth
and the longest coherence times.

Note that the case of higher excitation powers (P / Py, > 2) still
needs to be examined. Theory predicts the linewidth to broaden
again at high excitation power due to self-interaction and fluctu-
ations in particle number [12,49]. This is supported by multiple
experiments where linewidths broaden at high excitation powers
above threshold [3,4,6,17,26]. However, a motional narrowing
of the linewidth, which can occur when the fluctuations are much
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faster than the coherence time, is predicted to occur at high excita-
tion powers [14]. This may occur at an intermediate pump power
regime, which we currently do not have access to.

Our work provides valuable experimental insights into the spec-
tral properties of the polariton laser emission and the condensate
itself. We clearly observe energy fluctuations AE on the order
of 1 GHz on timescales greater than 107 s, independent of the
experimental conditions. This drift can be minimized or controlled
via active feedback using the AOM, similar to atomic condensates
[2]. Faster feedback towards the GHz regime using an electro-optic
modulator may result in an even smaller linewidth. Electrical
injection [46,47] of polariton lasers can provide a suppression of
the large A E at low frequencies since the pump and the cavity are
embedded in one chip. However, it may also introduce a new set of
noise. Further research in this area would be valuable.

Furthermore, our work sets the ground for experimentally
probing the role of interparticle interactions on the decoherence
of polariton condensates [2,13,14]. With our set of experimen-
tal parameters, we did not observe any clear transition from
Lorentzian to Gaussian spectral distributions, predicted for
stronger interactions [2], suggesting that the interaction energy is
too weak to observe this effect (due to the small excitonic fraction
of | X|? = 0.13). We expect this transition to be revealed by per-
forming similar experiments that combine excitation power series
and increasing excitonic fraction, with additional measurements of
the absolute value and noise strength of the number of polaritons
[13]. This will be the subject of our future work.
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