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Controllable tuning of exciton polariton condensate flow in a waveguide by phase modulation
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Controllable particle flows play an important role in modern optics and photonics. Switching off photon flows
using optical methods is challenging to realize due to the limited ways to control photon interactions. Here, we
realize an exciton polariton condensate flow in a waveguide of a GaAs microcavity with a potential gradient
by using a tight pumping spot. Polariton condensate flow along the waveguide can be periodically switched off
and on globally by adding a second local small spot on the waveguide. Tuning the pumping density or position
induces a pump intensity and position-dependent potential barrier modulating the phase of the condensate by
a polariton-exciton interaction. This enables us to study the polariton condensation process in a waveguide by
phase modulation, which could find important applications in integrated photonic circuits and chips.
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I. INTRODUCTION

Modulating photon flow attracts significant attention be-
cause of the important role it plays in integrated photonic
circuits and chips [1–5]. Recently, controlling photon propa-
gation is realized in PT -symmetric photonic systems near the
exceptional point [6–11]. In addition, unidirectional photon
transport is shown in topological systems [12,13]. In these
photonic structures, photon flow can be modulated and routed
along particular directions by engineering specific structure
parameters, for example, gain and loss coefficients or the
coupling strength between the nearest lattice sites [14–18].
However, optically controlling photon flow, for example, the
photon propagation being switched off and on along a waveg-
uide using a purely optical control knob, is not easy to be
realized due to the limited tunability of the interaction be-
tween photons.

Exciton polaritons are hybrid light-matter quasiparticles,
created due to the strong coupling between an exciton and
a photon mode [19,20]. In microcavities, exciton polari-
ton Bose-Einstein condensation has been realized through
stimulated scattering at much higher temperatures than cold
atom condensates [21–24]. Importantly, such exciton polari-
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ton condensates can be efficiently controlled by optical means
[25–32]. For example, polaritons can be switched off in a
four-wave mixing experiment which relies on the resonant
injection of degenerate polaritons [33]. Switching off the po-
lariton condensate can also be realized in coupled potential
traps near an exceptional point [34]. In waveguide structures,
optical and electrical schemes have been employed to control
the flow of exciton polaritons [35–39]. Its implementation
typically hinges on the precise manipulation of the condensate
phase or gating, for example, by utilizing a potential barrier
formed by an exciton reservoir [40], or by resonant polaritons
[41]. However, the above works route or control only part of
the polaritons, and they cannot switch off the entire polariton
condensate along the waveguide. To entirely switch off the
polariton condensate flow in the photonic waveguide, phase
modulation with a different pumping configuration is needed.

In this work we realize a method to repeatedly (in a
periodic fashion) switch off and on an extended polariton
condensate flow across a one-dimensional waveguide. The
waveguide has a small potential gradient in the range of 200
µm, and we use two lasers with the same wavelength. The
first laser nonresonantly excites the polariton condensate flow
which propagates along the one-dimensional (1D) waveguide,
and the second laser injects an exciton reservoir at another
position which modulates the phase of the condensate, lead-
ing to periodic on and off switching of the entire polariton
condensate flow. Our work allows to investigate polariton con-
densate flow manipulation using direct optical means, which
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FIG. 1. Schematic graph of the waveguide within a microcavity
and the condensation phase modulation induced by the second pump
spot. (a) Schematic graph of a waveguide with a potential gradient.
(b) The gradient variation of the waveguide. (c) Real-space images
when only spot A excites the waveguide. (d) Real-space images when
spots B and A excite the waveguide. The distance between spots A
and B is 30 µm. (e), (f) The line profile of the mode shift on the (e)
left and (f) right side of pump spot A. The dashed boxes indicate the
selected area. Scale bars: 10 µm.

can find future applications in polariton integrated chips
and circuits.

II. THE GENERATION OF EXCITON POLARITON
CONDENSATE FLOW

We use a GaAs microcavity whose details can be found in
Ref. [34]. The microcavity is cooled in a cryostat at 6 K. A
waveguide with a width of around 5 µm and length of around
200 µm is formed unintentionally during the growth process
[Fig. 1(a)]. A potential gradient exists along the waveguide
due to the wedge design of the microcavity length. We mea-
sure the energy of the polariton modes below threshold along
the waveguide, which shows the potential gradient is around
5 × 10−3 meV/µm [Fig. 1(b)]. We split the cw pumping laser
whose wavelength is tuned to be around 760 nm into two
beams with a mechanical chopper (duty cycle: 5%) to reduce
the heating effect. The first arm excites the waveguide with
a pumping density of around 90 mW, which is around 1.2Pth

[the condensation process is shown in the Supplemental Ma-
terial (SM) [42]].

Generally, a polariton interference pattern can only appear
when a tight pumping spot excites the waveguide area close to
the end. In our experiment, although pumping spot A is in the
middle position of the waveguide, polaritons can propagate to
the two waveguide ends and are reflected backwards, owing
to the high quality of the microcavity. The reflected polaritons
interfere with the propagating polaritons, thus we observe a
periodic interference pattern along the waveguide. We note

that a bright emission lobe exists at the center of spot A,
which is due to the high energy of the polaritons which are
not confined between the energy barrier that results from the
local blueshift of pump spot A and the two waveguide ends,
as shown in the measured dispersion in SM [42]. This kind
of periodic polariton mode does not depend on the position of
pump spot A and can be reproduced almost anywhere along
the waveguide.

The polariton mode distribution is affected by the disorder
potentials or the inhomogeneity within the 1D waveguide. In
this case, the polariton intensity distribution or the lobe size is
not uniform. We measured the disorder potential distribution
using a large Gaussian spot with a width of around 40 µm to
excite the waveguide below threshold, where the eigenmodes
of the waveguide are shown in SM [42]. These random dis-
tributed disorder potentials are not consistent with the periodic
polariton interference pattern shown in Fig. 1(c).

III. THE PATTERN DISTRIBUTION OF PERIODIC
POLARITON MODE

The above polariton condensate flow along the waveguide
can be tuned by introducing a nonresonant tight pumping spot
B which can modulate the propagating polariton phase. The
phase difference of the polaritons across the energy barrier of
this second spot can be calculated by the formula [40]

δϕ = L

(√
2mEk

h̄
−

√
2m(Ek − V )

h̄

)
. (1)

In our case Ek is the kinetic energy of the polaritons, V =
V0 + kx is the potential barrier created by spot B where V0 is
the potential due to the exciton reservoir, k is the coefficient of
the potential gradient, x is the distance between the two spots,
and L is the width of the local potential barrier. In Ref. [40],
the local control beam induces phase modulation for one arm,
which thus affects the routing of the polariton condensate. In
our experiment, the injected polariton condensate transports
back and forth across the entire waveguide, where the second
pumping spot can induce the phase modulation nonlocally,
thus the emission intensity along the waveguide becomes
more sensitive to the appearance of the second spot.

Experimentally, pumping spot B is excited by a distance
of 30 µm away from spot A and a pumping density of 8
mW (0.11Pth). With the appearance of spot B, we find the
polariton interference pattern is tuned. The bright emission
lobes at the left and right side of pump spot A become dark
and vice versa [from Fig. 1(c) to Fig. 1(d)]; more clear data
of the intensity mode shift and phase modulation are shown in
the line profile plotted in Fig. 1(e) (left side of pumping spot
A) and Fig. 1(f) (right side of pumping spot A). This kind of
polariton mode tuning confirms the phase modulation results
from the tunneling through a potential barrier formed by the
injected local exciton reservoir from spot B. We note that
the phase modulation is not uniform across the waveguide,
which is due to the random disorder or inhomogeneity of
the waveguide. By further increasing the pumping density of
spot B to be 0.22Pth, which tunes the phase of the polariton
condensate such that destructive interference occurs across the
waveguide, the emission intensity is decreased to be around
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FIG. 2. Polariton condensation is switched off and on under different pumping densities of spot B. (a)–(d) Real-space images of polariton
condensation with different pumping densities of pump spot B (0.22Pth, 0.42Pth, 0.63Pth, and 0.75Pth, respectively), The distance between
the two pump spots is fixed at approximately 30 µm. (e)–(h) Theoretical intensity distribution along the waveguide with different pumping
densities of spot B. Scale bars: 10 µm.

8.8% [Fig. 2(a)]. Compared with Ref. [40] which tunes the
phase of one arm with another arm being unchanged, our re-
sults realize the modulation of the polaritons which propagate
along the entire waveguide, such that the emission intensity is
switched off by the second local spot.

IV. PERIODIC TUNING OF POLARITON PATTERNS
INDUCED BY THE SECOND PUMP

More importantly, the above polariton pattern de-
pends periodically on the pumping density of spot B. In
Figs. 2(a)–2(d) we plot the real-space images of the waveg-
uide as a function of the pumping densities of spot B (from
0.22Pth to 0.75Pth). Figure 2(b) clearly shows the polariton
modes across the waveguide appear again under a pumping
density of 0.42Pth with the same energy, plotted in the SM
[42]. Under a higher pumping density of spot B (0.63Pth), the
polariton condensate across the waveguide disappears and a
standing-wave pattern is observed between pumping spots A
and B [Fig. 2(c)]. We note that the bright emission lobe at the
center of pumping spot A becomes invisible when the polari-
ton standing-wave pattern appears with an energy smaller than
the polaritons distributed along the waveguide (the dispersion
is shown in SM [42]), indicating a potential barrier is built up
between spots A and B. Under a pumping density of around
0.75Pth of spot B, a polariton condensate along the waveguide
is formed again and the standing-wave pattern becomes more
pronounced [shown in Fig. 2(d)].

We simulate the above experimental results using a Gross-
Pitaevskii (GP) equation. To simplify the discussion, a two-
dimensional (2D) model is used which describes the polariton
distribution along a straight waveguide. In dimensionless form
the model reads

i
∂ψ

∂t
=

[
−1

2
� + V (x, y) + gc|ψ |2

+ i

2
(Rn − γc) + grn

]
ψ

∂n

∂t
= −(γr + R|ψ |2)n + P(x, y), (2)

where ψ := ψ (x, y, t ) is the wave function of the polariton
condensate, n := n(x, y, t ) represents the excitation reservoir
density, V (x, y) is the external potential, P(x, y) is the pump
density, and x and y are the spatial coordinates along the
waveguide. Details of the simulations are discussed in the SM
[42] (which includes Refs. [43,44]). The simulated intensity
distribution along the waveguide is shown in Figs. 2(e)–2(h).
When the pumping density of spot B increases to 0.20Pth, the
density of polaritons along the waveguide can be neglected,
as shown in Fig. 2(e). The polariton density increases along
the waveguide with a further enhancement of the pumping
density of spot B at 0.40Pth [Fig. 2(f)]. Under a pumping
density of spot B of 0.60Pth, a standing-wave mode appears
between the two spots. The emission intensity on the left side
of spot A [Fig. 2(g)], which corresponds to the part of the po-
lariton condensate extending across the waveguide, is greatly
reduced. Lastly, the polariton condensate extending across the
waveguide appears again under the largest pumping density
of spot B at 0.88Pth [Fig. 2(h)]. The simulated intensity along
the waveguide agrees very well with the experimental results
(there exists some difference between the pumping densities
of spot B with experiments, which is due to the fact that
the waveguide is not perfectly straight, and the width of the
waveguide is not constant). The 2D simulation model can
give the same mode distribution of the polariton modes, for
example, the lobe number and intensity.

The relative distance between spot B and spot A can
also create a periodic switching of the polariton condensate
along the waveguide. Figures 3(a)–3(c) show the periodic
dependence of the real-space images of the polariton con-
densate along the waveguide when the position of pumping
spot B (the pumping density of spot B is constant, around
0.5Pth) is farther away from spot A. Under a certain distance
between the two spots, the polariton condensate disappears
along the waveguide where the position-dependent potential
barrier V = V0 + kx created by spot B leads to destructive
interference. A theoretical simulation can reproduce experi-
mental results perfectly, as plotted in Figs. 3(d)–3(f).

In addition, the sign of the potential gradient along the
waveguide affects the above phase modulation depending on
the appearance of the second pumping spot. In the experiment,
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FIG. 3. Polariton condensation is switched off and on by changing the position of spot B. (a)–(c) Real-space images of polariton
condensation with different positions of pumping spot B. The pumping density of spot B is constant, around 0.5Pth, and the distances between
two pump spots are 37, 44, and 47 µm, respectively. (d)–(f) Theoretical intensity distribution along the waveguide by changing the position of
spot B. Scale bars: 10 µm.

we place another tight pumping spot C below threshold on the
left side of spot A. First, we fix the relative distance between
spots A and C to be 34 µm, and the pumping densities of
spots A and C to be around 1.2Pth and 0.58Pth, respectively
[Fig. 4(a)], where the condensate flow can be switched on.
Second, the polariton condensate flow along the waveguide is
switched off when the pumping density of spot C is increased
to 0.6Pth. Due to the smaller position-dependent potential kx
at the left side of spot A, a higher exciton reservoir potential

V0 is needed to tune the phase of the polariton condensate. In
this case, a higher pumping density of spot C has to be kept
[in the experiment the pumping density of spot C is needed
to be tuned to 0.60Pth, which is much larger than 0.22Pth of
spot B in Fig. 2(a)], and the potential barrier due to the local
blueshift of the exciton reservoir of spot C can sustain the
polariton standing-wave mode between the two spots. Thus
we can observe a polariton condensate along the waveguide
being switched off with the appearance of a standing-wave

FIG. 4. Polariton condensation is switched off and on with different pumping configurations of spot C. (a)–(d) Real-space images of
polariton condensation with different pumping densities of pump C (0.51Pth, 0.60Pth, 0.74Pth, and 0.90Pth, respectively), The distance between
the two pump spots is fixed at approximately 34 µm. (i)–(l) Real-space images of polariton condensation with different positions of pumping
spot C. The pumping density of spot C is constant, around 0.6Pth, and the distances between the two pump spots are 35, 40, 44, and 48 µm,
respectively. (e)–(h) Theoretical intensity distribution along the waveguide with different pumping densities of spot C. (m)–(p) Theoretical
intensity distribution by changing the position of spot C. Scale bars: 10 µm.
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pattern at the same time directly, as shown in Fig. 4(b). This
is different from Fig. 2(a). Further increasing the pumping
density of spot C leads to the periodic on and off switching of
the polariton condensate across the waveguide, with a higher
population of the polariton standing mode between the two
spots [Figs. 4(c) and 4(d)]. Similarly as the case between spots
A and B, a polariton condensate across the waveguide can also
be periodically switched off and on when the position of spot
B is varied along the waveguide, as plotted in Figs. 4(i)–4(l)
with a standing-wave mode built between the two spots. The
above experimental results can be reproduced perfectly by
the theoretical simulation, as shown in Figs. 4(e)–4(h) and
Figs. 4(m)–4(p).

On the contrary, the polariton emission intensity modula-
tion by the second tight spot will disappear when pumping
laser A is replaced by a large Gaussian spot above the thresh-
old where the polariton condensate created is trapped in the
disorder potential of the waveguide, as shown in SM [42].
In this case, the second spot cannot tune the phase of the
trapped polariton condensate and the emission intensity of
the waveguide always increases. This confirms the role of
the phase modulation to switch off the polariton condensate
across the waveguide.

V. CONCLUSION

To conclude, our work realizes the periodic off and on
switching of a polariton condensate across a waveguide using
two tightly focused pumping spots, inducing a phase modu-

lation through polariton-exciton interactions. The simulation
using the GP equations agrees well with the experimen-
tal results. Our work shows how to control the polariton
condensate using a simple optical method and can find appli-
cations in optoelectronic circuits based on exciton polariton
condensates.
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