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Gain and loss modulation are ubiquitous in nature. An exceptional point arises15

when both the eigenvectors and eigenvalues coalesce, which in a physical system can16

be achieved by engineering the gain and loss coefficients, leading to a wide variety of17

counter-intuitive phenomena. In this work we demonstrate the existence of an excep-18

tional point in an exciton polariton condensate in a double-well potential. Remarkably,19

near the exceptional point, the polariton condensate localized in one potential well can20

be switched off by an additional optical excitation in the other well with very low21

(far below threshold) laser power which surprisingly induces additional loss into the22

system. Increasing the power of the additional laser leads to a situation in which gain23

dominates in both wells again, such that the polaritons re-condense with almost the24

same density in the two potential wells. Our results offer a simple way to optically25

manipulate the polariton condensation process in a double-well potential structure. Ex-26

tending such configuration to complex potential well lattices offers exciting prospects27

to explore high-order exceptional points and non-Hermitian topological photonics in a28

non-equilibrium many-body system.29

Effective Hamiltonians of non-Hermitian nature play a30

crucial role in our understanding of a plethora of modern31

physical systems [1, 2]. This is in spite of the underlying32

common principle that in quantum mechanical systems33

Hermiticity is required to keep a real-valued spectrum34

of eigenvalues. Complex eigenvalues generally appear in35

systems governed by non-Hermitian Hamiltonians. How-36

ever, Bender et.al. [3] observed that under one special37

condition systems can still sustain a real-valued energy38

spectrum. That is if the Hamiltonian commutes with the39

PT operator, where P and T are the parity and time-40

reversal operator, respectively. In recent years photonic41

platforms are widely employed to study PT symmetry42

in view of the fact that the refractive index distribution43

can be judiciously engineered, that is, the real part of44

the refractive index can be tailored to be an even func-45

tion whereas the imaginary part remains an odd function46

such that PT symmetry can be fulfilled. A striking phase47

transition can occur at a point in parameter space (the48

symmetry breaking point or exceptional point) where the49

real eigenvalues become complex-valued. This transi-50

tion can be induced by modulation of the real or imagi-51

nary components of the external potential in the effective52
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Hamiltonian. Near this exceptional point, a large vari-53

ety of counter-intuitive phenomena has been reported,54

for example, PT symmetric synthetic lattices [4] or mi-55

crocavities [5], single mode [6, 7] and vortex lasing [8] in56

a ring cavity, unidirectional light propagation in a waveg-57

uide [9], suppression and revival of lasing due to loss in58

coupled whispering-gallery-mode microcavities [10], im-59

proved sensitivity in single or coupled resonators [11, 12],60

optical isolation in PT symmetric microcavities [13], for-61

mation of an exceptional ring in a photonic crystal [14],62

and an enhanced linewidth of a phonon laser mode at the63

exceptional point [15]. In contrast to regular laser oper-64

ation, a non-Hermitian system can behave surprisingly65

near the exceptional point where changes in gain can66

shut down or re-excite lasing as demonstrated in coupled67

resonators [16–18]. Approaching the exceptional points68

in these works is achieved using asymmetrical pumping69

schemes.70

Exciton polaritons form as hybrid particles from ex-71

citons in a quantum well that strongly couple with the72

photon mode of a planar optical resonator. In an excita-73

tion regime where polaritons behave like bosonic quasi-74

particles, they can experience condensation and show75

spontaneous macroscopic coherence under non-resonant76

excitation [20–22], as shown in Fig. 1(a). Thanks to77

the spontaneous decay of photons from the microcavity,78

polariton systems are inherently driven-dissipative in na-79
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FIG. 1. Excitation configuration. Schematics of polari-
ton condensation process in the planar microcavity (a) and
the structure of a built-in double-well potential (b) which is
pumped by two independent non-resonant laser beams.

ture and as such provide an excellent platform to study80

PT symmetry [23] and non-Hermitian physics. In our81

previous works [24, 25] we demonstrated that the po-82

lariton condensate wavefunction and energy distribution83

can be strongly modified by the gain and loss coefficients84

in an optical billiard. Also in an exciton polariton sys-85

tem in coupled microresonators the influence of pump86

asymmetry was explored and it was demonstrated that87

relaxation kinetics plays a crucial role in the condensa-88

tion process [19]. Polariton dimers also offer a platform89

to study polariton-polariton nonlinear interactions with90

Josephson oscillations, quantum self trapping [26], inter-91

play of interference and nonlinearity [27], and bistability92

[28]. However, the existence of an exceptional point and93

its role for the polariton condensation was not demon-94

strated or discussed in such structures.95

In the present work we utilize a particularly simple96

and robust double-well potential structure with slightly97

asymmetric sites as sketched in [Fig. 1(b)](the details98

of the sample can be seen in the experimental section).99

We show that for non-resonant optical excitation polari-100

ton condensates can be loaded into the double-well in a101

controlled manner , and demonstrate that an exceptional102

point can be realized and explored in detail varying the103

optical excitation parameters. In our experiment, we use104

two independent non-resonant pumping lasers to sepa-105

rately excite the two potential wells and find that the106

polariton condensation in one potential well can be al-107

tered dramatically and even shut down completely by108

only controlling the pump intensity on the adjacent po-109

tential well (in this case the double-well potential system110

as a whole thus falls below the condensation threshold).111

The reason is that varying the pump intensity on one112

of the potential wells changes the coupling of them, giv-113

ing rise to the appearance of an exceptional point which114

results in substantial redistribution of the modes and re-115

duced effective gain for polaritons in the coupled wells.116

With further increasing the pump intensity on the adja-117

cent well, the polariton dimer starts condensation again118

as the system is tuned away from the exceptional point119

and bifurcates into two modes, antibonding and bonding.120

FIG. 2. Eigenenergies of a two-level non-Hermitian
Hamiltonian near an exceptional point. (a) Real and
(b) imaginary parts of the eigenenergy in a two dimensional
parameter space, where ∆γ = Γ1 − Γ2, ∆E= E1 − E2. Re-
lations between the (c) real and (d) imaginary parts of the
eigenenergy with ∆γ along the route ∆E = 0 highlighted in
(a) and (b). The arrow indicates the decrease of ∆γ. The
exceptional point appears at ∆γ = J .

Our results show that the exceptional point can be eas-121

ily tailored in such kind of macroscopic quantum system122

and our work can be systematically extended to 1D or123

2D lattices to investigate anomalous edge modes based124

on polariton condensates [29, 30].125

Results126

Theory of non-hermitian degeneracy127

In theory, the Hamiltonian of a two-level non-128

Hermitian system like a coupled polariton dimer trapped129

in two potential wells 1 and 2 can be expressed as follows:130

H =

[

E1 + iΓ1 J/2
J∗/2 E2 + iΓ2

]

(1)

where E1(Γ1) and E2(Γ2) correspond to the real (imagi-131

nary) part of the polariton energies in the two potential132

wells, J is the coupling strength between the two wells.133

The eigenenergies of the Hamiltonian are E± = (E1 +134

E2 + iΓ1 + iΓ2)/2 ±
√

(J2 + [E1 − E2 + iΓ1 − iΓ2]2)/2.135

The dependence of the real and imaginary parts of the136

eigenenergies on ∆E = E1 − E2 and ∆γ = Γ1 − Γ2 are137

shown in Figs. 2(a) and 2(b). We introduce asymmetric138

pumping of the polariton dimer by sequentially excit-139

ing the two potential wells: the potential well 1 is ex-140

cited above the threshold, then the pumping power of141

the potential well 2 is increased from zero. Before the142

system approaches the exceptional point with the differ-143

ence of the gain level of the two potential wells ∆γ > J144
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(the potential well 1 has a larger gain than 2) along the145

route at ∆E = 0 shown in Figs. 2(a) and 2(b), one of146

the two eigenstates of the above non-Hermitian Hamil-147

tonian lies above the condensation threshold with large148

gain [see the lower branch in Fig. 2(d)] and another is149

below the threshold with large loss rate [see the upper150

branch in Fig. 2(d)] [16]. When the pump power on151

the other potential well increases, the difference of the152

gain level diminishes as shown in Fig. 2(b) and (d) un-153

til ∆γ = J , thus approaches the exceptional point [18],154

where J2+[E1−E2+iΓ1−iΓ2]
2 = 0. In this case, the po-155

laritons feel a larger effective loss when the gain/loss ratio156

in the coupled wells approaches a critical value, which can157

leads to the already condensed polariton being switched158

off. As a consequence, the polariton dimer is below the159

threshold and the emission intensity is reduced greatly.160

When ∆γ decreases further, the system is pulled away161

from the exceptional point and the gain/loss contrast is162

reduced, thus the real parts of the eigenvalues of the sys-163

tem are repelled away from each other [see the bifurcation164

in Fig. 2(c)] and finally the polariton dimer can conden-165

sate again. The switching off of the polariton dimer can166

also occur when E1 6= E2 where the anticrossing of the167

eigenenergy of the system will appear [16–18].168

Experimental realization169

In the experiment, we use a microcavity which contains170

12 GaAs quantum wells in the cavity with the Rabi split-171

ting of around 9.2 meV and is cooled down at around 4172

K. The two potential wells with the distance of around 5173

µm [see the sketch in Fig. 1 (b)] are formed unintention-174

ally during the growth process due to some defects which175

induce loss into the system. Such kind of potential wells176

can also be tailored with microstructuring mesas into the177

planar microcavity. From the measurement taken un-178

der low pumping power at the potential wells and planar179

microcavity (shown in the Supplemental Materials), we180

find the potential depth of the two potential wells are181

1.46 meV and 1.30 meV, respectively, as demonstrated182

in Fig. S1 (b) and (c). This double-well is chosen which183

allows for realizing equal energy distribution in the two184

potential sites with deep well above threshold and shallow185

well below threshold, and polaritons in the system expe-186

rience large gain level difference. All the experiments are187

taken using a CW laser (wavelength: 750 nm) and the188

laser beam is chopped with a mechanical chopper with189

the duty circle of 5% to reduce heating.190

Firstly we focus the first laser beam onto the potential191

well 1 with the spot size of around 2 µm. At the pump192

density of around 0.45 MW/cm2 (∼ 1.2P 1
th
, where P 1

th
193

is the condensation threshold of the potential well 1),194

the polaritons condense and are mainly located in the195

driven potential well 1 [see Fig. 3 (b)] with the energy of196

1.5056 eV (the data showing the polariton condensation197
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FIG. 3. Switching off exciton polariton condensates.
(a) The emission intensity of the polariton molecule as the
function of the pumping intensity of the potential well 2 with
the potential well 1 being continuously excited. The real space
distribution of polaritons is taken at the pump densities of
0.006MW/cm2 (b), 0.048MW/cm2 (c), and 0.115MW/cm2

(d) of the second laser beam. (e-g) Time-integrated density
profiles of the polariton condensates from numerical simu-
lations at P1 =12 µm−2 ps−1 and different P2: (e) P2 =
0 µm−2 ps−1, (f) P2 = 5 µm−2 ps−1, and (g) P2 = 15
µm−2 ps−1. Note that the density profiles in the experiment
(b-d) and in the simulation (e-g) have different orientations.

can be seen in Fig. S2 of the SM). Under quasi-resonant198

pumping, similar localization of exciton polaritons in a199

photonic dimer due to quantum self localization was ob-200

served in [26], and polaritons can be localized or delocal-201

ized in a photonic dimer [28] due to the interplay between202

the nonlinear interactions and interference when the laser203

energy is tuned across the antibonding/bonding modes.204

In the following, the second potential well 2 is excited205

using another laser beam with the same wavelength and206

spot size, during which the pumping flux of the poten-207

tial well 1 is fixed at around 1.2 P 1
th
. We monitor the208

emission of the polariton dimer by gradually increasing209

the pump density of the second laser beam from zero210

to above the threshold P 2
th

(here P 2
th

=0.4 MW/cm2 is211

the threshold of the condensation in the potential well212

2). Surprisingly, the intensity of the polariton dimer de-213

creases dramatically to nearly zero (Fig. 3 (a) and (c))214

then increases again with the symmetric emission pattern215

appearing across the coupled potential wells, as shown in216

Fig. 3 (d). It is worth noting that the above results in217

Fig. 3 are reversible, i.e., when we gradually reduce the218

power of the second laser, the polariton dimer shows the219
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same behavior at the same pump power.220

To check whether an exceptional point exists or not221

in the polariton dimer, we measure both the energy lev-222

els (real and imaginary parts) and the real space distri-223

bution of different polariton modes as the power of the224

second laser beam varies. Thanks to the coupling and225

the potential depth difference in the system, the polari-226

ton double-well potential can be tuned to the vicinity of227

the exceptional point by varying the pump power of the228

second laser beam. When the pump density of the poten-229

tial well 2 is smaller than 0.032 MW/cm2, there are two230

states whose energy share the same real part but different231

imaginary parts, as shown in Fig. 4. The total emission232

of the polariton dimer is mainly located in the potential233

well 1. At higher pumping density of the potential well 2,234

the polariton condensate is switched off and the coupled235

wells are below the threshold, which can be seen from236

the dispersion taken in the switching off regime in Fig.237

S3 of the SM, thus the emitted light intensity is greatly238

reduced. When the pump power density of the poten-239

tial well 2 is larger than 0.115 MW/cm2, the emission240

intensity of the polariton dimer increases sharply and we241

can find two states: the antibonding mode and bonding242

mode, as shown in the inserts in Fig. 4 (a). The inten-243

sity of the mode with larger energy is much larger than244

another state thus dominates the total emission pattern245

(Fig. 3 (d)). The energy difference between these two246

states increases with the power of the second laser beam247

(Fig. 4 (a)) and the intensity of the lower-energy state248

grows faster. At the same time, the linewidths of the249

two modes are around the same [Fig. 4 (b)]. Hence,250

the clear bifurcations of the eigenenergies of the coupled251

condensates shown in Fig. 4 are consistent with the the-252

oretical prediction in Fig. 2 (c,d), evidencing the exis-253

tence of an exceptional point. In this scenario, the pump254

power of the second laser beam (the gain level difference255

between the two potential wells) acts as one parameter256

(∆γ) in the two dimensional parameter space in Fig. 2,257

which switches off the polariton condensate due to the258

substantial modification of the condensate wavefunction259

near the exceptional point. Under higher power of the260

second laser, the system approaches symmetric pump-261

ing, the emission of the polariton dimer becomes mainly262

localized at each potential site. In the coupled classical263

laser systems, we note that the appearance of two modes264

after switching off the coupled lasers or not also depends265

on the modal cross-saturation or spatial hole burning ef-266

fect [16].267

If the pump power of the potential well 1 is increased,268

the polariton condensate can be partly switched off by269

repeating above experimental steps. For example, if the270

pump density of the potential well 1 is kept at around271

2 P 1
th
, the second laser can reduce the emission intensity272

at potential well 1 by about 40% at the pump density273

of 0.064 MW/cm2 then enhance the intensity afterwards274

(see Fig. S5 in the SM). During this process, the emission275
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FIG. 4. Demonstration of the exceptional point. The
real (a) and imaginary (b) part of the polariton energy of the
coupled wells as the function of the pumping intensity of the
potential well 2. The inserted graphs in (a) correspond to
the real space imaging of the eigenmodes at several pumping
intensities where the bottom ones are multiplied by 3 times,
0.2 times, 0.5 times respectively. The dashed regions show
the switching off region.

intensity evolves from asymmetric to symmetric pattern.276

The coupled lasers can also be switched off when the277

frequencies of the two resonators is different [16–18]. If278

we swap the two potential wells, that is, the potential well279

2 is pumped above its threshold firstly and the pumping280

flux of potential well 1 is varied. In this configuration,281

the real parts of the polariton energy of the two potential282

wells are not the same due to the difference of the po-283

tential depths, however, the switching off polariton con-284

densate can still be observed (see Fig.S6 in the SM). It285

means that in this case, the system experiences an anti-286

crossing along a different route, instead of ∆E = 0, in287

Fig. 2(a,b).288
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Numerical analysis289

We numerically mimic the dynamics of the polariton290

condensate in our experiments by applying the extended291

Gross-Pitaevskii equation with loss and gain [31]:292

i~
∂Ψ(r, t)

∂t
=

[

−
~
2

2meff

∇2
⊥ − i~

γc
2

+ gc|Ψ(r, t)|2

+

(

gr + i~
R

2

)

n(r, t) + V (r)

]

Ψ(r, t),

(2)

Here, Ψ(r, t) is the polariton wavefunction, meff denotes293

the effective mass of polaritons in the vicinity of the bot-294

tom of the lower polariton branch, γc is the polariton295

loss rate, gc represents the polariton-polariton interac-296

tion, and gr represents the polariton-reservoir interac-297

tion. The reservoir n is incoherent and provides the gain298

for the condensate with a rate R. It obeys the following299

equation of motion:300

∂n(r, t)

∂t
=

[

−γr −R|Ψ(r, t)|2
]

n(r, t) + P (r) . (3)

Here, γr is the loss rate of the reservoir and P (r) repre-301

sents the two non-resonant pumps with Gaussian distri-302

bution, i.e.,303

P (x, y) = P1e
−

(x−x1)2+y2

w2 + P2e
−

(x−x2)2+y2

w2 , (4)

with pump intensity P1 and P2 and pump width w. The304

two pumps are placed at x1 and x2, respectively. The305

double-well potential V (r) takes the following form:306

V (x, y) = V1e
−

(

(x−x1)2+y2

W2

)2

+ V2e
−

(

(x−x2)2+y2

W2

)2

. (5)

Here, V1 and V2 are the depths of the potential well 1 and307

2, respectively, andW indicates the size of each well. The308

parameters used for numerical modeling are summarized309

in [32]. We fix the intensity of pump 1 that excites po-310

tential well 1 with P1 = 12 µm−2 ps−1 (∼ 1.2 P 1
th
) and311

gradually increase the other pump intensity P2 in poten-312

tial well 2, i.e., numerically repeating the experimental313

excitation process presented in Fig. 3(a-d). The numeri-314

cal results are shown in Fig. 3(e-g) (here the density pro-315

files are integrated over time to match the experimental316

measurements) and are in very good agreement with the317

experimental results in Fig. 3(b-d).318

Discussion319

We note that the exciton polariton condensate in the320

polariton dimer can not be switched off under uniform321

pumping where the emission intensity continuously in-322

creases with the pumping flux, as shown in Fig. S7 of323

the SM. In this case the gain and loss coefficient of the324

two potential wells are modulated simultaneously. In ad-325

dition, as we also find in our numerical simulations, the326

coupling between the two potential wells plays a critical327

role in the switching off process, which can not be ob-328

served if we use two tightly focused laser spots to excite329

a simple planar microcavity (see Fig. S8 in the SM).330

To summarize, the counter-intuitive results reported331

in the present work are rooted in the optically induced332

gain and loss modulation near an exceptional point in a333

polariton dimer. We demonstrate that this can be used334

to efficiently control the polariton condensation process335

and explore the role of the exceptional point in detail.336

Switching off the polariton condensate with increasing337

total pump power can also be used to investigate further338

the bistability or multistability [33] in the non-Hermitian339

double-well potentials if the detuning between the exci-340

tons and cavity mode are tuned to be more positive. If341

the polariton condensate were loaded in multiple cou-342

pled potential wells, high-order exceptional points could343

be explored where the polariton energy is very sensitive344

against the perturbation[11, 12]. For the future, we also345

envision that novel edge modes based on polariton con-346

densates can be created in 1D or 2D potential lattices347

when the gain and loss coefficients are modulated simi-348

larly to the demonstration in the present work [29, 30].349
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Figures

Figure 1

Excitation con guration. Schematics of polari- ton condensation process in the planar microcavity (a) and
the structure of a built-in double-well potential (b) which is pumped by two independent non-resonant
laser beams.



Figure 2

Eigenenergies of a two-level non-Hermitian Hamiltonian near an exceptional point. (a) Real and (b)
imaginary parts of the eigenenergy in a two dimensional parameter space, where ∆γ = Γ1 − Γ2, ∆E= E1 −
E2. Re-lations between the (c) real and (d) imaginary parts of the eigenenergy with ∆γ along the route ∆E =
0 highlighted in (a) and (b). The arrow indicates the decrease of ∆γ. The exceptional point appears at ∆γ =
J.



Figure 3

Switching off exciton polariton condensates.(a) The emission intensity of the polariton molecule as the
function of the pumping intensity of the potential well 2 with the potential well 1 being continuously
excited. The real space distribution of polaritons is taken at the pump densities of 0.006MW/cm2 (b),
0.048MW/cm2 (c), and 0.115MW/cm2 (d) of the second laser beam. (e-g) Time-integrated density
profiles of the polariton condensates from numerical simulations at P1 =12 µm−2 ps−1 and different P2:
(e) P2 = 0 µm−2 ps−1, (f) P2 = 5 µm−2 ps−1, and (g) P2 = 15 µm−2 ps−1. Note that the density profiles in
the experiment (b-d) and in the simulation (e-g) have different orientations.



Figure 4

Demonstration of the exceptional point. The real (a) and imaginary (b) part of the polariton energy of the
coupled wells as the function of the pumping intensity of the potential well 2. The inserted graphs in (a)
correspond to the real space imaging of the eigenmodes at several pumping intensities where the bottom
ones are multiplied by 3 times, 0.2 times, 0.5 times respectively. The dashed regions show the switching
off region.
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