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Exceptional points (EPs), universally present in non-Hermitian systems, often reveal some critical behaviors such as
topological encircling chirality and ultrahigh enhanced sensing near such singularities. However, most of the experi-
mental realizations of EPs have been limited to the linear regime, where system nonlinearity has been omitted. Here, we
experimentally observe two distinct EPs with opposite hermiticities and demonstrate a parity–time phase transition with
exotic memory effects near the EPs in a nonlinear and non-Hermitian system based on a stimulated Brillouin laser in an
optical microcavity. The self-phase modulation induced nonlinearity effectively alters the EP location, surprisingly,
in an asymmetric manner, resulting in a bistable memory effect. Moreover, two EPs with opposite hermiticities in the
same system are found to show quite distinct behaviors in such a memory effect. This scheme completes the studies of
non-Hermitian physics in a more general scenario by including nonlinearity and paves the way toward optical memory
for all-optical signal processing and quantum information. © 2022 Optica Publishing Group under the terms of the Optica

Open Access Publishing Agreement

https://doi.org/10.1364/OPTICA.456977

1. INTRODUCTION

Observables in closed physical systems are commonly associated
with quantum theories and Hermitian Hamiltonians. However,
a wide range of physical systems exchange particles and energy
with their environment, rendering them non-Hermitian [1–3].
Despite the lack of Hermiticity, these non-Hermitian systems
can display a plethora of unusual symmetries, such as parity-time
(PT) symmetry, that may lead to a counterintuitive real energy
spectrum [4], revealing many intriguing phenomena such as
PT-symmetry breaking [5,6], pump-induced laser terminations
[7], and loss-induced transparency [8]. Essential to these find-
ings is a prominent degeneracy called an exceptional point (EP)
[9,10], which marks the transition singularity between two distinct
phases. An intriguing property of the EP is its strong response to
external perturbations, enabling a hypersensitive sensing scheme
for nanoparticles [11], lasing control [12], and optical gyroscopes
[13–15]. Recently, there has been a growing interest in the dynam-
ics near an EP, where the state evolution encircling an EP is found
to be topological and chiral [16]. Moreover, non-adiabatic transi-
tions are observed to have such chiral behaviors in non-Hermitian
systems [17], leading to the demonstrations of asymmetric mode
switching [16,18,19], topological energy transfer [20], and an

optical omni-polarizer [21]. These captivating features show
great potential for quantum control and information processing,
and are universal for sound, light, microwaves, and matter wave
systems [22].

Previous studies of non-Hermitian systems and their EPs focus
mainly on the linear regime, where the gain and loss are assumed
to be independent of the field amplitudes. However, nonlinearity
does manifest itself in many non-Hermitian systems [23,24].
For example, the non-reciprocal transmission of light in coupled
PT-symmetric microcavities has been attributed to the nonlinear
saturation effect [25,26]. More importantly, nonlinearity, e.g., the
Kerr effect, can be utilized as an additional parameter and enrich
the physics near an EP [27]. Theoretical proposals have suggested
the possibility of realizing an optical limiter with nonlinear insta-
bility near an EP [28]. Anomalous nonlinear PT transitions have
also been proposed, including a route to the PT-broken phase away
from an EP [29] and the reversal of PT transitions [30,31]. In addi-
tion, nonlinear bistability is important for topological and chiral
behavior around an EP [32]. So far, these works have been limited
to theoretical studies, and experiments to understand the EP with
nonlinearity are critically important for applications associated
with EPs in sensing and laser controlling.
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Fig. 1. Nonlinear EP in photon–phonon coupled PT-symmetry in a microcavity. (a) A forward SBS laser in a WGM microcavity consists of two optical
modes, i.e., pump and Stokes, and an acoustic mode. Inset: high-Q microsphere microcavity coupled to a tapered fiber; scale bar= 50 µm. (b) Optical reso-
nances associated with the SBS laser near the pump and Stokes modes, separated by acoustical frequency�. (c), (d) EPs (“+EP” and “−EP”) in the effective
gain curves when varying the probe’s power, derived from the eigenvalues of the photon–phonon coupled Hamiltonian: (c) linear regime; (d) with nonline-
arity, the increase of the probe power contracts the gain curve at+EP, but dilates it at−EP with respect to probe power.

In this work, we reveal experimentally an unusual memory
effect across an EP in a nonlinear optical system: contrary to the
situation in a linear system, our system may or may not return
to its original PT-symmetric phase once the perturbation is
removed, depending on how far the system has moved away from
the EP in the PT-broken phase. We attribute this observation
to nonlinearity-induced asymmetric dilation or contraction,
i.e., optical nonlinearity effectively boosts or suppresses a tuning
parameter that is swept across an EP. We identify three distinct sce-
narios, where the parametric dilation and contraction are absent,
symmetric, and asymmetric. In the last case, we reveal that a system
originally in the PT-symmetric phase experiences a permanent PT
transition, i.e., it remains in the PT-broken phase even after the
symmetry-preserving perturbation is removed. More surprisingly,
we have observed two distinct EPs with opposite hermiticities in
our system. We further show that the hermiticity of the EP can flip
the dynamics between dilation and contraction.

2. THEORY

Such a PT transition near a nonlinear EP can be implemented
using a forward-type stimulated Brillouin scattering (SBS) laser
in an optical microsphere cavity [33] as in Fig. 1. Two optical
modes in the microsphere are coupled through a spatially overlap-
ping acoustic mode in this process, all of which are of whispering
gallery mode [WGM, Fig. 1(b)] [34,35]. An optical pump injects
intense light into the microsphere via an evanescently coupled
tapered fiber, and when the phase-matching condition is satisfied,
a pump photon is downconverted into a pair of acoustic phonon

and Stokes photon at a lower frequency through electrostriction
[35]. As we shall show below, such a system exhibits an effective
PT symmetry in a photon–phonon coupled system [36], and it
experiences a PT transition once the SBS laser is brought above its
threshold [Fig. 1(c)]. Previously, the PT transition near an EP was
proven to be highly sensitive to some external perturbations in the
linear regime [11,12], which prevents the observation of delicate
nonlinear effects during the transition. To mitigate this issue, here
we introduce a secondary probe that co-propagates with the pump
in the fiber to finely tune the PT system near its EP through non-
linear cross-phase modulation (XPM) [37–39]. In this manner,
this transition can be conveniently and precisely controlled by the
amplitude of the weak probe.

Quantitatively, the couplings of the pump, the Stokes, and the
acoustic wave (u) inside the microsphere are typically described by
the following equations ([36,40], Supplement 1, S1b):

H
(

AS

u∗

)
≡ i

d
dt

(
AS

u∗

)
=

(
1S − iκ β∗APu

−βA∗Pu −1B − i0

)(
AS

u∗

)
.

(1)
Here,1P u,S,B are the frequency detunings from their cavity modes
for the pump, the Stokes, and the acoustic resonance modes,
respectively [Fig. 1(b)]. κ , 0 are the decay rates for optical and
acoustical modes, respectively. Note that H so defined is a linear
Hamiltonian, because it does not depend on AS or u. Its two
complex eigenvalues, i.e.,

λ± =
1

2
(1S −1B − iκ − i0)±

1

2

√
δ2 − 4|βAPu|

2, (2)
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indicate the extistance of two EPs at δ =1S +1B =±2|βAP u |,
where δ measured in our experiment is up to 100 MHz, much
larger than κ (∼1 MHz) and 0 (∼10 kHz); hence, κ and 0 are
ignored in this approximation. The eigenvalue physically could be
measured through the resonance mode and its associated linewidth
in prior work [10]. Here, we focus on the one with the “+ sign.
Clearly, λ± + i

2 (κ + 0) are real when δ > 2|βAPu|, which is our
PT-symmetric phase; λ± + i

2 (κ + 0) are complex conjugates
when 0< δ < 2|βAPu|, and the system is in the PT-broken phase
with an effective gain factor. Note that while the time-reversal oper-
ator T still takes the familiar form of a complex conjugation [1], the
parity operator is now parametrized by δ and β∗APu (Supplement
1, S1d). More importantly, it is crucial to note that two additional
optical nonlinearities are neglected in H above; they are given by
the XPM and self-phase modulation (SPM) [37–39], the domi-
nant effect of which is to introduce small perturbations to the total
detuning δ in our experiments:

δ→ δ′ =1S +1B − 2γ |APu|
2
− 2γ |AP |

2︸ ︷︷ ︸
XPM

− γ |AS |
2︸ ︷︷ ︸

SPM

≡1S +1B − 2γ IPu − 2γ IP − γIS . (3)

Here, γ is a nonlinear coefficient, AP is the amplitude of the sec-
ondary seeded probe, and IP u,P ,S are the intensity terms for the
pump, probe, and Stokes waves, respectively. These perturbations
are inconsequential when the linear δ is tuned over a wide range
across the EP, but they are extremely important when we probe
the vicinity of the EP to investigate its hypersensitivity to a minute
perturbation. With these additional frequency shifts and δ replaced
by δ′, the effective Hamiltonian H now becomes nonlinear due to
the presence of |AS |

2
= IS . It still has two distinct phases across its

EP at δ′ = 2|βAPu|, and one needs to pay special attention to the
self-interaction SPM term γIS in δ′: it is nonzero only when the
SBS laser is above its lasing threshold, which requires the system
to be in the laser on-state (also referred as PT-broken phase in
Ref. [36]).

When crossing the EPs, such nonlinearity can greatly alter the
lasing dynamics, also highly depending on the hermiticity, i.e., the
sign of EPs “+” or “−” (δ′ =±2βAPu). For example, when exerting
the same amount of external perturbation, e.g., IP , the system can
undergo a transition to an SBS laser on-state from an off-state near
+EP, and quite conversely switch to a laser off-state from a laser on-
state near−EP [Fig. 1(c)]. To elaborate on this transition, we first
focus on the situation when crossing a “+EP.” For a linear tran-
sition near an EP [Fig. 1(c)], the initial laser in off-state P0 (with
IP 0 = IS0 = 0 for the Stokes and δ′ = δ′0 > 2|βAPu|) can undergo
an adiabatic transition across the EP to reach lasing state P(L)1 (with
IS1 > 0 and δ′ = δ′1 < 2|βAPu|) when tuning up the probe from
IP 0 = 0 to IP 1 > I (EP)

P . Here, I (EP)
P ≡ (δ′0/2− |βAPu|)/γ is the

intensity of the probe at the EP when increasing the probe, and the
EP effectively marks the lasing threshold point when κ ,0 are small
and negligible. The exact reversed path when reducing the probe
intensity by the same amount, i.e., from IP 1 to 0, leads to system
restoration to the initial state [Fig. 1(c)], with the Stokes intensity
IS0 = 0.

In contrast, the dynamics of crossing the +EP are quite dis-
tinct with the presentence of nonlinearity, where the SPM term
in δ′ becomes crucial. When increasing IP again from IP 0 = 0 to
IP 1 > I (EP)

P as in the linear case, the system moves further into the

PT-broken phase (laser-on state) and reaches a new state P(NL)
1

due to the SPM term γ IS1 in δ′, and the final detuning is given by
δ′1 = δ

′
0 − 2γ IP 1 − γ IS1. In other words, when the PT-breaking

curves (effective gain curves) are plotted using the control param-
eter IP , the system effectively experiences a contraction: it would
require increasing the control parameter IP by IP 1 + IS1/2,
instead of just IP 1, to reach state P(NL)

1 in the linear case. This
nonlinearity-induced contraction takes place only when the final
state is in the PT-broken phase, and the contraction factor C can
then be defined using1IS and1IP , i.e., the changes of IP and IS :

C = 1+
1IS

21IP
. (4)

Importantly, the system can be irreversible when reducing
IP by the same amount back to the initial point, depending on
how deep state P(NL)

1 is in the PT-broken phase: If the change
of δ′ by just 2γ IP 1 is not enough to go back across the EP, i.e.,
δ′1 + 2γ IP 1 < 2|βAPu|, then the reduction of IP back to zero will
not restore the system to the PT-symmetric phase (laser-off state);
it will end in state P2 still in the PT-broken phase with the Stokes
wave intensity IS2 [Fig. 1(e)]. In other words, this irreversible sce-
nario requires IS1 > (δ

′
0 − 2|βAPu|)/γ = 2I (EP)

P , which defines
quantitatively how deep state P(NL)

1 needs to be in the PT-broken
phase. With final state P2 still in the PT-broken phase at IP = 0,
this phenomenon can be interpreted as a memory effect [41,42]: the
system remembers where it has been penetrated in the PT-broken
phase [27]. Such a memory effect is universal among nonlinear
systems, e.g., a nonlinear optical microcavity with stochastic res-
onances [43]; a similar nonlinear hysteresis response can also be
found in prior works [42]. Note that such irreversibility is inher-
ently caused by nonlinearity, not directly related to the chirality
during the encircling of an EP in prior works [44], which is a purely
linear system.

We first verify these expectations using temporal simulations of
this nonlinear system near its EP. As shown in Fig. 2, three typical
crossing scenarios are illustrated during an adiabatic tuning of IP .
In the first case [linear regime; Fig. 2(d)], the increment of IP is
less than its value required to reach the EP to initiate the SBS laser,
i.e., IP 1 < I (EP)

P . Therefore, the temporal evolution of the Stokes
depicts a flat curve in both forward and backward directions. The
second case [reversible nonlinear regime; Fig. 2(e)] shows that the
increment of IP is large enough to elevate the system across the EP,
triggering an SBS laser. The shorter arrow in the gain diagram
shows the additional jump to the effective detuning δ′ due to the
SPM term. In the backward direction, since the reduction of IP

(back to zero) is large enough to retract the system below the laser
threshold, it eliminates SBS lasing along with its SPM. This behav-
ior leads to the reversible scenario. In the third scenario [irreversible
nonlinear regime; Fig. 2(f )], the SBS laser also turns on when gradu-
ally increasing IP by a large amount. The resulting large SPM
satisfies the aforementioned criterion IS1 > (δ

′
0 − 2|βAPu|)/γ

and causes the system to remain in the PT-broken phase even when
reducing IP back to zero, observed from the simulated temporal
evolution. Note that, unlike prior works on the encircling EP
problem [16,18,19], which depends on two physical parameters to
encircle around two-dimensional topological space, here only one
perturbation is sufficient to cross the EP and observe such a bistable
memory effect.
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Fig. 2. Dynamics of crossing a nonlinear+EP in a gain curve with detuning. The one-dimensional encircling of an EP consists of a forward increase and
a backward decrease of the detuning. (a) The crossing step (big arrows) from the external variation, e.g., the probe, is small within the PT-symmetry phase
(I, linear regime), not enough to cross the EP, and the encirclement returns to its initial point without SBS lasing shown in the numerical temporal evolution
(d). (b) The crossing step becomes large enough to cross the EP, initiating an SBS laser. The SPM nonlinearity (small arrows) of the laser further boosts its
gain in the PT-broken phase (II, quasi-linear regime). However, the reversed path still returns to the initial point, exhibiting a laser spike during the tempo-
ral evolution (e). (c) The crossing step is sufficiently large to bring the system deep into the PT-broken phase (III, nonlinear regime), where the laser’s self-
induced nonlinearity can sustain the laser even after removing the external perturbation, not returning to the original point. As a result, asymmetric crossing
evolution is observed in (f ).

3. EXCEPTIONAL POINTS WITH MEMORY

Experimentally, we use a tapered fiber coupled WGM microsphere
resonator of diameter ∼200 µm and Q-factor ∼107 in Fig. 3.
When a strong pump is launched into the microsphere, it will
excite an optical WGM, and a forward acoustic phonon will be
generated that can scatter the pump beam into another optical
WGM (forward Stokes photon) through an SBS process by the
electrostriction effect [1,2]. The optical and acoustic WGMs
can both be supported and enhanced by a microsphere cavity
above the threshold if the frequency difference of the two optical
WGMs matches exactly with the acoustic frequency (Supplement
1, Fig. S1). The beating frequency spectrum of the Stokes wave in
Fig. 3(c) reveals a linewidth around 2.9 kHz, corresponding to a
mechanical Q-factor ∼104. In this manner, the system contains
two optical photon modes coupled by a forward acoustic phonon.
To demonstrate the memory effect near a nonlinear EP, we change
the pump laser detuning to tune the system near an SBS lasing
threshold.

Once the system is near an SBS lasing threshold, the frequency
of the probe laser will be modulated by the acoustic-optical modu-
lator (AOM) and electrical-optical modulator (EOM) to locate

near the SBS central frequency (Supplement 1, S4). The probe
laser’s basic intensity and frequency can be controlled precisely by
the EOM with a microwave to scan across the SBS laser. During
the scanning process, the probe laser will experience a Lorentz-like
amplification in the SBS optical gain region [45], which is used
as a natural perturbation to introduce an increasing perturbation
through XPM in the forward direction and an equal decreasing
perturbation in the backward direction. In other words, the term
2γ Ip in Eq. (3) will be perturbated. The time evolution spectrum
of the SBS laser in Fig. 3(b) is monitored by real-time spectrum
analyzer (RSA). The system can be tuned through the pump’s
detuning to study nonlinear behaviors at both “+” and “−” EPs.

In our experiment, we demonstrate such a memory effect near
a nonlinear EP near an SBS lasing threshold as in Fig. 3. Our sys-
tem is prepared to operate slightly below its SBS lasing threshold
by controlling the pump’s detuning frequency 1Pu (∼10 MHz)
and power IPu (∼5 mW). Near this threshold, lasers are extremely
sensitive [11,12,14,15]; hence, we find that the XPM from a probe
can be utilized as a precise and non-disturbing tool to control the
laser. Here, instead of changing the probe intensity directly, we
keep the power of the probe fixed but sweep its frequency near the

https://doi.org/10.6084/m9.figshare.20387199
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Fig. 3. Experimental setup of optical memory effect of an SBS laser. (a) Schematic illustration of the experimental setup to realize optical memory effect
based on Brillouin laser in a microsphere cavity. The upper optical path is the pump laser; the wavemeter is used to monitor the current wavelength of the
pump. The lower optical path is the probe laser modulated to scan across the SBS laser through an electrical-optical modulator (EOM). The acoustic-optical
modulator is used to help distinguish between Stokes and anti-Stokes. Time evolution spectrum of SBS laser during probe scanning is recorded by RSA, and
the beat frequency spectrum is recorded by an electrical spectrum analyzer (ESA) (b) Two-dimensional spectra of a static SBS laser in frequency (horizon-
tal axis) with time evolution (vertical axis); note that the probe is absent in this case. (c) Beating frequency spectrum of an SBS laser in an electrical spectrum
analyzer.

Fig. 4. Experimental observation of optical memory effect of an SBS laser when crossing a nonlinear +EP. (a) The temporal evolution of the probe’s
amplitude when scanning through the Stokes resonance gives rise to a spike due to the resonance enhancement. (b)–(d) Two-dimensional spectra in fre-
quency (horizontal axis) during the probe’s scan (vertical axis). (b) The probe’s power is controlled at around 65.83 µW. No SBS laser is observed in the
selected spectrum shown at three typical time slots, t0, t1, and t2. The crossing step is small within the PT-symmetric phase (I, linear regime), not enough to
cross the+EP; (c) increasing the probe power to 202.66 µW, an SBS laser is clearly visible at t1 but disappears again at t2 when reducing the probe’s power.
(d) Further increase of the probe power to 388.31µW leads to a self-sustained lasing action at t2, even after removing the probe.
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Fig. 5. Phase transitions near the nonlinear+EP. (a)–(f ) Contraction factors of the forward and backward crossing of the+EP when tuning the probe’s
power at different initial detuning points, i.e., (a) 50 MHz, (b) 38 MHz, and (c) 25 MHz. (a)–(c) Experimental results; (d)–(f ) numerical simulations. The
first phase transitions during tuning up the probe’s power occur around the EP, i.e., δ′ = 2βAPu, and the forward and backward contraction factors still
coincide, i.e., CForward =CBackward. On the other hand, the divergence of CForward, CBackward indicates the second phase transition due to the presence of non-
linear SPM. The required probe’s power to reach both phase transitions is plotted in (g), showing a higher threshold to reach the nonlinear bistable state
than the linear EP.

Stokes resonance, where the SBS laser is supposed to be turned on.
As the probe frequency approaches the SBS laser frequency, it also
experiences a Brillouin gain that enhances its power [Fig. 3(a)].
Similar dynamics have been reported previously as induced trans-
parency ([40], Supplement 1, S3). Here, the rising intracavity
probe’s intensity is corresponding to a forward crossing step in
Fig. 2, while the decreasing one represents the backward crossing
scenario. Therefore, this monotonic sweeping of the probe’s fre-
quency leads to a rise and fall of the XPM term in δ′, which we find
to be convenient to fine-tune the latter experiments.

Figures 4(b)–4(d) show the SBS lasing dynamics in the fre-
quency spectrum during the probe’s scanning under three
representative levels of power. In each case, IP is adiabatically
tuned during the scan; three typical spectra when the probe is at
the starting point (IP is small), reentry point (IP is at the peak),
and ending point (IP becomes small again) are depicted to show
the corresponding laser signals. In the first case [linear regime;
Fig. 4(b)], the increase is less than the value required to reach the EP
to initiate the SBS laser, i.e., IP 1 < I (EP)

P . Therefore, the temporal
evolution of the Stokes depicts a flat curve in both forward and
backward directions. The second case [reversible nonlinear regime;
Fig. 4(c)] shows that the increase of IP is large enough to elevate
the system across the EP, triggering an SBS laser. In the backward
direction, since the reduction of IP (back to zero) is large enough to

retract the system below the laser threshold, it eliminates SBS lasing
along with its SPM. This behavior leads to a reversible scenario. In
the third scenario [irreversible nonlinear regime; Fig. 4(d)], the SBS
laser also turns on when gradually increasing IP by a large amount.
The resulting large SPM satisfies the aforementioned criterion
IS1 > (δ

′
0 − 2|βAPu|)/γ and causes the system to remain in the

PT-broken phase even when reducing IP back to zero, i.e., laser
memory effect [41]. Similar nonlinear hysteresis curves can also be
obtained by tracing the SBS intensity with respect to the varying
probe; more details are shown in Supplement 1. Note that the
probe beam can intermix with the SBS laser signal near the gain
center in Fig. 4(d), due to the nonlinear locking mechanism [14].

To better characterize this memory effect near a nonlinear EP,
we experimentally measure the contraction factor C for the two
pathways: the forward path when tuning IP from the starting point
to the reentry point, and the backward path when tuning IP from
the reentry point to the ending point. In this manner, the recur-
rence of the two contraction factors, i.e., CForward =CBackward, can
reveal the linear and quasi-linear regimes; the divergence between
them, i.e., CForward 6=CBackward, indicates the occurrence of the
laser bistable memory effect. As shown in Fig. 5(a), when gradually
increasing the probe’s power while fixing the pump’s frequency
and power, both CForward, CBackward terms stay close to one, until
the probe power reaches the threshold of ∼200 µW [Fig. 5(a)].

https://doi.org/10.6084/m9.figshare.20387199
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Above this threshold, both terms synchronously jump to a higher
state but are still equivalent to each other. Note that both factors
are slightly declining in this state because of the laser saturation
([32,33], Supplement 1, S6). In the third stage when the probe’s
power reaches∼500 µW, the two terms start to diverge. Notably,
CBackward approaches a lower value, indicating the occurrence of the
memory effect.

The three aforementioned scenarios are universal and depen-
dent on how close the initial state is to the EP [Figs. 5(a)–5(c)].
To adjust the latter, we reduce the pump detuning 1Pu while
keeping its amplitude fixed, which leads to an initial state closer
to the EP with everything else unchanged. From Figs. 5(a)–5(c),
the initial state is approaching the EP, i.e., reducing δ′, which
dramatically reduces the required probe power to reach the linear
EP, i.e., I (EP)

P ≡ (δ′0/2− |βAPu|)/γ . Recall that IS1 > 2I (EP)
P is

the condition for irreversible PT breaking. Since now a smaller
probe intensity I (EP)

P is needed to reach the EP, the onset of the
irreversible process also requires a weaker intensity of the SBS laser.
In other words, the range of reversible PT breaking (white region
in Fig. 5) is reduced. Similar dynamics have been verified through a
set of numerical results by incorporating a saturable gain model in
Figs. 5(d)–5(f ) (details in Supplement 1, S5). From these results,
the linear and nonlinear EP conditions from the pump’s detuning

and the probe’s power are summarized in Fig. 5(g), which depicts
the linear dependences for both cases, but a higher threshold for
the irreversible nonlinear PT breaking is required. Usually, these
features are hard to access and hidden in most of the prior work
involving PT symmetry or dynamics near EPs, due to extreme
sensitivity near EPs [11,12,14,15]. Due to the current fine-tuning
technique using XPM, we can reveal such a transition from a
quasi-linear regime to a nonlinear one.

4. MEMORY EFFECT NEAR AN EXCEPTIONAL
POINT WITH NEGATIVE HERMITICITY

Last, we experimentally demonstrate the exact opposite effect,
i.e., dilation can occur in the crossing case of a −EP. As shown
in Fig. 6, the SBS laser is initially at the PT-broken phase; how-
ever, the laser power is suppressed when increasing IP in sharp
contrast to the former “+EP” case [Fig. 6(a)]. Moreover, such
power reduction leads to a “backward” retraction in the effective
detuning δ′ [Fig. 6(c)], i.e., dilation, instead of contraction in the
+EP scenario. Like the “+EP,” there also exist reversible and irre-
versible nonlinear regimes, in which the reversible one permits
the state back to its starting point when the perturbation tuning
of IP is relatively small, i.e. IS1 > (δ

′
0 + 2|βAPu|)/γ in Fig. 6(a).

Otherwise, an irreversible dynamic can be expected in Fig. 6(b),

Fig. 6. Experimental observation of dilation during crossing a nonlinear −EP. (a), (b) Two-dimensional spectra in frequency (horizontal axis) during
the probe’s scan (vertical axis) (a); the probe’s power is controlled around 120 µW. The SBS laser intensity is clearly suppressed at t1. (c) Further increase of
the probe power to around 260 µW; the SBS laser is terminated forever at t1. (c), (d) Dynamics of crossing the−EP in a gain curve with detuning: (c) the
crossing step from the weak probe is small, not enough to cross the−EP, and the encirclement returns to its initial point with SBS intensity suppressed tem-
porarily. (d) The crossing step is large enough to cross the −EP, i.e., shutdown the SBS laser; the sudden huge intensity attenuation causes a large back-
ward step across the opposite side near+EP due to the loss of SPM. The SBS laser will be forever shut down even after removing the external perturbation.
(e) Contraction factors are below one, indicating the dilation, and the divergence point of two contraction factors shows the required probe’s power to ter-
minate the SBS laser.

https://doi.org/10.6084/m9.figshare.20387199
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where the strong IP ’s tuning causes the forever shutdown of the
laser. We can also distinguish these two regimes by reading out
the contraction factor, i.e., CForward, CBackward [Fig. 6(e)], which
depicts that for a low power IP smaller than a threshold∼260 µW,
CForward =CBackward and both their values are below one, indicating
the dilation (above one means contraction in the +EP). Again,
until the threshold point, the divergence between the two terms,
i.e., CForward 6=CBackward, results in the bistable laser shutdown.

5. CONCLUSION

In summary, we experimentally demonstrated a PT transition
with an unusual memory effect near an EP in a nonlinear SBS
laser system. This work opens a new frontier of non-Hermitian
physics into a more realistic situation by embracing nonlinearity.
We would expect more intriguing effects when combining nonlin-
earity into the EP encircling problems in the future, especially with
a high-order EP. Our results may also pave the way for practical
non-Hermitian laser devices for all-optical memory and switching
applications.
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