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Saint-Malo: a glant resonator CONERSTE et

Tidal resonance: amplification of tide waves by the local topography
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Bay of Saint Malo: 10,7 m average differential height of the water level

(record of 14,15 m on March 21st, 2015)
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Coupling resonators at the nanoscale CONERSITE st

mechanical arrays Cavity optomechanics

v w w
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Nonlinear dynamics

} Non-Hermitian physics
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Motivation : Fermi-Pasta-Ulam-Tsingou « experiment » COERSE et

Who?

When? 1953

What? First ever numerical simulation

Problem : N coupled anharmonic resonators

& = (i1 + i1 — 22;) + « [(fciﬂ — wa;)z — (z — $i1)2]

How? With this big thing 2

Conclusion : For the last 70 years, it has been easier to run numerical experiments than to set up a proper physical experiment.
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Motivation : Non-hermitian physics concepts LONERSTE

Real splitting

1.05 150

100

intensity

4]
o

Rate equations for the cavity amplitudes:

0.95

.

0.95

(@)= (" o2 in) () |
g CiB - K O)B—iro ap _ ,

« Energy levels repulsion (avoided crossing)
* |dentical decay rates

1.056

Resulting eigenvalues:

Achievable with pass:ve components
Ay = wg — iTy ++/6w? + K2 — Jigasaeatatased |

H_/ ~
average splitting

Hryniewiez et al., IEEE Deotare et al.,, APL Hamel et al., Nat.  Shim et al., Science
PTL 12-3 (2000) 95, 031102 (2009) Phot. 9, 311 (2015) 316-5821(2007)
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Nano-electromechanics
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Coupled membranes
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1.93
®4/y (MHz)

“ .

air-gap
« Pair of 20 X 10 um? suspended membranes \
- InP
 Enhanced mechanical Q factor \\ D D D D "
N SiN
* Coupling beam U |
. . . . TTTT BCB
* Independent interdigitated electrodes for integrated actuation %
IDE S

« Optomechanical access for the readout
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setup

lock-in amplifier

Guilhem Madiot

Isolator

He/Ne
laser
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* Apply Vior = Vyc + Vg cos(wgt)
« demodulation quadratures at wy,
Amplitude Ry, Ry

Phase 6,, 65
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Mechanical spectrum L ERIUE et
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SINGLE MEMBRANE v = T ; ;0 ‘ ™ [ ']
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Linear regime COTE DAZUR 3+
1 o ®
5 10"3— +
_ 100 i
£
= 1 _
~ 10
e ] ] ] ]
1024  data | 20 - - data -
] —fit ] 0 — linear fit
— 1 T T I
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o0/21 [MHZ] (Vdc+VinxVac [V7]

nonlinear RB,0)+ [nm]
regime 75
50
25
regime 0

Guilhem Madiot August 2025 —les gustins summer school



UNIVERSITE 23+
COTED’AZUR "2~

{x;q+I‘;4xA+a)ﬁxA+ﬂxj+GxB=O

X3 + I'g Xg + wixg + Bx3 + Gx, = Fgcos(wyt)

1dc
dCl/ |74 (wgyt)
~ — X cos(w
dx dcVac d
Vac =25V N Py -
160 N S . Id T 41 5F—p = -70dBm {2
A Vdc =1V upwar 3] _ 4':?%?-;:213:"]
80 - — downward 4 < o] ] 2 4 P:::;:mdsm s
160 =+ - g - 1 I
VR 5 0 5 10 15 20 05
_ Jv, =3v _ it . i —
E d ¢ : ( O)?Y 13.9521 13.5522 13.9I523 1 3.9I524
< 804 : . — o2z
PR E ~G @
160 — o S
| Vae =Y R s A‘
80 ‘I V- S a
- : : Vil v
04 : . _ &Lm Si ‘g“
| | Karabalin et al.,

. —
2,1 22 23 24 25
/2t [MHZ]

Guilhem Madiot

Pernpeintner et al,,

PRB (2009) APL (2014)

X, (nm)

Amplitude R (V)

0.15

0.10

-0.010  -0.005 0 0.005 0.010

Normalized detuning

e ‘ eeo

Chowdhury et al.,
PRL (2017)
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Coupling characterization CONERSITE st

b 4
T L ) 1 * memb. B resp.
1,96 1 o w_/2n data — -t
200} N o0,/2n data =
s 1,95 1 . e 1 _
= -w,/2n fit X .
5 } T ]
2 150§ S 1,94 4 =
z : g
=100} £1,93- 2
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- - AR . @ 192 0,1 G/o, =
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( ~ ) ~ =
gfpe'® + [25 —iYB|f4 £
ra= E
g2 — {2(6 — Aw) — i’m] 20 — 1B =
£
<
gfa+ [2(5 — Aw) —iva | fpe’? 3
rg = < ] i
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Duffing regime
a) Ve =25V
160 T | T I T | ' [
{1 Vyge = 1V -- upward
80 - — downward -
A _A_
160 + | ' } '
— V,. =3V “ i
dc /1
E 80 - E _
" It : :
160 —— —
i VdC = 5V
80 - 0t
0 - JL X
L L
2,1 22 23 24 25
o/2r [MHZ]
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— stable sol.
-- unstable sol.

2,2

| ;
2,3 24

0421 [MHZ]
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T A :—_zATA + zfr'B sin(V4 —Vp) iﬁ“’““
08,9 sin(94— 9p) + 1E sin(95) "Wy

7:1 B — 5 5 o ‘ L,:I :\ fg cos(wzt)

. —Tr ~ ] Wy
7 A0 A —_4 2(6—Aw)+§ﬁrj +gTBCOS(‘8A—8B_
2 4 2

rd g :_TTB 20 + %57}23 -+ %m cos(Vy —Og) + f?B cos(dp)
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Chaos and synchronization

Drive mode (+)

bistability

160 4
80
0 -
80 .
.
2 ]
'

160
80

0-
-80 - i

Mechanical response

Applied force
>

T I T I T I
0,0 1.5 2,0 2,5
g 15V 19V

5,100 0 1 O

40 0 40-40 0 40 -40 O 40-40 0 40 -75075 -75075 -75075
X, [NnmxVBW] numerical simulations

B
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o

1 L]

=750 75
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Bichromatic driving Yook

Q‘ f- . .o 4 .
s = s {XA+FAxA+a)ﬁxA+ﬁxA3+GxB=o
F- Fi Xy + I X + wixg + Bxp + Gxy = Fy(t)cos(wyt)
+ +
160 — l — + FB(t)COS(wd t)
E o .
c 804 : _
o ] |'; L Both modes are driven and probed through membrane B
160 —
w_ o

The displacement of membrane B is
. g demodulated:
Bichromatic driving scheme

= at w; > amplitude/phase of mode (-)

?

- Chaos on both mode (Rg,05)

= at w; > amplitude/phase of mode (+)
(Rg, 65)
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Imperfect phase locking

Relative dynamics

amplitude phase

ST

Guilhem Madiot
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<t>~ 26 periods

100 - T T T T
Phase difference [] data © simu
| ,VP=1’5 IV , — - exp. distrib 4
S
Phase locked = 4
1 ' | L | L 1 ! | L | 1 | 5 ]
Vp=2425V 3
— 1~ T * T * T " T * T T e
o ~ -
| Phase _ T~ :
desynchronization S o
| 'vp=2',75v' o . T —
T T T T T T T T T T T T T 5 6 7

L Imperfect phase
sync.
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Non exponential distribution

- Attest the deterministic
nature of this process
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Nanofab UDERSITE et

A) IDEs integration B) Heterogeneous BCB bonding
S
SiN deposition
= PECVD 180 nm (OM)
top view = PECVD 280 nm (EM) I
w sputtering 20 nm SiO, * - =

-»> -> -> - Substrate removal
I S BN SOl waveguide B P etch HOMPO,
Sio, e-beam lithography Ti/Au deposition Lift-off / bonding InGaAs etch. H,S0,
deposition PMMA spin-coating 20 nm Ti Trichloroethylene 80°C - - 250mbar/cm?

PECVD sum Chemicalrevlation 200 nm Au b4
: . @ InP O sio, O SiN
BCB Spin coating @ InGaAs @ Si O BCB

BCB+T1100 (4:3)
annealing 80°C

C) e-beam lithography D) lll-V etching + under-etching
mesa
e TR T
PRI E— EEEEEEEE -
r— L L gL NN RRNRERRR NN RRNERRRR E— -j“'““ - )
| | |
I S S I~ I ~
SiO, deposition HSQ spin coating e-beam lithography Chemical revelation :
PECVD 5nm annealing 90°C AZAOOK:H,O (1:4) ICP HBr/He/O, Eg?og/emo‘m gFm/?lz: ;Itacshr:wnag
0 6
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Motivation : Non-hermitian physics concepts COERSE et
Complex splitting

150

100

intensity

50

Rate equations for the cavity amplitudes:

g a.B o K (1)0 - lG aB

Loss-splitting
ldentical frequencies
Crossing of an exceptional point (EP) (A_ = A})

Resulting eigenvalues: . . . Nonlinear
Nonreciprocity Sensing optics
. Topol
Ay = wg — iTy + VK2 — G2 e
\ ) (. ~— S

average splitting %//”

-, 5

EE —NCE

Feng et al,, Nat. Photon. 11 752-762 (2017)
Hokmabadi et al.,, Nature 576, 70—74 (2019)
Li et al, Nature Nanotech. 18 706-720 (2023)
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Some experimental demonstrations UNIVERSITE 237
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Sensing

Above-threshold

Directional lasing emission
investigation

Port2

Neutral

(7]

120

I ) < » > »
= 5 "l;‘,,'lf: -('\., ”\’, >
. < < L b 7N} \ >
9 e S i Y L D . xf" = >
o)) C > (&  J » »
£ « = L @ _. \ » ~ ]
b= € €« “d «P D >
5 e ) _—-—@p-— @ === B g
@ €’ € Cavity t D ¢ Xavity2 B ]
) « €D ‘ ] >
5 sl s g | q
g
[T
10°
100 10’
0 1 1 1 1 | 1 1 .
0 10 20 30 40 Jiet al, Nature Com. 14-8304 (2023)
Perturbation strength, € o 12 (mA?) Peng et al, PNAS 113-25 (2016)

Hodai et al., Nature (2017)

Can these functionalities be integrated and made reconfigurable ?

Guilhem Madiot
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11-\V photonic crysal nanolasers CONERSTE et

Photonic crystal nanocavities

VAN

« High Q/V nanocavity
* InGaAsP quantum wells providing gain
* Integrated SOl waveguide

» Separation timescale is below the photon lifetime

Q. Chateiller, PhD thesis, Univ. Paris Saclay (2020)
Madiot et al, Science Advances 10,45 (2024)

Guilhem Madiot August 2025 —les gustins summer school



Coupled mode analysis CONEaE et

nanolaser A nanolaser B

* The coupling rate is complex
 Its dispersive (R) and dissipative (iR) contributions can be tuned using I, and ¢

« Exceptional Points (EP) can be found by properly tuning the nanolasers frequencies and gain.

%2 (Iy — I'p)

identical nanolasers
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Tuning of the emission wavelength

UNIVERSITE 23+

COTED’AZUR "2
1592 p
Laser Laser
diode A diode B
1064 nm 1064 nm s
- - 1590 \\,\S
E <
o D = ,L(\
IR Spectrometer V,= AOM AOM |+ V3 ~ ~
I . < faa) 1 588 i
Q. Q.
InGaAs detector g g
[a [a
ithﬂg( _ ‘// Z ‘ 1586 ~
o~ %_#% =z )D/zh 0
V4
Integrated SOl waveguide

10 20 30
-2 2
b (mMA*)

INnGaAsP nanocavities
Gold thermoresistors

Nano-heaters

- Thermo-optic tuning of
lth the cavities up to +3 nm
- Fine control over the

cavity detuning Sw

Guilhem Madiot
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Extraction of the eigenvalues COTE DAZUR 57

After setting w =0& 6T =0

Fit extraction of the eigenvalues:

d=d,+315 nm d=d,+420 nm d=d,+525 nm
ce L e . —e © » Frequencies w_ and w,
= Decay ratesI'_ and I’y

Identification of different coupling regimes:

= frequency-splitting
= [0ss-splitting
= « Complex » splitting

Intensity

- Identify exceptional point?

1582 1586 1590 1582 1586 1590 1582 1586 1590
wavelength (nm)
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¢p-dependent coupling regime

splitting (nm)

d=dy+315 nm
O

d=d,+420 nm

O O

d=d,+525 nm
O o anm

|, (arb. units)
[
50
A=A
L -+ " /1 N
" ~ thadd “‘fn&
’ &
L ‘..hlr '* . bl
.4»a,+M-M«MH"“"’"mIﬁ . T +A7\+ — AN I
AN AN ¥ ¥Tied EP \masARlL
2 -1 0o -2 -1 0o -2 1 0
dA (nm) 6 (nm) ) (nm)

Guilhem Madiot
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Now varying the detuning 84

Fitting of the eigenvalues as a function of 8A

= Extraction of the coupling parameters

e, ¢
= Evidence of an exceptional point
when ¢ = 0 and dw = I,

= Check how they depend on d:

0 0.25 0.5
distance (um)
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el ' ' ' UNIVERSITE 235
Emission directionality b ~ 1057 COTEDAZUR 27
+—>
s, a, ag Sp - O O -
- O O —> 20
Output wave amplitudes el « Non identical
R output intensities
. —7 m
Sy =]./FC(aA +e “/’aB) 2 I , fth
. _ Z 10} * Inversion of the
sp=jJL.(e7Pa, + a ®
R = JVTe( a+ap) g output contrast
@)
Output intensity contrast 5F
_ IL—IR _ 2 :
Cout = m, where IL,R = |SL,R| ol | | | _IlL lr

out

2} E ]
it Ep | Directionality flip is possible

- S Q =P using the proper trajectory 05T \ ‘
Rt ] -1 1 )

- Control wyp and I g
through the pump powers

ar
o

Sw Madiot et al, Science Advances 10,45 (2024)
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Above-threshold regime COERSE et

1
. = Phase dynamics o 08I
E 1.0 mW s, o
< locking Y, =w; — T, S—sin(‘l’l — Y, —¢) % 0.6
D <> 1 Q.
S ‘ ' +—
2 / - 204
§ = Temporal delay is negligible 5
75 =2 =10-100 fs « 7, =10 ps ° ool
0 s
0 1 2
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Q-switched laser

Q-switching: Generation of short pulses by fast
tuning of the cavity losses

losses

gain

optical
power

>
time
Paschotta, Rudiger. "Field Guide to Lasers." SPIE Press, 2008

Key ingredients:

* Gain medium pumped over transparency

* An optical cavity with tunable losses
» A fast active/passive tuning method

Yacomotti et al., PRA 87, 041804(R) (2013)

UNIVERSITE 23+
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Active Q-switching

nematic cholesteric
T T T T 1T reflecting modulator polarizing outcoupler

- + il 0000 Nd:YAG -

- 1 - HR y/o0, -0

I ,«(’Mo 20990

g - 08y 1.0

§ 3 — g'g‘%ﬁ‘ o '

Flash - Lamp

TIME

Applied Optics Vol. 1, Issue S1, pp. 103-105 (1962) Eichler, H. J. et al., Mol. Cryst. and LC Sc. & Tech.

320(1), 89-99 (1998)

Passive Q-switching

Line-defect

Embedded
quantum dots

Yu et al., Nat. photonics 11, 81-84 (2017)

Guilhem Madiot
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Q-splitting case (¢ = 0)=> lasing condition

Rate equations (normalized) ,
1 n n
a; = E[ 1+ (ng —ng) (1 +iap)lag — veay Ny = Ripj1 — — - go(ng
Trad Thr

) 1 . n% n,

a, = E[ 1+ (ny —ngy)(A +iap)la; —veaq ", = Rinj,z (t) — - ——- g,(n,
ra nr

Gain detuning: Frequency detuning:
1 Ap
5g=E(n1—n2) 560:7("1—"2)

Quasi normal modes gain:

g+ =—( 1+n—ngy) x5 Im(\/(ah+l)2(n1 ny)? —4Vc>

UNIVERSITE - .
COTE D'AZUR

- ntr)lallz

_ ntr)lazl2

Photon lifetime

Tpn ~ 1.1 ps

Carrier lifetime

Tnr ~ 3.2 NS

Coupling rate

I, = 400 GHz (=2y, = 0.45)

ng=n, = g4 =—( 14n—ng)ty.=2 ng=1-2y,+n,,
1) Possible lasing emission for n, , above transparency 3)6w/bg =a =5
but below threshold, provided that éw = 0 Detuning condition can be achieved with the

iInjection rate
2) The other QNM gets all the losses
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Experimental setup doNERSTR o

DUT under optical pumping
Source Detection

Pump laser /___ Power meter:
1064 nm - :
W

Spectrometer |

=

=Ahc

|solator EDFA BP

- | | |
| A\ PD
i | Oscilloscope ESA
> i o o .
> W
------------------
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Q-switching pulses

P1/Py1% 0.6 varying P,
P,=2.08 mW l
QLD (N

t=0
I : ‘
o~ |, vV ‘
o ]
08F

|
- |
2 l =
= 0.6 I P2 308 uyW
j -

[ I “
o P2=265 HW
s :
- P2—221 HW
=04 H "
% | P2—1 34 pW
c
= | P2=82 HW
0 0.2
% | P2=56 HW

| P2=0 HW

[ e e e e e i T S e
0 5 10 15

time (ns)

UNIVERSITE 23+
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= Nanolaser 1is pumped below threshold
= Nanolaser 2 is pumped with 5ns long, 25ps rise/fall time pulses

» Pulses are observed both at upward and downward pump changes

3000

2500 -

o N
&) o
o o
o o

build up time (ps)

0 100 200 300 400 500
P2 (MW)

» Build-up time is fitted accordingly with the carrier density rate
equation = tynser = to + fNZL

Guilhem Madiot
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Q-switching pulses DI ERlR %
P1/Pin 1= 0-6 varylng varying E)2:265 UV\)/
mean power
P,=2.08 MW P E @O.gg W

DG TD QB ek pove

t=0 t=0
T ' T
llN I | Q_N I
II \ . II \ .
0.8 0.8
| P,=352 yW | P,=3 mW v .
. . Only pumping nanolaser
2 ' P,=308 W 2 ' P,=2.72 mW 2 ¢ k
g 0.6 W g 06 M oes Not wor
| 1 ”
S I n P,=265 uW S P,=2.35 mW
© <4 ©
= | P,=221 yW = I|l '\ P,=2.08 mW
=04 2044 e
= | P,=134 uW = | P,=1.67 mW
'E | P,=82 yW E | P,=1.46 mW
% 0.2 *AWW % 0.2
S M S #Mw-
| P,=0 yW | P,=1.03 mW
[ e e e I e e e S T R S R ARG I e i e e
0 5 10 15 0 5 10 15
time (ns) time (ns)
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Numerical simulations COERSE et

i . . . . .
Rate equations o2l
1 . Ny N\
a =5 [—1+ (ny —ngy)A +iap)la; —vea, y
0 1 1 1 I I
1
a; = 5 [-1+ (ny —ng )X +iap)]a; — veay 2p ! ' ' ' '
15h N\
3= Ry (1) - D Ylay |2 2172 C
Ny = Rjp; — — — — go(ng — n¢r)la
1 inj,1 Mt Trad T 8oy tr/1d1 | | , | | |
2
. n, n,; n, . ; . . . ;
ny = Rini,Z(t) <1 - > - - — go(nz — 1rltr)|az|2 < 5 ]
Nsat Trad Tnr - | P
3 T - 7
» dw = 0 when carrier densities cross o
0.2 . . . . .
= Optical loss drop by I, (= Q-switching) g «— het gain
= Carriers are depleted leading to an optical pulse % 021 ‘ " i '
= Same process occurs on the reverse path, but with
—~ 4T
different initial/target carrier populations. S
x 20
I U
= The other QNM (not shown here) does not contribute oo 2000tim380(()gs) #0007 5000 68l
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Pulse performances COTE DAZUR 227

= Pulse energy
->not calibrated (yet), simulations gives E

1N
o

pulse ~10-100 aJ. —+4- upward Q-switched pulse
-+~ downward Q-switched pulse

w
@)

= Pulse width €[50, 300] ps

W
o

» Repetition rate

- Given by the excitation pulse width

- Limited by the carrier lifetime : (f,.,=500 MHz, can be
engineered to be >1 GHz).

N
)]

pulse energy (arb. units)
o oS

Upward pulse Downward pulse Ny F
10 R
= ¥ l #Hﬁ
.3 =l S S—
5 e
=
0 1 I I I I
0 05 ! 5 55 6 0 50 100 150 200 250 300

time (ns) time (ns) pulse duration (ps)
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Summary

= ¢-coupling between two photonic crystal nanolasers
= Q-splitting can be obtained at ¢ = 0 [r].

d=dp+315 nm d=dp+420 nm d=dp+525 nm

(D

¢=-rl4

A-Aq (nm)

4
~ 6 X\
é “: i
£ 4 M 4\ shabl .
o ' l“. ' “..
£ 2| ""M ‘ ' Phdiid]
T 0 [ttt v i - e
@ AN -AX A TTT RS [ Ra e s A et il
2
2 -1 0o -2 -1 0o -2 -1 0
dA (nm) S\ (nm) 5\ (nm)

Madiot et al, Science Advances 10,45 (2024)
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= ~7100 ps pulses induced by active Q-switching
» QOccurs under direct-modulation of the pump power.

t=0
r T T
o~ |
o ]
0.8 h

|
—_ I
.4% 'l P,=308 yW
506
o I n P2=265 HW
©
; P2=221 HW
® 04 -
% | P2-134 W
=
= | P2=82 HW
© 0.2
% [ P2=56 HW
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