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Quantum Optics... Nice, but what for?

Quantum-
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G. B. Lemos, et. al., Nature 512, 409 (2014).

H.-S. Zhong et al., Science 370, 1460 (2020)

J. Yin et al., Science 356, 1140 (2017)

Needs entangled photons




What is (polarization) entanglement...

Non-entangled (separable)

2-Photon quantum state: Polarization basis

Y |V)
|1/J> = | V2)

Important; we need to know what is “1” and “2” X |H)

Let’'s define a “signal” and “idler” mode e.g.:
« Different frequencies
« Different directions



What is (polarization) entanglement...

Entangled 2-Photon
gquantum state:

[Y) = |11 Vy) = |V Hy)
or

W) = |11 Hy) £ |V, V)

Coherent super position of both
possibilities.

How do we make that practically?

We use “Spontaneous Parametric Down
Conversion” (SPDC)

Wp
I a
)((2)7\
W1
Pump @p -
1_(1)1 |dler




Implementations of entangled SPDC sources
Two crossed crystals

Spatial Post-Selection Sagnac-
Interferometers
CW 266 nm pump
A = H;\EP
S —
BBOs:
Comp SPDC
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| Y
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J.Yin et. al., Science, (2017) A.S. Perna, et. al, Appl. Phys. Lett. 120, 074001 (2022)

) = |

C. Couteau, Contemporary Physics, 59, 3, pp. 291-304, (2018)

What about nanostructures?



SPDC and entanglement generation in nanostructures

Single (100)-AlGaAs Nanocylinders LN-Metasurface Single LN Microcubes

LN microcube

Wp=Wi+Ws
G. Marino et al., Optica, 6, 1416, (2019) T. Santiago-Cruz et. al., Nano Lett., 21, N. M. H. Duong et al., Opt. Mater.
4423-4429 (2021) Express, 12, 3696-3704, (2022)
BIC resonant GaAs metasurface LN-film + SiO2 grating
igna e —~C
R
LiNbO, \/ / ﬁ §
N VAT
s.ofmi .% 0.5 F | — |
I = S “ ,
Xt 12 T 0,25/
1360 1420 1480 1540 \L,y T' Pump 1 0 j | . [5] \

Wavelength (nm)

T. Santiago-Cruz et al., Science, 377, 991-995, (2022) J. Zhang, et al. ,Science Advances 8, eabq4240 (2022)




Modelling SPDC in a Nanoresonator

Challenge: Nanoresonators are
(typically)
* highly multimodal

* non-Hermitian (open)

Solution: Green’s function
formalism?:

Not relying on quantization of
classical modes /

Handles lossy/radiative
systems

1A. Poddubny, et al. PRL 117, 123901, (2016).
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Computing the SPDC Wavefunction for Photonic Nanostructures

Green’s function formalism:" SPDC wavefunction (“two-photon transition probability”) Ts,i:1

Ts,i(rsr Wg, €5, T, Wi, ei)

2
z eS:QSeirqi f d3r X(E{,,%,y(r)Ep,)/ (r’ wS + wi)GqS,a (rSJ r, ws)qu,ﬁ (rll r, wl)

Not relying on quantization of
classical modes

handles lossy / radiative .57 4o
systems Pp s i

|Ts ;|* o Coincidence rate

Pump

\ l / Idler

Signal

AlGaAs l I
X

AlOx

2
XSy,

'A. Poddubny, et al. PRL 117, 123901, (2016)



Computing the SPDC Wavefunction for Photonic Nanostructures

Green’s function formalism:’

Not relying on quantization of
classical modes

handles lossy / radiative
systems

'A. Poddubny, et al. PRL 117, 123901, (2016)

SPDC wavefunction (“two-photon transition probability”) T; ;:"

Ts,i(rsr Wg, €5, T, Wi, ei)

a;ﬁ;y;qs;ql'

|Ts ;|* o Coincidence rate

Signal

2
z eS:QseirQi'[dngC(Z,;,y

(r) DY (r, ws + w;) (15, (rs1, ws)qu,ﬁ (ri,r,w;)

E,, (r,ws + w;): (Classical) pump field

10



Computing the SPDC Wavefunction for Photonic Nanostructures

Green’s function formalism:" SPDC wavefunction (“two-photon transition probability”) Ts,i:1

Ts,i(rsr Wg, €5, T, Wi, ei)

Not relying on quantization of

classical modes (2)
o = E es,qsei,qijdg Xa,/g,y(r)Ep,y(r' ws + w)Gg o(Ts, T, Ws)Gg, p(Ty, T, W)
handles lossy / radiative . _
systems P As i

E,, (r,ws + w;): (Classical) pump field

|Ts ;|* o Coincidence rate

Pump

Idler
GQ,B .
| )((E(Z[);y(r): Material nonlinearity based on

crystal structure

xep, @

'A. Poddubny, et al. PRL 117, 123901, (2016) 1



Computing the SPDC Wavefunction for Photonic Nanostructures

Green’s function formalism:" SPDC wavefunction (“two-photon transition probability”) Ts,i:1

Ts,i(rsr Wg, €5, T, Wi, ei)

Not relying on quantization of
classical modes 3. (2)
= z €s,qs€iq; | T Xop y(r)Em,(r, ws + w;) |qu,ﬁ (r;,r,w;)
handles lossy / radiative _ .
systems @p.y.asai
|T5'i|2 & Coincidence rate E,, (r,ws + w;): (Classical) pump field
Pump R

Gy alrs, 1, ws) : Green’s function at
signal frequency

Signal
GCIs'a

AlGaAs l
X
AlOx

)(S%,y(r): Material nonlinearity based on

crystal structure

2
XSy,

'A. Poddubny, et al. PRL 117, 123901, (2016) 12



Computing the SPDC Wavefunction for Photonic Nanostructures

Green’s function formalism:" SPDC wavefunction (“two-photon transition probability”) Ts,i:1

Ts,i(rsr Wg, €5, T, Wi, ei)

Not relying on quantization of

classical modes 2)
- = z eS;Qsei;Qifdnga,B,y(r)Ep;Y(r’ ws + w;) Ggpp (T T, ;)
handles lossy / radiative o f
systems L

|T5'i|2 & Coincidence rate E,, (r,ws + w;): (Classical) pump field

Al

ds q,: Signal detector (2-level system)

: Green’s function at

signal frequency

)(S[);,y(r): Material nonlinearity based on

crystal structure

'A. Poddubny, et al. PRL 117, 123901, (2016) 13



Computing the SPDC Wavefunction for Photonic Nanostructures

Green’s function formalism:" SPDC wavefunction (“two-photon transition probability”) Ts,i:1

Not relying on quantization of Tsi(rs, wg, €57, Wy, €;)

classical modes (2)
- = E €5,45€i,q; f dnga,ﬁ,y(r)Ep,y(r' ws + w;) Ggpp (T T, ;)
handles lossy / radiative . _
systems PV s i

|T5'i|2 & Coincidence rate E,, (r,ws + w;): (Classical) pump field

ds q,: Signal detector (2-level system)

: Green’s function at

signal frequency

x(f};,y(r): Material nonlinearity based on

. . crystal structure
Green’s function is y

key-component
(r)

'A. Poddubny, et al. PRL 117, 123901, (2016) 14



Reconstructing the Green’s function

Expansion into eigenmodes of system

0 ~ , Simple Photonics Example:
/ Em,a (1‘) X Em,ﬁ (1‘ ) low-Q 1D-Fabry Perot Resonator
Ga,ﬁ(r;r;w):_ (w_w )a T4 1 v 7 m=0
m=1 mJ=m : : |
| |
| |
| I m=2
== 1 l I
For a non-Hermitian system the = | :
eigenmodes are Quasi-Normal Modes'-2 & " 6 !
= | |
« Also known as “leaky modes”, “decaying states” B \ ) | » 1
2 \/ I | | 1=
- Not power-orthogonal (“only quasi-normal”) I : -.\
I |
- Exponentially divergent outside cavity 4l | E \ m=3
(Normalization!)?2 -3L/2 -L/2 L2 3L/2

'P. Lalanne, et al., Laser Photonics Rev., 12, 1700113, (2018)
2W.Yan, et al., PR B, 97, 205422 (2018)




Example: AlGaAs Nanocylinder

Reconstruction of Green's function using
Quasinormal modes’-2:

(100)-AlGaAs
h=400 nm, r=200 nm [l

Maxwell equations formulated as eigenvalue problem
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'P. Lalanne, et al., Laser Photonics Rev., 12, 1700113, (2018)
2W. Yan, et al., PR B, 97, 205422 (2018)

3C. Gigli et al., JOSA B, 36, E55, (2019). 16



Capabilities of used method

Prediction of SPDC ...

... Spectrum... ... Emission ... Polarization
Direction... State...

4 1408 1249 1122 1018 x10®

Re(p)

P g

Y.
YXYY Yy

... for arbitrary nanoresonator shape
& inhomogeneous background
& dispersive materials.




Polarization Entanglement in AlGas Nanocylinder

Measurement geometry Emitted photon pairs
A Z
2

Signal # B

(8)]
laquinu }1piwyoss

@® [HV) — |VH)

M. A. Weissflog et al., ,Nonlinear Nanoresonators are Natural Sources of Bell States,” Appl. Phys. Rev. 11, 011403 (2024) 18




Protected Quantum State Generation

Protected generation of entangled quantum state for ¢-symmetric detection
detection .

Apump = 680nM

@ Idler
Change 1
p . A =735nm
x10 pump —
L T T T T T
.
8 2 D E ®
£ .
=3 3 E P (‘%
c
- I 05 8 3
515 %8
£ " -]
£ 1 o
Q »
m 1 ygnasmunnsspamavenst® . \ . , 0 =
700 720 740 760 780
1 wn
o IHV) — [VH) 5
2 3
— o
é 05} 3
3
o
®
0 -~

700 720 740 760 780

Pump wavelength [nm] IncreaSing Ap

M. A. Weissflog et al., ,Nonlinear Nanoresonators are Natural Sources of Bell States,” Appl. Phys. Rev. 11, 011403 (2024) 19



Tuning the Polarization Quantum State

. . . . Copropagating
Flexible tuning of quantum state for copropagating detection dler
Apump = 680nm
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x107
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M. A. Weissflog et al., ,Nonlinear Nanoresonators are Natural Sources of Bell States,” Appl. Phys. Rev. 11, 011403 (2024) 20



SPDC Spectrum

SPDC spectra for different excitation
wavelength (NA=0.8 backwards)

d’N__ (dtdw)™

pair
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SPDC Spectrum

SPDC spectra for different excitation
wavelength (NA=0.8 backwards)

d’N__ (dtdw)™

pair
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SPDC Spectrum

SPDC spectra for different excitation
wavelength (NA=0.8 backwards)

d’N__ (dtdw)™
pair
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Summary

* Development of model to describe SPDC in
nanostructures

« Single nanoresonators can directly generate
entangled states

 Different Bell states can be generated

24
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