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Motivation

Plasmonic and hybrid nanocavities provide strong light-matter interactions

Frequency upconversion

Upconverted
signal

Si

IR radiation (vy,)

Chikkaraddy et al., Nature 535, 127 (2016)
Heintz et al., ACS Nano 15, 14732 (2021)
Lie et al., Nano Lett. 22, 4686 (2022)

Chen et al., Science 374, 1264 (2021)
Xomalis et al., Science 374, 1268 (2021)

— How can we understand quantum light-matter interactions in such (multi-mode) systems?
— How can we use them for (ultrafast) quantum technologies (single-photon sources, nonlinear elements, etc.)?



Descriptions of electromagnetic fields

“Traditional” Quantum Optics “Traditional” Nanophotonics
* Discrete modes (often only one) e Continuous modes (any frequency and direction)
* Losses described as Lindblad terms * Green’s function (tensor) determines “everything”
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Subwavelength cavity QED

We want/need a quantum description of light-matter interactions in nanophotonic structures.
But what do we really mean with “light” and “matter”?

N
-

“Traditional” quantum optics / cavity QED
1) Cavity mode is a propagating EM field
H with boundary conditions — discrete modes

2) Losses are small perturbation on top
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sub-wavelength!



Subwavelength cavity QED

We want/need a quantum description of light-matter interactions in nanophotonic structures.
But what do we really mean with “light” and “matter”?

“Traditional” quantum optics / cavity QED
1) Cavity mode is a propagating EM field
with boundary conditions — discrete modes

Free space Antenna Nanocavity Picocavity AU 2) Losses are small perturbation on top
. SR & Uii 777: ________

Near field

Nanophotonic (subwavelength) quantum optics
1) Material structure is integral part of “light” modes

R | 2) “Photons” are actually mixed light-matter excitations
) u
F .. _ © (e.g., surface plasmon polaritons)
o o o ~oqnm Au 3) Fast material and radiation losses integral to description

z Z=37170Q z z z

J. J. Baumberg et al., Nat. Mater. 18, 668 (2019) (Ilfetlmes on the order of femtoseconds)

Side comment for theorists:
Dominant interaction is with charges in the material (Coulomb
force / longitudinal fields), not with propagating (transverse)

fields = fundamental interaction is [i - E, not p A and A2
(“an electron by any other name is still an electron”)



Quantization strategy: Macroscopic QED

1) Separate:
a) Emitter(s) (collections of charged particles)
Described through quantum chemistry or similar

v

b) “Cavity” (arbitrary material structure with linear response)
Described through macroscopic electromagnetism (Maxwell)
Local response: permittivity €(7, w) and permeability u(7, w)

2) Treat "CHVIty materlal + . C. Climent et al., Angew. Chemie Int. Ed. 58, 8698 (2019)
a) Find system of coupled harmonic oscnlators reproducing macroscopic Maxwell equations.
Dissipation: coupling to “internal” harmonic oscillators.
b) Diagonalize (formally — solutions expressed through Green’s functions)
c) Quantize harmonic oscillators (promote variables to operators)
— quantized medium-assisted EM field: infinite collection of bosonic modes (quantum harmonic oscillators)

HF - Z/dOJ/dgr hw f';[(r,w)f}\(r,w) E(I‘) :Z/dw/dgrl G)\<I',I'/,w) -f}\(r/,w)—kH,C.
A ) A0

Huttner and Barnett, Phys. Rev. A 46, 4306 (1992); Dung, Knoll, Welsch, Phys. Rev. A 57, 3931 (1998)
Scheel, Knoll, Welsch, Phys. Rev. A 58, 700 (1998); Philbin, New J. Phys. 12, 123008 (2010)
Scheel and Buhmann, Acta Phys. Slov. 58, 675 (2008); Buhmann, Dispersion Forces | & Il (2012)



Quantization strategy: Macroscopic QED

3) Reintroduce emitter & do unitary transformation of EM modes to simplify Hamiltonian:
Final result: Emitter — EM mode interaction fully characterized by “spectral density” (~ local density of states)

H=He+ [ [wal @)a(w) + e/ T@) (aw) + af ()] de
0
2 . A
J(w) = w g - G(rp,rp,w) - s Markovian J(w)
TEQC ~
Spectrally flat S —
Purcell Factor: P(w) = (W) B
! ' “I= Jo(w) “Memoryless” environment R
w
J(w) fully characterizes the “cavity” Non-Markovian J (w) .
— two systems with the same spectral density b densit .
are indistinguishable for the emitter Arbitrary densities S
~
Dynamics depend on
Spectral density is the “central” quantity in . . >
previous times W
open quantum systems theory.

Formulation used here: “Emitter-centered modes”
Feist, Fernandez-Dominguez, Garcia-Vidal, Nanophotonics 10, 477 (2020)



Lorentzian spectral density

Lorentzian spectral density (“resonance”):

Jw) = & /2 g—QIm[ ! ]

oo

H=H,+ [ [wal@)a(w) + fy/Tw) (aw) + al )] du
0
Exactly equivalent to a Lindblad master equation with a lossy mode!

Op = —i[HR, p| + KLa[p]
1
Hp = H. +wea'a + gjie(a + a) Lalp] = apa’ — 5{0%, p}

Multiple lossy modes: sum of Lorentzians

For clean systems with relatively sharp isolated resonances,
this is “enough”. But does it always work?

Imamoglu, Phys. Rev. A 50, 3650 (1994)
Tamascelli, Smirne, Huelga, Plenio, Phys. Rev. Lett. 120, 030402 (2018)



Nanophotonic spectral densities

Spectral densities of some example systems

Plasmonic nanogap antenna Hybrid plasmonic — dielectric cavities
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é 10| %2 ‘ S. Franke et al., Phys. Rev. Lett. 122, 213901 (2019)
2 Bare cavity & é 1
1 4 :° “Resonances” are not necessarily Lorentzian, with
interference effects (Fano), nonsymmetric peaks, etc.
700 7;5 7..;10 7;5 8(I)0 8&5 8;0 8;5 900
_ Wavelength, 2 (nm) One option: Quantization of “quasinormal modes” (Franke
R-Q. Lietal, Phys. Rev. Lett. 117, 107401 (2016) B. Gurlek et al., ACS Photonics 5, 456 (2018) et al., PRL 2019). But complex to implement and limited

when many modes contribute to a single peak.
Can we find a simpler and more general approach?



Coupled modes spectral density

What if we use multiple modes, and allow them to interact?

Lindblad master equation of coupled modes with losses:

Orp = _i[HRa IO] + Z ’ii'caz' [p]

HR = He + Zwija};aj + Zgiﬂe(ai + 0,,]:)

gf gn gN

S Exactly equivalent to a spectral density:
N y ; p” wWi1 — %lﬁll Wiz
Q Q | Q Jmod(w) — lg Im [ =~ ! ] ) g I:I — wal W22 %/{2
Q‘i& \“*3.29 -J?zlf) m —w 5 5
2

Interactions give much more flexibility for describing spectral density!
“Just” need to find model system that reproduces nanophotonic J(w)
— fitting to obtain parameters — only approximation in the method!

l. Medina et al., Phys. Rev. Lett. 126, 093601 (2021)



Few-mode quantization of arbitrary spectral densities

Hybrid test system: high-dielectric microsphere with ellipsoidal plasmonic nanoantenna

Complex spectral density with several interference (Fano-like) features.
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* Almost perfect fit of full spectrum using 20 modes!
(Quasi-normal modes: orders of magnitude more in the spectral region)
* Fit with non-interacting modes (sum of Lorentzians) cannot reproduce

complex interference structure and overestimates density in several regions.

1.75 2.00 2.25 2.50

I. Medina et al., Phys. Rev. Lett. 126, 093601 (2021)



Few-mode quantization of arbitrary spectral densities

Hybrid test system: high-dielectric microsphere with ellipsoidal plasmonic nanoantenna
Complex spectral density with several interference (Fano-like) features.

S—
Jmod (LU)

no interactions
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— New “mapping” between

10° |

)

Purcell factor

Wk

104 £ ! !
050 075  1.00 nanophotonics and quantum optics
— Couplings and losses do not commute
* Almost perfect fit of full spectrum using 20 modes! (OtherW'SE: sum of Lorent2|ans)

(Quasi-normal modes: orders of magnitude more in the spd = Mode interactions are an intrinsic

* Fit with non-interacting modes (sum of Lorentzians) canno feature of nanophotonic systems
complex interference structure and overestimates density |l

J

l. Medina et al., Phys. Rev. Lett. 126, 093601 (2021)



Few-mode quantization of arbitrary spectral densities

Spontaneous emission dynamics

— [ cact -===- mode 6 )
confirm correctness of model.

Model -—=- mode 7

Non-int. model
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I. Medina et al., Phys. Rev. Lett. 126, 093601 (2021)



Few-mode quantization of arbitrary spectral densities

t = 36.0 fs

106

Have access to spatially resolved EM field

| 105

Spontaneous emission: no coherent field!
— Need quantum calculation
(B(7) =0 . 2
i:/ 10 E
Can be transformed to “chain” form with next-
. . 3
nearest neighbor coupling v
M. Sanchez-Barquilla, JF, Nanomaterials 11, 2104 (2021)
) 102
Up to now: single emitter and Lo
single polarization direction ‘
280nmI‘
Can we go beyond that? 120 "’"1\’“ 10
iz
l. Medina et al., Phys. Rev. Lett. 126, 093601 (2021)

S
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Extension to multiple emitters

Macroscopic QED:
Light-matter interaction for multiple emitters is fully characterized by a generalized

spectral density describing EM-mediated interaction between emitters n and m:

w2

Tnm(w) = p— n, - ImG(r,,r,,w) n,

Few-mode quantization model easily extended to that case
— coupling vector becomes a matrix

Hp =) Hepn+ Y wijala;+ Y gniflen(a; +a])

(¥ )

1
jmod (w) —

s

1
Im | = T
g [H_Jg

J. Feist et al., Nanophotonics 10, 477 (2020)
M. Sanchez-Barquilla et al., Nanophotonics 11, 4363 (2022)
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Control of energy transfer

0.03
TE0.02F
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0.00 / | ] ] ] ]
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t (ps)

Quantum state of Gap emitter controls energy transfer from Top to Bottom emitter.



New perspective on ultrastrong coupling

Well-known in ultrastrongly coupled systems: Cannot use “normal” Lindblad term @) o

because it induces artificial pumping, e.g., from the ground state (e.g., Mikotaj’s talk). — Exact

Can the mapping provide a new perspective on this? : Our approach
10 F Lindblad

J(w)

>
e Real Eqo3t
2z Lorentzian § (
€ ms_____c__(

Use interference of coupled

\

modes to suppress negative 07— - . 2 y
Artificial frequencies — “standard” w (eV)
pumping Lindblad master equation in the (b)
ultrastrong coupling regime! 10°
. T —_— ® I s 107 - Exact
107 ¢ g Our approach
Yes! Cavity mode + Lindblad gives a Lorentzian spectral density, = | Bl ot \
spanning the whole real axis. kE 107 TN, |77 BlochRedrield v |
“Real” spectral densities have only positive frequencies! 2 10° [ \f \\ 0 e 100
— negative frequency components introduce artificial pumping I \
(emission of negative-frequency photons to the bath 0% u X/’\\
= absorption of photons from the bath) - ' ' A E—
0 100 200 300 400 500
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New perspective on ultrastrong coupling

. . a
Well-known in ultrastrongly coupled systems: Cannot use “normal” Lindblad tgﬁ,;dblgd)master equation capable of describing hybrid quantum
because it induces artificial pumping, e.g., from the ground state (e.g., Mikota i L
Can the mapping provide a neW perspective On this? DepartamentodeFisicaTeéricadelaMateziaCondensadaar;;l_2(538Z;e;;egﬂl;{vag:;;llysicsCem.er (IFIMAC), Universidad Auténoma de Madrid,
Context
J(w)
(\ e Real Py ~
@+> — Lorentzian e oL
v
| Use interference of coupled -
modes to suppress negative ( -
Artificial frequencies — “standard” |
pumping Lindblad master equation in .
ultrastrong coupling regime

T

Yes! Cavity mode + Lindblad gives a Lorentzian spectral density,
spanning the whole real axis.

“Real” spectral densities have only positive frequencies!

— negative frequency components introduce artificial pumping
(emission of negative-frequency photons to the bath

= absorption of photons from the bath)

Time (fs)



Engineering of non-Hermitian systems

Can engineer nonlinearity of the losses in a hybrid system to obtain efficient
single-photon emission through non-Hermitian photon blockade.

Requires non-commutativity of losses & couplings!

A. Ben-Asher et al., arXiv:2212.06307
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Single-Photon Emission due to non-Hermitian Anharmonicity

Anael Ben-Asher, Antonio |. Fernandez-Dominguez, Johannes Feist

Departamento de Fisica Teérica de la Materia Condensada and Condensed Matter Physics Center (IFIMAC),
Universidad Auténoma de Madrid, E28049 Madrid, Spain

E-mail: Anael.benasher @uam.es

/

(" Motivation

Single-photon emission o0 00000 00 0002 o3 playsavital role in various quantum information systems?, for example, in:
QSecure communication 0 Quantum metrology QQuantum computing QQuantum teleportation 0 Sensing
We theoretically introduce a novel mechanism for single-phot ission: non-| itian photon blockade.
e ™
/ Hermitian Photon Blockade? \ Non-Hermitian Photon Blockade3 (NHPB)

- Stems from anharmonicity in energy - Stems from anharmonicity in loss

- Requires strong coupling - Operates in weak coupling

- Limited by the system’s losses - Exploits by the system’s losses

The origin of the NHPB mechanism
+ The eigenenergy of a lossy state: E; = E; — "L, where ; is ts energy and Iy /i i its decay rate.

+ Single-photon emission occurs when the normalized zero-delay second-order correlation function g vanishes:

; ) ) L, T
e (AT [T T G Mt e
E, 2721 B 002 T 210y |[EQES [po)I? = z T
‘ N IR T AT (Ezzer) A

Ratio between the Lorentzian functions of the density of states at £, and E,,,

-0

(ow-pumping regime) 9 20(@1) =

oy
2

+ When = w, and T, » T, the population of the high-loss |p,) is prevented due to a smaller density of states, giving rise to the NHPB

NHPB in hybrid cavity interacting with two-level emitter
Hybrid cavitys interacting with emitter (y, « y,) incorporates optical modes with different losses (y; » yy):

Ve

Hy = (m - ’7) 040+ Sineray [(w - %) alan + ga(oray + uﬁa,)] +d(afa, +ala,).

Engineering low-loss [p;) Engineering high-loss [p;)

When gy, ¥e,¥1 < g2.d, The loss of [p,) is controlled by its
decoupling of the microcavity and plasmonic component:
’ (p:lafas|pa)l.
n it overcomes L,

v
sch higher loss than |p; ).

« By engineering low-loss [p,) and high-loss [p), high-purity single-photon emission
is achieved (solid lines).

« This single-photon emission is well described just by the narrowest eigenstates of
each manifold, [py), |p,) and |p;) (dotted lines).

« When artificially setting all the eigenstates to have the same decay rate: I} = qT;,,

(q is the excitation number), the single-photon emission is completely suppressed

(dashed lines).
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Combine few-mode quantization with molecular dynamics

Investigating the Properties of Molecule-Cavityc. U AM
Systems through Molecular Dynamics Simulations (] ~~ o

We can now do molecular dynamics simulations with the full
complexity of the molecules & the full complexity of the nanophotonic
system in an efficient manner.

Ruth H. Tichauer'3, Maksim Lednev', Gerrit Groenhof?, Johannes Feist'

¢
|

complex intemal dynamics as well as their immediate material environment, coupling
4 in quantum information technologies. [1, 2] Because of the large
candidates for future applications as strong light-matter coupling can be

While coherent emission of organic chromophores is limited by th
these photo:
binding enes itons, organic materials are furthermore promisi
achieved at ambient conditions. [3]

However, a model that describes accurately both the molecules and the i created by the light-confining structure is currently
lacking which limits the understanding of the effects of material properties in the dyn: f strongly coupled systems. While we have achieved the
firstrequiemnentof such a moel by adopting an atomistic QM/MM representtion of the material pan of the strongly coupled system (4,5 the descrp-

tion of confined light mited to modes of optical Fabry-Pérot resonators. (6] To move beyond, we introduce an explici n of the quantised
ficld for arl jtrary structures such as plasmonic or hybrid metallo-dieletric nanocavities. [7]
J/
Model of Light-Matter Interactions
SRfiton We model light-matter interactions, through an extension of the well-established Tavis-Cummings [8] of quantum optics,

that we had previously adapted to account for the molecular degrees of freedom [4, 5], and include the full mode structure of arbitrary

i imu,m,m;m + tm.‘m‘m - Z\:thm‘r,(/‘ + &)
i

[1hQ
dark states " ZRADL hano-resonators:

S 7R is the geometry dependent excitation enerzy of molecule j at position . /. is the energy of the medium-asssted clec
tromagnetic mode k and g is the light-matter coupling strength between molecule j and electromagnetic mode & in the long
wavelength (or dipole) approximation that depends on f1,(R;). the geometry dependent molecular transition dipole moment

“eaes

10 an external ignetic field, 9, 7] the finite set of modes fiw; describe
at each point r in space and frequency w. They are obtained through a fitting procedure of
. which fully encodes the c field in interaction with the N emitters.

ar response of the

the spectral density Jmai(®)

romagnet

‘The total wave function () describing the interacting light-matter system is expressed as a time-dependent superposition in the diabatic
basis of molecular [§]) and electromagnetic mode excitations |1,):

Nan

W) = Zﬂmmw” with ¢"=|S))®[0) if m<N i
100 T T T T ¢ =ISp@ll) if m>N h

All modes ==
Single Lorentzian = - =

ients ¢,,(1) are evolved along the classical trajectories of the nuclei of the N molecules field or

age potential due (o weak/strong intera

om a belonging to molecule j, experiences an av ons with the ‘The forces due to mode / acting on atom a of

)+ (e ep(R)) - Bi(r))

W1V 10 = e e VI R)) + (1 =)V Vi
eld profile at position r(. )

where fi(r; if the ele
\Where fi

Preliminary Results
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Summary

Novel few-mode quantization method for nanophotonic systems
* Efficient & simple mapping between nanophotonics and quantum optics
* Mode interactions are an intrinsic feature of nanophotonic systems
* Naturally non-Hermitian
e Can deal with multiple emitters
* Not restricted to any particular system or coupling regime

Example applications
e Ultrastrong coupling
* Nonclassical light emission. R. Saez-Blazquez et al., Nano Lett. 22, 2365 (2022), A. Ben-Asher et al., arXiv:2212.06307
* Molecular dynamics in nanophotonic structures
Outlook:
* Exploit mapping to provide new directions for quantum optics & nanophotonics

* Further theory developments
* |nput-output theory
* Non-dipole interactions
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