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How to manipulate the properties of quantum materials?
Methods for controlling quantum materials and quantum phases.  
Elementary excitations in quantum materials and select control techniques  
arranged (clockwise) in order of ascending frequency.  
   Basov, Averitt and Hsieh, Nature Materials 16, 1077 (2017). 
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Atomistic structure + transverse EM field

Frequency, polarization, pulse (envelope),…

    

           J. Bloch, A. Cavalleri, V. Galitski, M. Hafezi, AR,, Nature 606 41-48 (2022)                           
Map of strongly correlated electron–photon systems 
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Strong Light-Matter Coupling without Lasers: 
Cavity Material Engineering

Laser-Induced Cavity-Induced

H. Hubener, U. De Giovannini, C,. Schafer,  M. Ruggenthaler, J. Faist, AR    Nature Materials (2021)
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Light-Matter Coupling in a Cavity :

Coupling Scales as ∝
1
Veff

Coupling is Collective ∝ Ndipoles

order - disorder transition from vacuum

Vacuum Fluctuations play a role as ⟨Ê⟩eq = 0

Zero-point field effects are usually miniscule

Lamb shift

Casimir effect

Van der Waals forces 

=> No chemical impact expected

Hhν
H2

H
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• Mode structure is designed using optical 
cavity configuration and materials

• Study how electrons and phonons are 
modified inside the effective modes

Focus on the matter modified due to  
photon quantum fluctuations
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Focus on the matter modified due to  
photon quantum fluctuations

 control the ground state of a quantum material with vacuum fluctuations?

1. Can we modify electrical conductivity 
with vacuum photons? 

2. Can we increase the transition 
temperature of a superconductor? 

3. Can we modify the topology of an 
electronic band using circularly 
polarized cavity vacuum fields? 

4. Can we create or destroy phases of 
matter using engineered vacuum fields?
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FEA new Photo-Phase Diagram for STO

The Ferroelectric Photo-Groundstate of SrTiO3,:  
Cavity Materials Engineering,S. Latini, D. Shin, S.A. Sato,  
C. Schäfer, U. De Giovannini,  H. Hübener, AR  PNAS (2021)

Can we modify chemical reaction rates,  
energy transfer, enantiomeric selectivity …
chemistry?    “Polaritonic chemistry” 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• Quantum Hall effect • Metal-to-insulator transition

• Ferromagnetism

• Superconductivity

• Other cavity platforms

THz chiral cavity to break time-
reversal symmetry

A. F. Kockum et al., Nat. Phys. 1, 19 (2019)

Quantum vacuum fluctuations can be used to modify a wide range  
of  solid-state materials ground state properties
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Deprotection reaction
Thomas et al.,
Angew. Chem. 2016

Hydrolysis reaction
Lather et al., Angew. Chem. 2019

Prins Cyclization
Hirai et al., Angew. Chem. 2020

Ionic conductivity of water
Fukushima et al., JACS 2022

Addition  reaction
Ahn et al., Science 2023

Isomerization reaction
Patrahau et al.,
Angew. Chem. 2024

Vibrational Strong Coupling (VSC): A Novel Tool for Tailoring Reactivity

thermore, the deprotection reaction occurs by pseudo-first-
order kinetics on a timescale of minutes so that it can be
monitored by FTIR spectroscopy at different time intervals.

The cavity consists of two parallel mirrors separated by
a distance on the order of 6 mm that can be tuned precisely to
be in resonance with the vibrational transitions of the
reactant. The IR transmission of the cavity and reactant
system is shown for a broad spectral range in Figure 2a.
Figure 2b focuses on a smaller spectral window to show how
the transmission spectrum of the cavity (red curve) is

modified by the vibrational absorption spectrum of PTA
(blue curve). The cavity is tuned so that it is resonant with the
stretching transitions of the C Ši bond around 860 cmˇ1,
a double peak corresponding to the C⌘C Ši and Ši(̌ Me)3

modes.
Such a cavity of length L has a series of resonances

(Figure 2a), which are multiples of the fundamental cavity
mode and depend on the refractive index n of the medium
inside the cavity such that the wavelength l is equal to
2n L/m, where m (mode order) is an integer. Correspond-

ingly, in wavenumber units,

nÖcmˇ1Ü à 104

l à
104m
2nL , with L and

l in mm. As a consequence, another
cavity mode falls exactly on the ˇ
C⌘Cˇ stretching transition at
2160 cmˇ1. If the product and the
reactants have even slightly differ-
ent refractive indices, then the posi-
tions of the cavity resonances that
lie far from any vibrational absorp-
tion peak can be conveniently
monitored to follow the chemical
reaction as we shall see below.

Vibrational strong coupling,
VSC, is achieved by placing
a molecular material in the con-
fined field of an optical cavity mode
that is resonant with a vibrational
transition. This splits the vibra-
tional levels into two new hybrid
states, which are separated by the
Rabi splitting �hWVR (Figure 1a).
The magnitude of the Rabi splitting
reflects the strength of the interac-
tion, and it is proportional to the
square root of the absorbance of the
peak and therefore to the concen-
tration (Figure 3a, inset) and the
molar extinction coefficient. VSC
occurs even in the dark as it is

Figure 2. a) IR transmission spectrum of the ON resonance cavity from 7000 to 500 cmˇ1 immedi-
ately after injection of the reaction mixture (PTA++reagent). b) IR transmission spectrum of PTA
inside (red trace) and outside (blue trace) the ON resonance cavity. c) Temporal shift of the higher-
order cavity modes of the ON resonance cavity during the reaction (0 to 16 min). d) Kinetics of the
reactions in an ON resonance cavity (red squares), outside the cavity (blue squares), and in an OFF
resonance cavity (green squares) as extracted from the temporal shifts in the higher-order cavity
modes. All measurements were carried out at [PTA] =2.53m. See the Experimental Section for details.

Figure 3. a) The decrease in the ratio of the reaction rates under VSC and outside the cavity as a function of the Rabi splitting energy. The inset
shows the linear dependence of the Rabi splitting on the square root of [PTA]. b) The reaction rate as a function of the cavity tuning for reactions
inside (red squares) and outside (blue squares) the cavity. The black solid line shows the double-peaked IR absorption spectrum associated with
the Sǐ C modes of PTA. The dotted lines are guides to the eye. c) GC-MS chromatograms of silane deprotection reactions carried out inside the
ON resonance cavity (red trace), in the OFF resonance cavity (green trace), and outside the cavity (blue trace). (The GC-MS data shown here
correspond to experiments carried out at higher [PTA] (3.37m, �hWVR à114 cmˇ1), see the Experimental Section for details.)

Angewandte
ChemieCommunications

11463Angew. Chem. Int. Ed. 2016, 55, 11462 –11466 ⌫ 2016 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

No effect: H-abstraction
Chen et al., Nanophotonics 2024

(+ Unpublished results)

Seminal Experiments
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Octopus project

QEDFT:   Quantum electrodynamical density functional theory 
fermions+bosons:    electron photons phonons… 

Theoretical Developments: QEDFT 

“New States of Matter” 
 QED-materials

M. Ruggenthaler, et al, PRA (2014), Nature Reviews Chemistry (2018) 
J. Flick, et al,  PNAS (2015), PNAS (2017), JCTC (2017); ACS Photonics (2018)

Issues of full QED 
- Only perturbative 
- No ground states
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LongitudinalTransverse

M. Ruggenthaler, N. Tancogne-Dejean, J. Flick, H. Appel, & A. Rubio, Nat. Rev. Chem. 2, 1–16 (2018)

Â(r) =
ℏc2

ϵ0L3 ∑
n,λ

ϵn,λ

2ωn
(an,λeikn⋅r + a†

n,λe
−ikn⋅r)

M. Ruggenthaler, D. Sidler, & A. Rubio, Chem. Rev. 123, 11191–11229 (2023)

The Pauli-Fierz (PF) Hamiltonian serves as the foundation  
for (quantum) light-matter coupled systems
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The underlying physical laws necessary for the mathematical theory of 
a large part of physics and the whole of chemistry are thus completely 
known, and the difficulty is only that the exact application of these laws 
leads to equations much too complicated to be soluble. 

P.A.M. Dirac, Proceedings of the Royal Society of London. Series A 123, 792 (1929)

Why don’t we just solve the many-body SE?

It therefore becomes desirable that approximate practical methods of 
applying quantum mechanics should be developed, which can lead to 
an explanation of the main features of complex atomic systems without 
too much computation.

Complexity — Disorder / order (symmetries) — Open quantum systems
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Octopus project

QEDFT:   Quantum electrodynamical density functional theory 
fermions+bosons:    electron photons phonons… 

Theoretical Developments: QEDFT 

“New States of Matter” 
QED-materials 

Non relativistic Pauli -Fiertz HamiltonianQEDFT Theorem

J. Flick, M. Ruggenthaler, H. Appel, AR PNAS (2015)  and PNAS (2017); 
Ruggenthaler, Tancogne-Dejean, Flick, Appel AR, Nature Reviews Chemistry (2018); PRA (2014)

Self-consistent coupled Maxwell– Kohn–Sham–Pauli equations  
                                 Riemann-Silberstein 

M. Ruggenthaler, et al, PRA (2014), Nature Reviews Chemistry (2018), Chemical Reviews (2023) 
J. Flick, et al,  PNAS (2015), PNAS (2017), JCTC (2017); ACS Photonics (2018) 
D. Sidler, et al JCP (2022), JPCL (2020), C. Schaefer PRA (2018), PNAS(2019),  Nat. Comm (2023)
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Ne
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w(rl, rk) +
Ne
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∑
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1
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c ∫ d3r jext(r) ⋅ Â(r)

(Vext, jext) ⇆ |Ψ⟩ ⇆ (ρ(r), A(r))

M. Ruggenthaler, arXiv:1509.01417 (2017)
M. Ruggenthaler et al., PRA 90, 012508 (2014)

⇆ |Φ⟩ (VKS, jKS)⇆

(Ground-state QEDFT)
(Relativistic and non-relativistic QEDFT)

Non-interacting system

Maxwell-KS system

ĥ =
1
2 (−i∇ +

1
c

AKS(r))
2

+ vKS(r)
vKS(r) = vext(r) + vH(r)

e-photon 
interaction

e-e 
interaction

vxc(r) vpxc(r)+ +

AKS
long-wavelength 
approximation

Quantum electrodynamical density functional theory (QEDFT) in nutshell

I-T. Lu et al, AR., PRA 109, 052823 (2024)
L. Weber et al, AR PRL 135, 126901 (2025)
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Kohn-Sham (KS) Hamiltonian in the presence of photons

HPKS = −
1
2

∇2 + vex(r) + vHxc(r) + vpx(r) + vpc(r)
External 
potential

Hatree potential

xc potential
+ photon-exchange 

potential
photon-correlation 
potential

vpc(r) = ηvpm(r)

vpm(r) =
Mp

∑
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e− λ̃2α
ω̃2α − Neλ̃2α

λ̃2
α

4ω̃3
α
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∇2vpxLDA(r) = − η
Mp

∑
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κ
2π2λ̃2

α

ω̃2
α
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2Vd )

2/d

∇2vpx(r) = − η∇ ⋅
Mp

∑
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λ̃2
α

2ω̃2
α

(ε̃α ⋅ ∇)⟨{ε̃α ⋅ Ĵp, ̂jp(r)}⟩Φ

ρ(r)

Options for the px potential (wave function or LDA) pc potential

η = η0 + (1 − η0)(1 − e−βs
λ2
ω2 )

scaling factor 

 is obtained using a small coupling to get the 
correct energy correction in perturbation regime
η0

Effective photon-free  KS Hamiltonian  for light-matter interaction  

C. Schäfer et al, PNAS 118, (2021) I-T. Lu et al, AR., PRA 109, 052823 (2024)
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Nuclear motion (classical ions)

MI
d2RI

dt2
= FI + ZIE

Dark cavity, i.e., E = 0
Hellmann-Feynman forces FI

Electron-photon systems

[−
1
2

∇2 + vKS(r)] ψi(r) = εiψi(r)

vKS(r) = vext(r)
e-  interactionγe-e interaction

vxc(r) vpxc(r)+ +vH(r)+

I-T. Lu et al, AR., PRA 109, 052823 (2024)

∂νqvKS(r) ↔ ∂νqρ(r)
Electron-phonon coupling
gmn,ν(k, q) = ⟨mk + q |∂νqvKS |nk⟩

Phonon properties (harmonic approximation)
Density functional perturbation theory (DFPT) Phonon dispersion

|nk⟩ |mk + q⟩

|νq⟩

gnm,ν(k, q)
including ∂νqvpxc(r)

ωνq |νq⟩and 

I-T. Lu et al. AR, PNAS 121, e2415061121 (2024)

Our QEDFT toolbox for QED solid-state materials
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Reactivity

Electromagnetic 
Waves

Solvent 
Reorganization

Nuclear 
Motion

Electronic 
Motion

Length scale

10-15

10-12

10-9

10-6

Time scale

Cavity Quantum 
Electrodynamics

A Multiscale Challenge

 Polaritonic chemistry 

D. Sidler, et al JCP (2022), JPCL (2020), Chem.Rev (2025) 
M. Ruggenthaler et al, Chem.Rev (2023))

Experimental 
success
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Cavity QED-Chemistry “polaritonic chemistry”
Modifying Chemical Landscapes by Coupling to  Vacuum Fields

Molecular Energy Transfer

Experimental evidence: 
Thomas Ebbesen’s group
Angewandte Chemie International Edition (2017)

 
 

C. Schäfer, M. Ruggethaler, A. Rubio,  PNAS (2018)



Few (!) molecular electronic strong coupling 

18
T. Haugland et al., J. Chem. Phys., 154, 094113, 2021

van der Waals Hydrogen Bonds

Different computational methods inside/outside a cavity

Cavity

no Cavity
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Figure 2: A) Transmission spectra obtained after exciting the cavity and di!erent number
of simulated molecules. The black dashed line indicates the first electronic excitation energy
of N2. Every molecule is placed in individual grid points, next to the other, separated by 1
nm. B) Energy evolution and C) dipole evolution of the N2 molecule placed in the center of
the cavity with di!erent number of simulated molecules. D) Rabi splitting as a function of
the square root of the number of simulated molecules.

mirrors.16

Our implementation allows us to track the evolution of the energy and dipole moment

of each simulated molecule inside the cavity. For example, in Figure 2C and D we show

these observables for the molecule at the center of the cavity, considering three di!erent

conditions that di!er in the total number of molecules. Here, the strong coupling is reflected

in the energy oscillations (Rabi oscillations) and dipole moment modulation. The larger the

number of molecules, the higher the frequency of the energy oscillations. The maximum

absorbed energy also decreases as additional molecules also absorb light and the collective

coupling accelerates the emission rate.

Typically, the Rabi splitting scales linearly with the square root of the number of molecules,

assuming all molecules experience the same electric field. However, in our case, each molecule

is subject to di!erent field amplitudes depending on its position. Figure 2D shows that for

a small number of molecules, the space occupied by them is less than half the wavelength of

the corresponding excitation energy. Under these conditions, the electric field amplitudes at

the position of each molecule is almost constant, resulting in a linear dependence of the Rabi

splitting respect to
→
N . For a larger number of molecules (e.g. 30 or 50 for our simulation

setup) the space occupied by the molecular ensemble becomes comparable to the wavelength

of the resonant cavity mode. In this case, the usually assumed
→
N behavior no longer

10

Ω ∝ N
Collective (!) scaling of light-matter interaction

N ≈ 104 − 1012

=> Light-matter coupling  of single 

molecule extremely  small! 

=> No chemical impact expected

λα

Collective Strong Coupling
Rabi-Splitting Scaling Mystery
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2

N2 under electronic strong coupling (ESC) 
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Ez  component Ey component

N2 under electronic strong coupling (ESC) 

formation of polaritons 
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general effect :   As long as the excited state forces activate one particular vibrational mode

We can scan the kinetic energy in function of the Rabi splitting.

Benzene under ESC with Ehrenfest dynamics 
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̂V(2)
long,ij =

e2

| ̂ri − ̂rj |

Bare Matter

Coulomb (longitudinal):

Relatively localized intra- and inter-molecular correlations.

Dipole Self-energy ̂V(2)
trans,ij = λ2

αe2 ̂xi ̂xj

Cavity

Long-range inter-molecular correlations.

Established, but computationally demanding:
• Configuration Interaction 
• Coupled Cluster 
• Multi-configuration SCF methods 
• Sophisticated exchange-correlation 

functionals in DFT 
• …

Electron-Electron Interaction

Collective correlations 

require new 

computational methods!

3

Ecorr ℰ
N

∑
i<j

Jijsisj

Collective Electron Correlation Challenge

λ2
αe2 ̂xi ̂xj

e2

| ̂ri − ̂rj |

Ee
tot = Ee

cH + Ee
xc,Coul + Ee

xc,trans

 
J. M. Kosterlitz et al., Phys. Rev. Lett. 36, 20 (1976), 
D. Sidler, M. Ruggenthaler and A. Rubio, arXiv:2409.08986, (2024)

Spin Glass mapping — Spherical Sherrington-Kirkpatrick (SSK) Model

Random Normalization

Exc,trans ↦ −
N

∑
i<j

Jijsisj,
N

∑
i

s2
i = 1, Jij ∼ 𝒩(0,σ2

λ )

https://arxiv.org/abs/2409.08986
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The Spin Glass Hypothesis

Electronic structure (ab initio):

Te
m

pe
ra

tu
re

 (k
B

T
/J

)

Polarization 
Glass

Inverse coupling strength ( )J0/J

 ⟨𝐻̂
𝑒

(𝑹, 𝒒𝜷)⟩ = ∑
𝑁

𝑖 [⟨𝐻̂
𝑚,𝑒
𝑖 ⟩𝑖

− 𝑞𝛽𝜔𝛽⟨𝑥̂𝑖⟩𝑖
+ ⟨𝑥̂2

𝑖 ⟩𝑖
/2

+𝟐∑𝒋<𝒊 ⟨𝒙̂𝒋⟩𝒋⟨𝒙̂𝒊⟩𝒊]

Seed of VSC      (mapping to a spin glass model)
Collectively induced polarization instability
Replica symmetry breaking & dynamic frustration

Bare matter 
ground state Stochastic Resonances: 

Non-equilibrium thermodynamics

Nuclei–photon interactions  (MD)

R1

R2

Energy

Po
pu

la
tio

n

The connection of polaritonic chemistry with the physics of a spin glass 
D. Sidler, M.  Ruggenthaler, AR  arXiv:5853629 

Spin glass-like electron 
correlations

Hm(R(t), qβ(t)) +
p2

β

2
+

ω2
β

2 (qβ −
Xβ

ωβ ) + ℰ(R(t), qβ(t), t)
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what about the main question 
  

modifying the ground state of a 
quantum material with with 

vacuum fluctuations? 
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circularly polarized pump

topological Chern insulator -> 
anomalous Hall current T. Oka and H. Aoki, Phys. Rev. B 79, 081406(R) (2009)

A famous proposal: 
Floquet topology in driven graphene

equilibrium bands

Floquet bands

gap opening

Γ

M K

Γ MK Γ
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Engineering graphene with optical cavities

Cavity-Mediated Electron-Electron Interactions: Renormalizing Dirac States in Graphene,  
Hang Liu, Francesco Troisi, Hannes Hubener, Simone Latini,  AR, Science Advances 11, eadz1855   (2025)
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Electron-photon interacting Hamiltonian
Pauli-Fierz Hamiltonian

Ne electrons A single photon

Pauli-Fierz Hamiltonian (long wave)

Dressed photon: Diamagnetism removed

Circular: 

Linear: 

Matrix in the dressed photon space

⋱

Downfolding at high frequency (off resonant)!
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Electron-photon interacting Hamiltonian

Photon-free effective Hamiltonian

local interaction   (one body)    - Floquet nonlocal interaction   (two body)

Solution at the Hartree-Fock (HF)  
approximation, QED-HF.

Hang Liu, Francesco Troisi, Hannes Hubener, Simone Latini,  AR, Science Advances 11, eadz1855   (2025)
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Engineering graphene with CHIRAL optical cavities

Isotropic Dirac gap ~ 4 meV (same at –K valley)

Time-reversal symmetry 
breaking
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Engineering graphene with LINEAR optical cavities

Gap opening from nonlocal interaction!

ω = 0.3 eV A0 = 2×10-8 kg·m/
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How cavity-modified ground states change the superconductivity

Non equilibrium state 
(quantum Eliashberg effect)

Curtis, J. B., Raines, Z. M., Allocca, A. A., Hafezi, M. 
& Galitski, V. M. Phys. Rev. Lett. 122, 167002 (2019)

“Amperean” pairing instability

Schlawin, F., Cavalleri, A. & Jaksch, D. 
Phys. Rev. Lett. 122, 133602 (2019)

Use hybrid states 
(phonon-polariton)

Sentef, M. A., Ruggenthaler, M. & Rubio, A., 
Science Advances 4, eaau6969 (2018)

Cavity-photon 
mediated interaction

Tuning superconductivity inside a cavity
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Tuning superconductivity inside a cavity
I-T. Lu, …, A. Rubio PNAS (2024)

Sentef, M. A., Ruggenthaler, M. & Rubio, A., 
Science Advances 4, eaau6969 (2018)
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 sheet σ sheetπ

  π
 sheet σ Choi, H. J., Roundy, D., Sun, H., Cohen, M. L. 

& Louie, S. G. Nature 418, 758–760 (2002)

Mg

B

a c

top view side view

 Åa = 3.084
 Åc = 3.523

MgB2 Hexagonal structure 

Margine, E. R. & Giustino, F. Phys. Rev. B 87, 024505 (2013)

MgB2 : Phonon-mediated superconductivity
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   Z(ks, iωn) = 1 +
πkBT

ωnN(0) ∑
k′￼s′￼,n′￼

ωn′￼
δ(ϵk′￼s′￼

− ϵF)

ω2
n′￼
+Δ2(k′￼s′￼, iωn′￼

)
λ(ks, k′￼s′￼, n − n′￼)

e-ph matrix elementMass renormalization 
function

    [   ]Z(ks, iωn) Δ(ks, iωn) =
πkBT
N(0) ∑

k′￼s′￼,n′￼

Δ(k′￼s′￼, iωn′￼
)δ(ϵk′￼s′￼

− ϵF)

ω2
n′￼
+Δ2(k′￼s′￼, iωn′￼

)
λ(ks, k′￼s′￼, n − n′￼) − μ *

Coulomb screened 
parameter

Superconducting 
gaps

Tc can be found when the superconducting gaps vanish, i.e., Δ(ks,0) = 0

Eliashberg Eqs. requires e-ph coupling, electronic band structure, and phonon frequency as inputs

QEDFT + DFPT provides all the ingredients to solve the anisotropic Eliashberg equations

λ(nk, mk′￼, l − l′￼) = ∫
∞

0
dω

2ω
(ωl − ωl′￼

)2 + ω2
α2F(nk, mk′￼, ω)e-ph matrix element

Solve anisotropic Eliashberg equations to get superconducting gaps 
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α2F(ω) = ∑
nk,mk′￼

WnkWmk′￼
α2F(nk, mk′￼, ω)

λ(ω) = 2∫
ω

0
dω′￼

α2F(ω′￼)
ω′￼

Total electron-phonon 
coupling strength

Isotropic Eliashberg function

Anisotropic Eliashberg function

F(nk, mk′￼, ω) = NF ∑
ν

|gSE
mn,ν(k, q) |2 δ(ω − ων,q=k−k′￼

)

gSE
mn,ν(k, q) = (2ωνq)

−1/2
gmn,ν(k, q)where

where Wnk = δ(ϵnk)/NF NF :density of states at 
Fermi energy
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I-T. Lu, …, A. Rubio, arXiv:2404.08122 (2024), PNAS (2024)

Bulk MgB2
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https://arxiv.org/abs/2404.08122
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LO-TO splitting of bulk hBN is enhanced inside a cavity 

Cavity engineered phonon-band structure: Born effective Charges
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• Cavity-modified 2D van der Waals • Cavity-modified topological properties

D. Shin et al., arXiv:2506.23494 (2025)H. Liu et al., Opt. Mater. Express 15(9), 2105 (2025)

Monolayer 2H-MoS2

Bilayer 2H-MoS2

direct to indirect Eg

Tune interlayer distance

Break symmetry using photon modes

Using cavity to engineer other materials properties
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QEDFT:  Rigorous first principles: Pauli-Fierz Hamiltonian 

New phases of matter: quantum polaritonic matter

Short summary

New field of Cavity and Floquet materials engineering: 
Interdisciplinary field  connecting materials science, 

chemistry and   quantum optics  
grounded on tailoring  

quantum  fluctuations, light matter coupling and electron/
phonon correlations
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