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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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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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: L . 1 hiws
Light-Matter Coupling in a Cavity : E=She Prac(w) = 5 i
T=C
Zero-point field effects are usually miniscule
. 231 B 7T2hC
Vacuum fluctuations b ! w = 507
4.372x10 eV Ay
\ 2, | W Casimir effect
Lambshift

Van der Waals forces

=> No chemical impact expected

1
V Veff
() Coupling is Collective \/Ndipoles

O Coupling Scales as

Matter (O Vacuum Fluctuations play a role as (E)eq = ()

Endyon

order - disorder transition from vacuum
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Focus on the matter modified due to
photon quantum fluctuations

» Mode structure is d ' ' ' ' ptical » Study how electrons and phonons are
cavity configuration modified inside the effective modes
Cavity design Essential ingredients of materials

b Helical mode c Faraday mode d Ring cavity eleCtrOn (e)
phonon (ph)
\_ /
Metamaterial mirror
| Spatial Faraday mirror Temporal Spatial and temporal | I I QEDFTf "
| ' Fluctuations: an ab initio ramewor
Chiral modes 5), Oak Ridge National Laboratory, November 3-7, 2025 [.] IFNL sArTner LprNE



modified due to
photon quantum fluctuations
control the ground state of a quantum material with vacuum fluctuations?

{' ‘ ‘ ‘ ‘ 1. Can we modify electrical conductivity
Superconcuctivity Z 7 with vacuum photons?
. *; fopolosy 2. Can we increase the transition
LR . ¢ -2 - Qs @ -3 temperature of a superconductor?

Composite Light-Matter Particles

3. Can we modify the topology of an

'TRRERRRRRN| electronic band using circularly
S N Y & & M NN NN polarized cavity vacuum fields?
o= 0 ¢ *.. " . Eerromagnetism
S z I ! 4. Can we create or destroy phases of
Ferroelectricity . . .
| ’ r matter using engineered vacuum fields?
A new Photo-Phase Diagram for STO g40 o _ _ _
| Can we modify chemical reaction rates,

The Ferroelectric Photo-Groundstate of SrTiO3,: 20| " i f fi : lectivit
Cavity Materials Engineering,S. Latini, D. Shin, S.A. Sato, energy ransier, enantomeric seieclivi y y

C. Schdfer, U. De Giovannini, H. Hiibener, AR PNAS (2021) — ’ ChemiStry? “Polaritonic chemistryu
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can be used to modify a wide range
of solid-state materials properties

Quantum Hall effect » Metal-to-insulator transition « Other cavity platforms

P. Forn-Diaz et al., Rev. Mod. Phys. 91, 025005 (2019)
A. F. Kockum et al., Nat. Phys. 1, 19 (2019)

THz chiral cavity to break time-
reversal symmetry
G. Jarc et al., Nature 622, 487 (2023)

- Superconductivity
F. Appugliese et al., Science 375, 1030-1034 (2022) Tip Height (um)

J. Enkner et al., Nature 641, 884-889 (2025) 0-
L. Graziotto et al., arXiv:2502.15490 (2025)

Tip Height (um)

- bare K-ET
- hBN/K-ET

- bare K-ET
—RUCl3y/k-ET[ "0

--50

-=75

- Ferromagnetism % -100- 5 ]/ |00
- hBNIBS'CCO --125

Polystyrene YBCO =150 oTip Heightz(,um) i

@] O 0 RuCls
0.0.: {. 00 :%. .o ‘?..‘. o0
‘ 0 Op PP - (BEDT-TTF),Cu[N(CN),)Br

AU Mirror K. M. Kulkarni et al., arXiv:2509.14366 (2025)
. Keren et al., arXiv:2505.17378 (2025) F. Tay et al., Nat. Commun. 16, 5270 (2025)

A. Thomas et al., Nano Letters 21, 4365 (2021)

A. Thomas et al., J. Chem. Phys. 162, 134701 (2025)
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Seminal Experiments

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

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

O TBAF . 0 lonic conductivity of water
O,N (o} >  O,N o —+ _
(») K Fom o " Fukushima et al., JACS 2022 Somerization reaction
@ Patrahau et al.,
Angew. Chem. 2024
Deprotection reaction

Thomas et al.,
Angew. Chem. 2016

Prins Cyclization
Hirai et al., Angew. Chem. 2920

EE v en =
| m--E + HO >
! 8' | R1/u\R2 h CH,Cl, 2
T’E 6 : 60 L NO effeCt H-abStl’aCthn . - Addition reaction
S | m e = Chen et al., Nanophotonics 2024 Ahn et al., Science 2023
'?1 B Outside cavity ; {30
2t \\\ ,'/ ' *CN + O — HCN + .O NCO OH )
- . g O +O e ’QOJLNO
960 920 880 84(3 800 O it
Wavenumber/em™ —» (+ Unpublished results) 0
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Theoretical Developments: OEDFT

QEDFT: Quantum electrodynamical density functional theory

fermions+bosons: electron photons phonons...

e E., 2
a2\ £ B ¢ 99
e et New States of Matter
gy NS S5 8
L OED-materials
naurc .
REVIEWS Octopus project
CHEMISTRY Matter (e.g. chemistr

Y — fd3 rju(r)fz\“ (r)
m J,(r) charge current
m A (r)=

askamathematician.com/2010/10/

A\

N1
m Hine = 2 isj T

—r;|
m Particles only
M. Ruggenthaler, et al, PRA (2014), Nature Reviews Chemistry (2018)
J. Flick, et al, PNAS (2015), PNAS (2017), JCTC (2017); ACS Photonics (2018)
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The serves as the foundation
for (quantum) light-matter coupled systems

nature Transverse Longitudinal
T CHEMISTRY ~ 2
(b+1elA®) 1o . | & 5
| o.-Br)| +—
Zme,b 2me,b l l % 471'6() ‘ r;, — I' ‘ l=21 E 471'60 ‘ r;,— RI‘
. . )
<P1 —Z;|e] AJ_(RI)> Zlelh . 1 M Z,7,¢>
2M 2M SIB(RI) +524 R R Zhwn n/l n/I
Lb Lb 14 weg | R; = Ry | A
A | ik, -r f p—ikyT
A(r) = €0L3 Z ( ni¢ " T4 e )

M. Ruggenthaler, D. Sidler, & A. Rubio, Chem. Rev. 123, 11191-11229 (2023)
M. Ruggenthaler, N. Tancogne-Dejean, J. Flick, H. Appel, & A. Rubio, Nat. Rev. Chem. 2, 1-16 (2018)
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Why don’t we just solve the many-body SE?

The underlying physical laws necessary for the mathematical theory of
~ alarge 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.

. 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.

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

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

/ >N
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Theoretical Developments: OEDFT

QEDFT: Quantum electrodynamical density functional theory

fermions+bosons: electron photons phonons...

g. Q§S§T§§?EEii gg = =
R Gt U “New States of Matter”
DU .
SN NG 5 | QED-materials -
’
QEDFT Theorem Octopus project

ihdW(t) = App(t)W(t) = W(t) & {J(r.t), A (r, 1))

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)
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in nutshell

X T A N . 1\ 1
Hpp = 5 (—iVl + —A(rl)> + Y Z w(r, ;) + Z Ver () + Z @, (&Zfza + 5) — — Jd3r Jorxg(T) - A(r)
I=1 ‘ I#k =1 a=1 ¢
Veodox) S 1Y) s (p(r), A(r)) | ®) s (Vksodks)

Non-interacting system

M. Ruggenthaler, arXiv:1509.01417 (2017) (Ground-state QEDFT)
M. Ruggenthaler et al., PRA 90, 012508 (2014) (Relativistic and non-relativistic QEDFT)

Maxwell-KS system
4 VEs(T) = Veu (X)) + V(1) + v, (1) + v, (T)

2
~ 1 1
h=— (—iV + —AKS(I‘)> + Vg g(T) e-e e-photon

2 C l interaction interaction

Ay 'Ong-wavelength I-T. Lu et al, AR., PRA 109, 052823 (2024)

approximation L. Weber et al, AR PRL 135, 126901 (2025)
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Effective photon-free KS Hamiltonian for light-matter interaction

Kohn-Sham (KS) Hamiltonian in the presence of photons

|
HPKS - _Vz T vex(r) + VHXC(r) +V

> px(1) =+ V(D)

External Hatree potentlal

ortial N photon-exchange
potentia j
Xc potential potential
C. Schéafer et al, PNAS 118, (2021) I-T. Lu et al, AR., PRA 109, 052823 (2024)
Options for the px potential (wave function or LDA) pc potential Vpc(r) — ﬂvpm(r)
| ~ ~ ¥ % ] M 72 )2
M, 6-V{e-,r} s la A5
) B p ﬂa a )< a Jp .]p( ) >(I) where (r) — Z ¢ a)%—Ne/I% o (ea . V)zvex(r)
Vpx(r) = —nV ~ 43
a=1 260%1 p(r) a=1 (04
: - scaling factor
& 271'2/12 2 (l‘ — — — p Ps 2
VA aoa® = =1 Y Kt (&, - V) P2_> n =1y + (L =)l —e?)
a=1 Y Va N Is obtained using a small coupling to get the
correct energy correction in perturbation regime
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Our QEDFT toolbox for QED solid-state materials

Electron-photon systems Nuclear motion (classical ions)

1 ) B dZR
[——V + vKS(r)] wi(r) = ey(r) M —L =F,+ZE

2

VKS(r) — Vext(r) T T + Vpxc(r)
e-y interaction
I-T. Lu et al, AR., PRA 109, 052823 (2024)

dt?

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

Phonon properties (harmonic approximation)

Density functional perturbation theory (DFPT) Phonon dispersion | vq)
)
al/quS(r) < al/qp(r) vq and ‘I/q> | gnm,y(ka q)
Electron-phonon coupling
(k,q) = (mK + q|9,qvs | k) [nk) |mKk + q)

iIncluding ayq pxc(r)
-T. Lu et al. AR, PNAS 121, 2415061121 (2024)  Smn
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Polaritonic chemistry

A Multiscale Challenge

Time scale |
Reactivity
106
\ I
0 SENAEHQITE T
ent Electromagnetl '
\'~
e ;ﬁl??"f‘r Aamics
Experimental
SUCCESS
A 10-15

>

Length scale

D. Sidler, et al JCP (2022), JPCL (2020), Chem.Rev (2025)
M. Ruggenthaler et al, C<em Rev (2023))
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Cavity QED-Chemistry “polaritonic chemistry”

Modifying Chemical Landscapes by Coupling to Vacuum Fields

Molecular Energy Transfer ] QED Chemistry
onor Acceptor -
Donor. excitation transfer Acceptor FRA—RD ~ ?. |

e

. transversal

[

l‘.-

o 7
<. s
HRD)
"0

Cavityn ED J E
e

Avoid few-level approximation to properly capture electronic behavior

,~4,

—_—
“longitudinal

[N ~ % Forster

~ 10X 104
C. Schéafer, M. Ruggethaler, A. Rubio, PNAS (2018) o B P\ - s = - m mmm e e e et —— '
b ' | transversa
cog 3.0 ' '
< 2.9
5
- 2.0
-
= 1.5
Experimental evidence: b5 10
Thomas Ebbesen’s group B
Angewandte Chemie International Edition (2017) & 0.9
Q :
_ = 0.0
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N\

Fnergy (meV)

“-

Different computational methods inside/outside a cavity

van der Waals
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—&— QED-CCSD-1 (g,)
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mwe FCI

—e— QED-FCI (g,)
—¥— QED-FCI (&.)

! f v
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\
i
I
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e \\ T e e =
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|| ’/,9 T

1! ,f,’ 7 \

‘ ‘ — . - -

‘l\ ,’I’ . / 0).4- . QED-HF

1 7! | — =« DFT/OEP

VA > : —— QEDFT/OEP

\ v g \

\ 7/ - |
- £
N =0.2
L
0.0- . .
4 6 _‘ 8 10)
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4 6 -. 8 10
R (A)

T. Haugland et al., J. Chem.

L U Few (!) molecular electronic strong coupling

-== DFT/OEP
— QLEDFT/OLP

Hydrogen Bonds

-== CCSD
— QED-CCSD-1

=
L
=100
2
an
—150-
\J/
—200- wi
</
2

Phys., 154, 094113, 2021



Collective Strong Coupling

Rabi-Splitting Scaling Mystery

'|A)1|lllll""l""l""|"-
- == m 13902 eV === 30 Mol.
[ m— 2 mol. = 80 Mol. ]
D k= 10 mol. .
s - N ~ 10* — 10"
s
E n
4 | / => Light-matter coupling 4, of single \
(C
- _ molecule extremely small!
13.7 13.8 wl?é?/) 14.0 14.1 \ => No chemical impact expected /
H

Collective (!) scaling of light-matter interaction
(2 \/N
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N2 under electronic strong coupling (ESC)

150FA)

100¢ H :
; Ty |

S0r y - :
01'29. ‘@ Pulse |

0- .... » ]
~50r = :
—100F .o :
 Detector i

o . -
—150rF -
~150-100 =50 0 50 100 150

v [nmM)

trans. (arb. units)

|| (w) (arb. units)

13.6 13.8

14.0

w (eV)

| Engineering Quantum Materials via Cavity Vacuum Fluctuations: an ab initio QEDFT framework
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N2 under electronic strong coupling (ESC)

formation of polaritons

E: component Ey component
t=0.0191s t = 0.019fs
150} 150-
100} 100-
50} 50-
£ o E o
—507 ~50-
_100} —100f
—150¢ —150-
~-150 =100 -50 0 50 100 ‘150 —150 -100 -=50 0 50 100 150

X (nm) X (nm)



Benzene under ESC with Ehrenfest dynamics

12'_'l T | 1 T :ﬁ
g 10F | -
2. ] I :
S| — 9 ' .
@ | o | | :
-8" 5 6? | :‘
4 X | :
o I | ;
- - I -
© : q
| 2r : -
o | 0.140  0.145 T - ey
o 0.05 0.10 O 15 0.20

Q (eV)

0.1 0.2 0.3
w (eV)

general effect: As long as the excited state forces activate one particular vibrational mode
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Collective Electron Correlation Challenge

Electron-Electron Interaction Cavity
- : VO =222
Bare Matter Dipole Self-energy s e
2
A e : :
Coulomb (longitudinal) sz) = 2 . Long-range inter-molecular correlations.
Ong.y | l”l- — rj | ﬂae .xl.x]
7= 7] |
v :
Relatively localized intra- and inter-molecular correlations. ¢ e e e / \
L tot E E XC, C()u] E Xc,trans
Established, but computationally demanding: ‘ 0&s O Collective correlations
e Configuration Interaction °°&\®/ ,
® Coupled Cluster * require hew
® Multi-configuration SCF methods ZJU% computational methods!
® Sophisticated exchange-correlation

functionals in DFT
. " oa o

X

Spin Glass mapping — Spherical Sherrington-Kirkpatrick (SSK) Model |g -\, Z Z st =1, J; ~ #(0,67)

i<j

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

Random Normalization
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https://arxiv.org/abs/2409.08986

The Spin Glass Hypothesis ey

[
00000
00000

L a

.....

.

European Research Council
Established by the European Commission

Spin glass-like electron Nuclei-photon interactions (MD)
correlations

p; W} X
H™(R(1), g41)) + 7/3 + —ﬁ(qﬂ — —ﬁ> + &(R(), g4(0), 1)

2 a)ﬂ

Electronic structure (ab initio)'

(# (Ra))

Population

>

R, Energy

Stochastic Resonances:
Non-equilibrium thermodynamics

Bare matter

Polarization
ground state

Glass

>

)
| -
-
e
©
| -
O
O
5
|_

Inverse coupling strength ()

Seed of VSC (Mapping to a spin glass model) The connection of polaritonic chemistry with the physics of a spin glass

Collectively induced polarization instability D. Sidler M. Ruggenthaler AR arXiv:-5853629
Replica symmetry breaking & dynamic frustration ’ ’

SATTDN
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what about the main question

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

- -
- -
- . 4
- 2 4
' ’
& -
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A famous proposal:
Floquet topology in driven graphene

circularly polarized pumg

N Floguet bands
\ _
\.?\jD — == —
ap openin < |
g p Ii)//g/ \‘\\\ —
-
r K M r /\
topological Chern insulator ->
anomalous Hall current T. Oka and H. Aoki, Phys. Rev. B 79, 081406(R) (2009)
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Engineering graphene with opftical cavities

kx Circular Linear anisotropic Linear isotropic

Cavity-Mediated Electron-Electron Interactions: Renormalizing Dirac States in Graphene,
Hang Liu, Francesco Troisi, Hannes Hubener, Simone Latini, AR, Science Advances 11, eadzi855 (2025)

ST N
- _ 2/‘{{/]\ . . . . . . - .« e, e
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Electron-photon interacting Hamiltonian

Pauli-Fierz Hamiltonian

N. electrons A single photon Matrix in the dressed photon space
N(—! = A 2 - A A‘ " . _
IA{ — E L | ‘Af (I',L) A = Ay ((]' = +(]’e) P NP
' O|H 0|1 ' '
i 2m | og. o= es.0 = (00 4 o) V3 (O|H|0)  (0]H]|1) 0 0
| 1 |
Pauli-Fierz Hamiltonian (long wave) o o o
- n - 1|H|0 1|H|1 1|H|2 ()
A P L Al AT ()
H:E FV (r;)| +hw | = +a'a
. 2m 2
(2 - -
| 0 CIHIL)  @IH2)  21H3)
Dressed photon: Diamagnetism removed
Ne )
" . N 1 212 q ) 2
H = H, + hw a'a | — — pi-A o
2 m < 0 0 GIH2)  (3|H]3)
A = Aj (ﬁ.Tc* + (’10)
e N\ i o (n|H|n) = (0|H|0) + nhw
w—W(l—FQ w ) A(‘)—A() C—m A — ~ A A
/ 2 - (n|H|n + 1) = v/n + 1{0|H|1)
Linear: 7 — (4)\/ 1 - CZN:AO ‘4'0 — A V=1 —,3\/71.—'1 P gNeA”;{-w \
Ve V(26N AR+ )u Downfolding at high frequency (off resonant)!
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Electron-photon interacting Hamiltonian

Photon-free effective Hamiltonian

A 2 i h@a N P\
Hcff i HC B Z ) | Hl,a it Hnl,a:

2 Aza N ¢ o | . =k 4
Hl,(y . C w(; Z ) ( X e(}’_) (p?; ) e(};) Hrll’(x — ()OL Z Z }ifz (p’l e()f) (p.f s e:;)
local interaction (one body) - Floquet nonlocal interaction (two body)
g ED- Solution at the Hartree-Fock (HF)
Coulomb: L L r;, — Ve « L L Vie) V ) approximation, QED-HF.

1 JF NV E o |

Hang Liu, Francesco Troisi, Hannes Hubener, Simone Latini, AR, Science Advances 11, eadzi855 (2025)
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Engineering graphene with CHIRAL opftical cavities

(a) 8 --Iocall = (b)
P local & nonlocal

- = = |ocal
local & nonlocal

- =« = |ocal
local & nonlocal

G« +K — M

Isotropic Dirac gap ~ 4 meV (same at —K valley)
(c) 1

|Pv,+ i ()|? # |fo,—k ()]?

Time-reversal symmetry
breaking
il
g A il niti
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Engineering graphene with LINEAR opftical cavities

(a) = = -local

8 |+ f===local & nonlocal
‘local & nonlocal & V5|

W = 0.3 e\/ An =l2><10-8 kq-m/

- = = |ocal
local & nonlocal

3 S w— local
local & nonlocalf

A, (10 kg-m/C/s)

Gap opening from nonlocal interaction!/
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Tuning superconductivity inside a cavity

Use hybrid states Cavity-photon Non equilibrium state
(phonon-polariton) mediated interaction (quantum Eliashberg effect)

“Amperean” pairing instability

(b) Wi,

m, (upper polariton)

Q)

o_ (lower polariton)

| wC
Lower palariton
S
“o
Wi,
Upper polariton
0 QO~/;1kF
q
Sentef, M. A., Ruggenthaler, M. & Rubio, A., Schlawin, F., Cavalleri, A. & Jaksch, D. Curtis, J. B., Raines, Z. M., Allocca, A. A., Hafezi, M.
Science Advances 4, eaau6969 (2018) Phys. Rev. Lett. 122, 133602 (2019) & Galitski, V. M. Phys. Rev. Lett. 122, 167002 (2019)

How cavity-modified ground states change the superconductivity
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Tuning superconductivity inside a cavity

-T. Lu, ..., A. Rubio PNAS (2024)

cavity mirror (dark cavity)
E>g Raman mode

E>g softening

$2A

Cooper pair superconductinggap ' enhanced T virtual photon cloud

phonon enhanced e-ph

electron coupling
y |
cavity mirror
Sentef, M. A., Ruggenthaler, M. & Rubio, A.,
Science Advances 4, eaau6969 (2018)
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MgB:2 : Phonon-mediated superconductivity

[
5
MgB2> Hexagonal structure
B \
< \‘\\
M
I
N P =
MY > Choi, H. J., Roundy, D., Sun, H., Cohen, M. L.
: : N e MO sheet & Louie, S. G. Nature 418, 758—-760 (2002)
top view side view »
I
' | : o ‘ Margine, E. R. & Giustino, F. Phys. Rev. B 87, 024505 (2013)
1.0 - (b) _
C o ‘ = 7T sheet o sheet
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Solve anisotropic Eliashberg equations to get superconducting gaps

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

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

wkpT @, O(€y /o — €
=1+ > Z ey — ) AKks,K's",n —n’)

a)nN(()) \/a)2,+ A2(k’s’ ia) ) e-ph matrix element

wkpT AK's" 1w, )o(ey . — €R)
A(Ks, iw,) = N% Z n')O\€xry — €F Aks. K's' n —n') — 1 *]
Superconducting (0) K's',n’ \/ w2+ A*(K's', iw,) Coulomb screened
gaps parameter

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

> 2
4),
e-ph matrix element  A(nk, mK’,[ — ") = J dw > 2azF(nk, mK', w)
0 (0 — wp)” + @
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Use 1sotropic Eliashberg function to peek into i1t superconductivity

Anisotropic Eliashberg function

F(nk mk, a)) — NFZ |gmn1/(k q)‘ 5(60 a)yq =k— k)

1.5+

~112
where g>t (K, q) = ( ) g (K, Q)

out-of-plane

Isotropic Eliashberg function

S
CF@)= Y WaW, @ Fnk, mk’, o) 291
ek outside cavity
where W, = o(e,, )/Ng N :density of states at ——
Fermi energy 0.0 *
0 40 30 120
Total electron-ph w 2F(w’
Cguaplﬁlgcs’:?enngpthomn M) = 2[ da)’a (/a)) Phonon frequency W (meV)
0 Q)
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Cavity engineered phonon-mediated superconductors

Bulk MgB:
A(T) from anisotropic Eliashberg eq. Due to the softened L,, mode
— t-of-pl
| a0, =014 o T are e ool
| I°'°=1’3

. N
N\ *-
»
\
\‘ "
\
\ )

i Outside cavity

D

Superconducting gap
A(T) (meV)
Phonon frequency
(cm-!)
N
-
-

| ——
e ST N
40 20 30 40 3 50 M

Temperature T (K)

-T. Lu, ..., A. Rubio, arXiv:2404.08122 (2024), PNAS (2024)
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https://arxiv.org/abs/2404.08122

Cavity engineered phonon-band structure: Born effective Charges

LO-TO splitting of bulk hBN is enhanced inside a cavity

/LO : |

L - — Mw=1.0 c —— TO
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Using cavity to engineer

» Cavity-modified 2D van der Waals

Monolayer 2H-MoS;

L0 0.0 000N

-

direct to indirect Eq

dinterlayer (A)

5.9+

0.0 | 0.2 ' 04
Nw

H. Liu et al., Opt. Mater. Express 15(9), 2105 (2025)
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Tune interlayer distance

» Cavity-modified topological properties

Break symmetry using photon modes

D. Shin et al.

-

Weyl Semimetal

Pristine HgTe

- arXiv:2506.23494 (2025)
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Short summary

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

quantum fluctuations, light matter coupling and electron/
phonon correlations

QEDFT: Rigorous first principles: Pauli-Fierz Hamiltonian

New phases of matter: quantum polaritonic matter
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