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Light as a tuning knob for quantum matter
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Unlike static knobs, light addresses selected degrees of freedom on their fundamental timescales.

Matteo Mitrano — Harvard University



Nonequilibrium quantum phenomena and functionalities

Dynamical many-body phenomena Ultrafast quantum devices

Matteo Mitrano — Harvard University



Probing light-driven quantum materials

Photoinduced states are typically generated and detected in pump-probe experiments

v

Time delay

« Astrong pump pulse drives the sample out of equilibrium
« A weak probe pulse measures the nonequilibrium physical properties
« Time-dependence measured by varying the relative time delay

Matteo Mitrano — Harvard University



An overview of modern ultrafast probes
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Optical probes Scanning probes

¢ Probes optical constants in near-field
(SNOM) or tunneling currents (STM)

e fs time resolution

* nm spatial resolution

¢ Probes dielectric properties

e Flexible in implementation (spectral
range, detection scheme, environment)

e fs time resolution

Scattering probes ARPES

* Probes structural dynamics and dynamics TranSport ¢ Probes time- and momentum-resolved
of electronic degrees of freedom at carrier dynamics, and the evolution of
elemental resonances * Probes transient photoconductivity electronic spectral functions

* Access to dispersion relations via finite e Integrates well into microstructured e Direct probe of electronic temperature
momentum transfer devices * Tunability of energy vs. time resolution

e fs time resolution * Sub-ps time resolution (down to ~15 meV, ~30 fs)

de la Torre et al., RMP 93, 041002 (2021).

Matteo Mitrano — Harvard University



Evolution of light control experiments

_________

 Light-induced structural transitions, melting, thermalization
» Description in terms of effective temperature models

« Strong decoherence effects

K. Nasu, Photoinduced Phase Transitions (2004)
Matteo Mitrano — Harvard University Koshihara, Sokolowski-Tinten, von der Linde, Taylor, Averitt, Mazur...



Evolution of light control experiments

High-energy Excitation

» Enabled by new MIR/THz sources

» Coherent control of collective modes and order parameters

» Selectivity and reversibility

Matteo Mitrano — Harvard University

J. Zhang & Averitt Annu Rev Mat Res 44, 19 (2014)
A. De la Torre et al. Rev. Mod. Phys. 93, 041002 (2021)
T. Oka et al. Annu Rev Cond Matt Phys 10, 387 (2019)

Cavalleri, Gedik, Shimano, Huber, Leitenstorfer, Nelson ...



Evolution of light control experiments

High-energy Excitation Coherent Control

« Deterministic and coherent control of quantum mechanical states, Hamiltonian engineering
« Optical dressing in free space or cavity settings

* Enabled by new probes and/or quantum light

Key goal: rational design of nonequilibrium states

Matteo Mitrano — Harvard University



Strongly correlated electron systems

Hubbard model: H=-t Z(ij)a(c;racja + h.c.) + UY;nipny

Correlated metal (small U/t) Insulator (large U/t)

* Electrons are strongly interacting and cannot be treated as independent particles
» Large susceptibility to external stimuli
« Lightcan act on filling, hopping / bandwidth, or the interactions derived from them

Matteo Mitrano — Harvard University



Incoherent and coherent processes

INCOHERENT absorb dephase reshape free relax / nucleate
energy
COHERENT drive Q(t) - preserve - follow a - target a
phase trajectory specific state

Coherence of the excitation processes must be defined with respect to a slow target variable

Matteo Mitrano — Harvard University



l. Incoherent excitation and photodoping



Photodoping as an incoherent metallization process

upper Hubbard band
E+U2 | R

hw

E,-U/2

lower Hubbard band

Okamoto et al. Phys. Rev. Lett. 98, 037401 (2007)
Wall et al. Nat Phys. Nat. Phys. 7, 114 (2011)
MM etal. Phys. Rev. Lett. 112, 117801 (2014)

Create holon-doublon pairs — melt the gap — transient metal.

Matteo Mitrano — Harvard University



Photodoping as an incoherent metallization process
Example: (BEDT-TTF)-F,TCNQ - 1D Hubbard chain

upper Hubbard band .o *
E+U/2 | A @ *

E,-U/2

C
-
0 -0 -0- 00

lower Hubbard band

Okamoto et al. Phys. Rev. Lett. 98, 037401 (2007)
Wall et al. Nat Phys. Nat. Phys. 7, 114 (2011)
MM etal. Phys. Rev. Lett. 112, 117801 (2014)

Create holon-doublon pairs — melt the gap — transient metal.

Matteo Mitrano — Harvard University



Photodoping as an incoherent metallization process
Example: (BEDT-TTF)-F,TCNQ - 1D Hubbard chain

| | LERN) | l I

AN A (@A

upper Hubbard band
E+U2 | R

E,-U/2 v

lower Hubbard band

Photon energy (eV)

Okamoto et al. Phys. Rev. Lett. 98, 037401 (2007)

Wall et al. Nat Phys. Nat. Phys. 7, 114 (2011)
MM etal. Phys. Rev. Lett. 112, 117801 (2014)

Create holon-doublon pairs — melt the gap — transient metal.

Matteo Mitrano — Harvard University



Photodoping as an incoherent metallization process

m Nonthermal state
8 \ M
o
- \
o
V= \ Relaxation
—8 \ Hot thermal state
E . [\ \ (bad metal)
iz N
0 N
z ~ -
j Thermalization — ~~ __

Time
Murakami et al. Rev. Mod. Phys. 97, 035001 (2025)

* Photodoped states can exhibit nonthermal electronic distribution and become metastable
* Interesting as a platform for electronic instabilities (77-pairing) and hidden states

Matteo Mitrano — Harvard University



II. Coherent control of the lattice



Nonlinear Phononics - Coherent control of lattice coordinates

To linear order, light couples to IR active modes (odd parity)

1
U= Eﬂ[Rw?RQ?R + AElaserQIR

.. : 5
QIR + 71RQIR + a)IRQIR = AElaser

Matteo Mitrano — Harvard University



Nonlinear Phononics - Coherent control of lattice coordinates

Large amplitude IR vibrations can drive Raman modes

- O O Ny

U= _AuIR IRQIR + AElaserQIR 'NAQIRQRI

QIR + 71RQIR + a)IRQIR = AElaser
QR + yRQR + wfzeQR = BQIZR

Q- displaces Q,

Matteo Mitrano — Harvard University



Nonlinear Phononics - Coherent control of lattice coordinates

Large amplitude IR vibrations can drive Raman modes

- OE OE O E Ny

1
U= Eﬂ]Rw?RQ?R + AElaserQIR _*{NAQERQR:

QIR + leQm + w?RQIR = AElaser
QR + yRQR + wJQeQR = BQ;%R

Q- displaces Q,

Transient crystal structure

.

{ 1 2
[ 3 . e o
¢ o & o

Disa et al. Nat Phys. 17, 1087 (2021)

Lattice anharmonicity rectifies phonon motion into a quasistatic structural displacement

Matteo Mitrano — Harvard University



Nonlinear Phononics - Coherent control of lattice coordinates

Symmetry considerations

If material centrosymmetric U = AQ%Qx Displaced mode is always even
even even
(odd)?
If mode singly degenerate U = AQfzQr Displaced mode is always totally symmetric
B1uB1.A1g

In practice, for each experiment you need to determine symmetry-allowed couplings through product
tables for each point group. Coupling strength requires DFT

Matteo Mitrano — Harvard University



Nonlinear Phononics - Coherent control of lattice coordinates

Example: Resonant phonon excitation in Pry;Cag sMnO;

» |nsulator

« Conductivity of transition metal oxides is very sensitive to bond angles (tolerance factors)
* No carriers need be promoted across the gap, structure itself becomes the tuning knob

Matteo Mitrano — Harvard University



Nonlinear Phononics - Coherent control of lattice coordinates

Example: Resonant phonon excitation in Pry;Cag sMnO;

17 THz Mn-0O stretch mode

bond angle — orbital overlap — bandwidth W

Rini etal. Nature 449, 72-74 (2007)

Matteo Mitrano — Harvard University



Nonlinear Phononics - Coherent control of lattice coordinates

Example: Resonant phonon excitation in Pry;Cag sMnO;
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Rini etal. Nature 449, 72-74 (2007)

« Five-orders-of-magnitude increase in conductivity induced by light
« The effect resonates with the phonon

Matteo Mitrano — Harvard University



Nonlinear Phononics as a general control tool

a

Q
Q

Q
Q

Q

{2

|R2°Q2 (lattice control)
r2*Q,? (phonon squeezing)

IR4 (parametric phonon amplification)
|RN (high order phononics)

r1°Qro€'%S (controlling time reversal invariance

N

)

/

Pump

Light control of broken symmetry states

Energy
3

Choosing different phonons allows for different nonlinear couplings
Demonstrations of control of ferroelectricity, Mott insulators, antiferromagnetism, ferromagnetism,

chirality, charge ordered phases and superconductivity

Matteo Mitrano — Harvard University

Time

Order parameter



lIl. Coherent dressing and Floquet engineering



Nonresonant coherent control - Introduction to Floquet engineering

Coherent driving of solids can be understood in terms of light-induced Floquet-Bloch States

Floquet theorem: periodically varying states mapped onto a stationary states with reconstructed spectrum



Nonresonant coherent control - Introduction to Floquet engineering

Coherent driving of solids can be understood in terms of light-induced Floquet-Bloch States

Floquet theorem: periodically varying states mapped onto a stationary states with reconstructed spectrum

Bloch States
Spatially periodic:
H(r+ R) = H(r)

k and k + nG
(G =2n/R)




Nonresonant coherent control - Introduction to Floquet engineering

Coherent driving of solids can be understood in terms of light-induced Floquet-Bloch States

Floquet theorem: periodically varying states mapped onto a stationary states with reconstructed spectrum

Bloch States Floquet States
Spatially periodic: Temporally periodic:
H(r+R) = H(r) H(t+T) = H(t)
k and k + nG €, and €, + nhw
(G =27 /R) (w=2m/T)

n=+2




Emergence of a coherently-dressed Hamiltonian

Example: spinless fermion chain  H = —t, Z (cfcppr +Hee) = Ze(k)czck, e(k) = —2ty cos(ka)
k

(a) Real time picture Effective picture
L (D) = elFoosen L= () <ty Optical dressing through Peierls substitution
Q ) VR VR .
% @ ® o ® ® . 5 ° o to — iy (t) — toezeaA(t)/h
Crgm M
N\Jo(F)
aek, 0
F = 26 F aekEy
e ter = (tn(t)) = toJo(F), F =

hw

When electrons driven faster than their
characteristic energy, dynamical band
narrowing and localization

de la Torre et al., RMP 93, 041002 (2021).

A periodic field can renormalize hopping

Matteo Mitrano — Harvard University



Emergence of a coherently-dressed Hamiltonian

Example: spinless fermion chain  H = —t, Z (cfcppr +Hee) = Ze(k)czck, e(k) = —2ty cos(ka)
n k

(b) Floquet sidebands Time-averaged Hamiltonian and Floquet-Bloch states

B (1)) = e™=1/0|@y(t))

&
4

hw

.
—

Hy+hw H_{ H_,
= H = tVE Hl HO H_l
n=-1 ©e H2 H1 Ho—h(,d

H1

/

H, = (1/T) [,/ dt e H(t)
Heg ~ Hy + [H_1, H1|/hw

de la Torre et al., RMP 93, 041002 (2021).

A periodic field can renormalize hopping and generate band structure replicas

Matteo Mitrano — Harvard University



Experimental realizations of Floquet engineering

0.4r t=-0.5ps -0.25 ps O ps 0.25ps i 1.0 ps
n2
0.2 nl
=i 1 i SS
A ? I (a.u.)
S 200
L
w 00 - BCB
0
-0.2 L 100
-0.4 =
1 | | | | | o
-01 0.0 01 -01 0.0 01 -01 0.0 01
k, (A k, (AN k, (A
i N\ \\‘\ / ( ,// / _A \\\ \\\ // //
03 \\ \ \t=-40fs/ / \ \ \t=-18fs/ 4
02 \N / AL Mo
A \
g El
o (bt Sinint datainlvints GSinhy Avaviliva\ Wt Jayavilis © AW VD a8
| a
® 04 S
02 |/ \ Min
= 0.1 -0.1

Topological insulators (Bi,Se3): Gedik, Science (2014), Nat Phys (2016); Huber Nature

k, (A7)

(2023)

-0.1 0
k, (A7)

0 0.1
k, (A7)



Experimental realizations of Floquet engineering

a Floguet energy spectra

Equilibrium graphene Light-driven graphene

C Quantum path interference
+1hQ Floquet and

Floquet Volkov Velkoy
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Graphene: Mclver, Cavalleri Nat Phys (2020), Gedik (2025), Mathias (2025)

and TMDs (WSe,): Gedik Nat Mat (2014), vdW magnets: Hsieh Nature (2021), Mahmood Nat Phys (2025),
Cr,03;: Kogar Nat Mat (2021)



A generalized coherent control tool

a) Equilibrium (b)
— - Band engineering

//\
‘ Topological
invariants
[ Y

Excitons
Optically dressed

“{ . m Magnetism
.otle, L gt

‘ Fractional
" quantum Hall
2 :
ﬁ 4
Superconductivity
de la Torre et al., RMP 93, 041002 (2021).

« Strong Fields, F ~ 1 often requires 107-10° V. m™"
« Sidebands must form before decoherence
* Persistent driving can lead to runaway heating

Coherent dressing can reconstruct topology and
generate functionality while the field is present.



Floquet engineering as a tool for quantum control

Correlated many-body excitations can behave like a two-level system

Example: One-dimensional spin-1/2 Mott insulator Sr,CuQO4

Hubbard Exciton

V=117 eV
¢ . t =0.56¢eV

|L R> |g) |L) |R) even

) |
‘1 ‘}./ A — Uiy
Al ol o B odc

Almost degenerate Hubbard excitons with opposite parity

Matteo Mitrano — Harvard University



Quantum control of the Hubbard exciton

Odd and even exciton states define a Bloch sphere

Under nonresonant periodic driving (Floquet), usually:
«  Energy shifts (AC Stark effect)
«  Wavefunction mixing

For degenerate states, mixing dominates

|u(t)) = etPexct/h cos @W} + %) gin @| g)_

1 exc [ v —1 ] 9 ]
9(8)) = e/Px/™ [cos 22g) — =0 sin 2P u)




Quantum control of the Hubbard exciton

Odd and even exciton states define a Bloch sphere 0)

Under nonresonant periodic driving (Floquet), usually:
«  Energy shifts (AC Stark effect)
«  Wavefunction mixing

For degenerate states, mixing dominates

|u(t)) = etPexct/h cos @W} + %) gin @| g)_

1 exc [ v —1 ] 9
9(t)) = eP/ [cos U2|g) — e=#(0 sin L0 |u)

Mixing can be conceptualized as a rotation on the Bloch sphere



Rotating and probing the Hubbard exciton
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Rotating and probing the Hubbard exciton
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I, (w) (norm.)

Rotating and probing the Hubbard exciton
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I, (w) (norm.)

Rotating and probing the Hubbard exciton
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I, (w) (norm.)

Rotating and probing the Hubbard exciton
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Quantum optical description of the Floquet manipulation

a b

® g <A ~hw
A l9)
—_— &) 1 ¢5
s ‘
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; \ Strong coupling quantum-optical Rabi problem
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\ |e>

0 O
g/ hw

Distinct regime from semiconductor quantum wells and spins by Awschalom, Cundiff, Imamoglu, Li, Sherwin, ...

e.g. Phys. Rev. Lett. 83,4204 (1999), Phys. Rev. Lett. 73, 1178 (1994), Nature 410, 60-63 (2001), Science 301, 809
(2003), Science 310, 651 (2005), Nature 453, 1043-1049 (2008), and more...



Quantum optical description of the Floquet manipulation

a b
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Distinct regime from semiconductor quantum wells and spins by Awschalom, Cundiff, Imamoglu, Li, Sherwin, ...

e.g. Phys. Rev. Lett. 83,4204 (1999), Phys. Rev. Lett. 73, 1178 (1994), Nature 410, 60-63 (2001), Science 301, 809
(2003), Science 310, 651 (2005), Nature 453, 1043-1049 (2008), and more...



Experimental detection of coherent rotation of the Hubbard exciton
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Baykusheva et al., Nat. Mater. 25, 937-943 (2026)



Floquet engineering as a gateway to metastability

Floguet-Bloch states typically limited by drive duration
Longer pumps would lead to runaway heating

Example: cuprate ladder Srq,Cu,,044

(Charge reservoir)

A 4 % X ;e
® ‘ ® 200 ® Y % |
@ =3
Chain 4 Doping b _ . -
= g J \l holeptra%sfir < 100 : Gapped
v ’ ‘@ g *  spin-liquid
& ‘ ‘ , ) 1 2 %
e’ ? - aé_
® ?——O—T L ] (D
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° ?——? L) _,,9_.
Ladder i 5}
c 0 —O

b
c @ o
1 ® Cu
a

® O

H. Padma, et al. Nat. Mater. 24, 1584 (2025)

In presence of a reservoir, Floquet can act as a symmetry breaking field and redistribute electrons

— 200
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o P g
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6]



Transient activation of a new tunneling pathway

Zhang-Rice singlet

1

ti+t, +t3+t, =0 tie W +ty+ te?+ t, = 2t (cosp — 1) = tp?

H. Padma, et al. Nat. Mater. 24, 1584 (2025)



Symmetry-protected electronic metastability

Chain - & @
Hole
et L7 D L.=0
-
Ladder @
Equilibrium Chain to ladder hole transfer Trapped hole

| | | 7

Time delay =0

« Coherent optical excitation acts as a valve

« Holes evades decay due to symmetry constraint
H. Padma, et al. Nat. Mater. 24, 1584 (2025)



M
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Evidence of metastable hole redistribution

Energy
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Evidence of metastable hole redistribution

o +++++++*w++++++++++++++++
Eﬂ.e- 100 fs
‘IT + drive
3™ '+++**+**+W |

0.2 10s of ns

=5 . dglay o5 ) 50 75 150 175 200

Coherent optical dressing locks in place a new charge distribution
Possibility to dope interfaces and stabilize cold electronic distributions without equilibrium analogs



IV. Light control of superconductivity



Competing charge order and superconductivity in copper oxides

Quenched superconductivity in La, Ba,CuQ,

60

50
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Temperature (K)

10

1 1 1 I 1 1 1 1 I 1 1 L
11.5 12.5 15
Hole doping %

1 1 ]
9.510
S.Rajasekaran, et al. Science 359, 575-579(2018)

« Cuprates feature ubiquitous charge order, seemingly competing with superconductivity
* Ordered states are accompanied by structural distortions
* Can | coherently control the structure and revive superconductivity?



Resonant lattice excitation in cuprates
ldea: Coherently excite in-plane Cu-O stretching mode in Laq 475Euq 2Srg 125CuQOy

HTT

LTT

100 |-

Temperature
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o
1
- - - --dSe - - - - -S= S

0.125 (1/860ping (X) 0.2 D. Fausti et al., Science 331, 6014 (2011)



The Josephson plasma resonance

Equilibrium La,_Sr,CuO,

Superconducting (eq)

1.0 43003333002, 0
0.8' .................
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Frequency (cm™)

D. Fausti et al., Science 331, 6014 (2011)
* In layered cuprates, 3D superconductivity involves tunneling of Cooper pairs between CuO, layers

* The optical signature is a Josephson plasma resonance (JPR), only present below Tc



Light-induced Josephson plasmon

Equilibrium La,_Sr,CuO,
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D. Fausti et al., Science 331, 6014 (2011)




Light-induced superconductivity in K5Cgj

Resonantly-excited lattice vibrations induce light-induced superconducting response also in K;Cy,

b Equilibrium superconductivity
800 o 800 pyrrr—r—rrrm
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Electrodynamics of a superconductor
ne> 1 1
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mw  [oA] W w

M. Mitrano et al., Nature 530, 461-464 (2016)



Light-induced superconductivity in K5Cgj

Resonantly-excited lattice vibrations induce light-induced superconducting response also in K;Cy,

b Equilibrium superconductivity
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M. Mitrano et al,, Nature 530, 461-464 (2016) Clearest electrodynamics signatures yet!



Light-induced superconductivity in K5Cgj
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M. Mitrano et al., Nature 530, 461-464 (2016)



A general phenomenon

K3Ceo Cuprates
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« Light-Induced superconductivity emerges from strongly fluctuating ground states

« Evidence in optical, transport, and magnetic expulsion



Theoretical landscape for light-induced superconductivity

As of today, no single mechanism currently explains the appearance of LISC in all platforms

Lattice-mediated Electronic scenarios Amplifying fluctuations
mechanisms

* Removal of competing

orders * pre-existing charge
 Lattice-mediated * n-pairing / finite- bosons or pairs

bandwidth changes momentum condensates * parametric growth of
* Phonon squeezing / U* * nonlinear population of collective modes

renormalization steady state paired sectors « Josephson-plasmon

» Parametric modulation of amplification
pairing kernel

Challenges:
* Imposing an explicit time-dependence explodes the computational complexity of several methods

« Systems are very fluctuating and in intermediate correlation regimes and/or large unit cells

Matteo Mitrano — Harvard University



The next frontier

High-energy Excitation Coherent Control

« Deterministic and coherent control of quantum mechanical states, Hamiltonian engineering
« Optical dressing in free space or cavity settings

* Enabled by new probes and/or quantum light

Key goal: rational design of nonequilibrium states

Matteo Mitrano — Harvard University



Towards “THz NMR-like” control of correlated quantum phases

//\\\  Synthesis of photoinduced coherent phases (c.g.,

excitonic condensates, and 7-pairing

U » superconductivity)
w « High-temperature quantum sensing with correlated

excitons and polaritons

« High-repetition-rate, high-temperature logical
\ A operations across various excitonic platforms
A A i . ‘




Cavity quantum materials
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