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Photoinduced phase transitions (PIPTs) of correlated electron materials

Correlated electron materials :
Photoexcited states change surrounding electron and spin systems through
strong e-e interactions — ultrafast photoinduced phase transitions
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Central research subjects in non-equilibrium quantum physics, a new field of
condensed matter
Possible mechanisms for ultrafast optical switching devices




Early stage works of photoinduced insulator-metal transitions

Insulator-metal (IM) transitions are induced via a photoinduced melting of
a low-temperature ordered phase such as a charge-order insulator (COl)
phase and a Pelerls insulator (Pl) phase.
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Those phenomena involve charge, spin, lattice, and orbital degrees of freedom.
Their dynamics are complicated and depend on specific features of each material.



Half-filled Mott insulators

one electron per site
atom o — 6 — o — o
(orbital) | | | |
o — 0 — 0 — ©o
I R
® — 0 — 0 — ©°

electron



Half-filled Mott insulators

Mott insulator one electron per site Metal
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O The most fundamental insulating state in correlated electron systems
- Good target to study optical responses in quantum many-body system
consisting of strongly interacting electrons from both experimental and

theoretical viewpoints
ex. Theoretical studies: P. Werner, Y. Murakami, A. Takahashi, etc.

O Novel responses to lights and electric fields
- Ultrafast metallization
- Large optical nonlinearity 6



Half-filled 1D and 2D Mott insulators

2D Mott insulator 1D Mott insulator
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Responses of half-filled Mott insulators to lights and electric fields
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Electronic-state change upon photoexcitation in half-filled Mott insulators
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Since this metallization does not change the crystal structure, but change
only the electron order, it may occur very fast and return to the original

state in the time scale of picosecond.



Coupling of charge and spin degrees of freedom in 2D Mott insulators

2D Ml (large U) spin-charge coupling low carrier
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Introductions of carriers produce midgap
absorption (incoherent part). Energy

Drude weight is small as compared to  ex. Chemical carrier doping in cuprates
the incoherent part. such as LSCO and NCCO



Coupling of charge and spin degrees of freedom in 2D Mott insulators
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Introductions of carriers produce midgap
absorption (incoherent part). Energy

Drude weight is small as compared to  ex. Chemical carrier doping in cuprates
the incoherent part. such as LSCO and NCCO



Decoupling of charge and spin degrees of freedom in 1D Mott insulators

1D Ml (large U)  spin-charge separation _ jow carrier
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By a photocarrier doping, the spectral Energy
weight of the gap transition Is expected t0 . ogata and H. Shiba, PRB 41, 2326 (1990).
be transferred to the Drude component, H. Eskes and A.M. Oles, PRL 77, 1279 (1994).

Irrespective of carrier density. 14



Half-filled 1D Mott insulator :

Organic molecular compound
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Transient reflectivity changes in (BEDT-TTF)(F,TCNQ) (Time resolution: 180 fs)

1.55-eV excitation

4 L
5F o  Spectral weight of the gap transition is
— 2 X transferred to the inner gap region.
S 0 N
Z @ By the strong excitation (x,,=0.1 ph/site),
= the optical gap almost disappears.
-S| Xpp=0.1

—_ =
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Drude responses in photoinduced Mott insulator to metal transitions of 1D systems
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Photoinduced Mott-insulator to metal transition in Nd,CuO, (180 fs res.)
H. Okamoto et al., PRB 82, 060513R (2010), PRB 83, 125102 (2011).
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- A parent compound of

an electron-doped superconducting cuprate
- A typical 2D Mott insulator
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Photoinduced Mott-insulator to metal transition in Nd,CuO, (180 fs res.)

2D Mott insulator H. Okamoto et al., PRB 82, 060513R (2010), PRB 83, 125102 (2011).
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Photoinduced Mott-insulator to metal transition in Nd,CuO, (180 fs res.)
H. Okamoto et al., PRB 82, 060513R (2010), PRB 83, 125102 (2011).
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Photoinduced Mott-insulator to metal transition in Nd,CuO, (180 fs res.)
H. Okamoto et al., PRB 82, 060513R (2010), PRB 83, 125102 (2011).
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Photoinduced Mott-insulator to metal transition in Nd,CuO, (180 fs res.)

H. Okamoto et al., PRB 82, 060513R (2010), PRB 83, 125102 (2011).
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Photoinduced Mott-insulator to metal transition in Nd,CuO, (180 fs res.)

<< 100 fs ~ 300 fs
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ana iattice system

Fast recombination of a D-H pair ~300 fs < energy transfer to the spin system

Theory :
- A. Takahashi, H. Gomi, and M. Aihara,
PRL 89, 206402 (2002) J~0.15eV
- L. Vidmar, J. Bonca, T. Tohyama, and S. Maekawa, ’
PRL 107, 246404 (2011) 0.35 eV
- Z. Lenarcic and P. Prelovsek, A T

Magnon-dispersion

PRL 111, 016401 (2013) * t Y B T—
- E. lyoda and S. Ishihara, N\

PRB 89, 125126 (2014) K. Ishii et al., Nat. Commun. 5, 3714 (2014)



Photoinduced Mott-insulator to metal transition in Nd,CuO, (180 fs res.)

<< 100 fs ~ 300 fs
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and lattice system

Fast recombination of a D-H pair ~300 fs < energy transfer to the spin system

Photoniduced metallization and relaxation processes << 100 fs & ?77??
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Reflection-type pump-probe system using 7 fs pulses (time res. 10 fs)

Cross correlation profile
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Reflection-type pump-probe system using 7 fs pulses (time res. 10 fs)
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AR/R

Time evolutions of bleaching signals of the Mott-gap transition
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C.H. Brito Cruz et. al.,
IEEE J. Quantum Electron. 24 261 (1988)

0
T. Miyamoto et al., Nat. Commun. 9, 3948 (2018)



AR/R

Time evolutions of bleaching signals of the Mott-gap transition
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- Ultrafast dip structures

— photoinduced metallic state

- Residual slow components

— mid-gap states.



AR/R

Time evolutions of bleaching signals for various excitation densities

Low excitation density 0.0081 ph/Cu
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Time evolutions of bleaching signals of the Mott-gap transition

Low excitation density 0.0081 ph/Cu

Time scale of phonon : 7w ~500 cmt < 60 fs
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Excitation density dependence of the decay time of photoinduced metallic states

Time scale of phonon : 7o ~500 cm™ < 60 fs | High excitation density 0.079 ph/Cu

Time scale of spin : J~0.13eV & 30fs

Decay time of the ultrafast components
reflecting the metallic states
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T. Miyamoto et al., Nat. Commun. 9, 3948 (2018)
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/ Decrease in the decay time
with increase of the excitation density

Auger recombination of carriers,
where a D-H pair recombines by
transferring its energy to other carriers

Efficient carrier scatterings specific to
correlated electron systems
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Electronic-state controls by an intense terahertz pulse

0.1 THz 1 THz 10 THz 100 THz 1000 THz
I I I I |
I I I I I
0.41 meV 4.1 meV 41 meV 0.41 eV 4.1 eV
Terahertz
oA
~1THz [ || >> 100 kv/em =g

Pulse-front tilting method: ("  T:p regenerative amp.

time J. Hebling et al., ~?88 ]an |

~100 fs P

~1 ps+—— Opt. _Express 10, 1161 (2002). ' S im) |

H. Hirori et al., l N

probe _ APL98, 091106 (2011). 5
time

v/ A strong electric field (>>100 kV/cm) can be
applied in a specific direction.
— electric-field induced phase transitions

v/ By using a probe pulse with a time width of ~ 100
fs, electronic state changes along the electro-
magnetic field can be detected.
— Sub-cycle spectroscopy
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Sub-cycle spectroscopy using a strong THz pulse

Pulse front tilting
J. Hebling et al., Opt. Express 10, 1161 (2002).
H. Hirori et al., APL 98, 091106 (2011).

Visible to mid-IR
probe pulse

By using a probe pulse with a time width of ~ 100 fs, electronic
state changes along the electro-magnetic field can be detected.
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Attempts to control physical properties using a strong THz pulse

% phonon polarization carrier number
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¢ AN AN A,(\)U ~ps tp~10 ns
|. Katayama et al., PRL (2012) T. Miyamoto et al., M. C. Hoffmann et al., PRB (2009)
Nat. Commun. (2013) H. Hirori et al., Nat. Commun. (2013)
magnon

superconducting
% electro-magnon order parameter
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T. Kampfrath et al., R. Matsunaga, N. Tsuji, R. Shimano et al.,
Nature Photonics (2010) Science (2014)
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Attempts to drive a phase transition by a strong THz pulse

Insulator-metal transition M. Liu, R. Averitt, K.A. Nelson et al., Nature (2012)
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An Iinsulator to metal transition was induced
by a terahertz electric field enhanced to
~2 MV/cm In a metamaterial resonator.
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- Heating due to accelerations of carriers
- Large structural change
- Slow transition dynamics >> 1 ps

—

To achieve an ultrafast phase control in a sub-picosecond time scale,
focus on electronic phase transitions without large structural changes.




Electric-field induced Mott insulator to metal transition
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Electric-field induced Mott insulator to metal transition
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Insulator-metal transition in x-(ET),X
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Insulator-metal transition in x-(ET),X
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Insulator-metal transition in x-(ET),X
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Insulator-metal transition in x-(ET

Terahertz-pump
optical-absorption-probe

spectroscopy
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THz-pump optical-absorption-probe spectroscopy (180 kV/cm)
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THz electric-field dependence of absorption changes in IR region
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THz electric-field dependence of absorption changes in IR region
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Dynamical property of THz electric-fie

Carrier generation via quantum tunneling
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Dynamical property of THz electric-field-induced Mott transition

Carrier generation via quantum tunneling
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Dynamical property of THz electric-field-induced Mott transition

Carrier generation via quantum tunneling
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Organic nonlinear optical crystal : DSTMS 51

DSTMS

4-N,N-dimethylamino-4’-N’-methyl-stilbazolium
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Metallization of a Mott insulator with a larger Mott gap: ET-F,TCNQ
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Instability of Mott insulator to polar charge-order in k-(ET),X
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Instability of Mott insulator to polar charge-order in k-(ET),X

Dielectric anomaly below 60 K
M. Abdel-Jawad, T. Sasaki et al, PRB 82, 125119 (2010)
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Terahertz field induced polar charge order in x-(ET),Cu[N(CN),]Cl

THz electric-field induced SHG THz electric-field induced R changes
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H. Yamakawa et al., Nature Commun. 12, 953 (2021) charge-order displacements



Summary 2 : THz electric-field induced phase transitions in Mott insulators
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A terahertz electric-field pulse is a powerful source to melt an ordered state and,
also to create a more ordered state or a lower-symmetry state.
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Electronic-state controls by a mid-IR (MIR) electric field

0.1 THz 1 THz 10 THz 100 THz 1000 THz
I I I I |
I I I I I
0.41 meV 4.1 meV 41 meV 0.41eV 4.1eV
< >< > O Application of a high electric-
Terahertz Mid-IR (MIR) field ~10 MV/cm
1 THz 10 ~ 50 THz O Resonant phonon excitation
molecular vibration
I~1 MV/cm n nI" >10 MV/cm lattice vibration
—_—A /\ I\ Ao~ § R ’\,’
time V \ J vV time b\‘tﬂ\ \
~1 ps+—s ¢ N

«—~30fs (30THz) O Multi-cycle pulse

robe b
|

me I time Sub-cycle spectroscopy
~100 fs <10 fs using a probe pulse with a time
width shorter than 10 fs

These features of mid-infrared pulses enable to create novel electronic states such as
Floquet states and investigate related electronic state changes.



Dressed states under a periodic electric field of light: Floquet picture

Under a light electric field that varies -

with frequency Q, new levels are Elegftﬁ;;iteld 1 10, +2)
r round an original level Ihﬂ
_ceated around an original level at E(t)_ECOS(m), 0 41)
Intervals of Af. (R ’
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Y. H. Wang et al., Science 342, 453 (2013) DN I 0 ' states
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Subcycle spectroscopy on 1D Mott insulators
to investigate Floguet states formed by a mid-IR pulse

O Photon-dressed Floquet state in 1D Mott insulators
T. Yamakawa et al., New J. Phys. 25, 093044 (2023)

O Phonon-dressed Floquet state in 1D dimerized Mott insulators
N. Sono et al., Commun. Phys. 5, 72 (2022)

O Destabilization of a spin-Peierls phase via phonon-dressed Floquet states
. Floquet engineering D. Sakai et al., Commun. Phys. 7, 40 (2024)
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Mid-infrared pump visible sub-cycle probe spectroscopy
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Large third-order optical nonlinearity in 1D Mott insulators
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Large third-order optical nonlinearity in 1D Mott insulators

Lowest excited state Third-order nonlinear optical response
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Subcycle spectroscopy of photon-dressed Floquet states in 1D Mott insulators

Chlorine-bridged Ni-chain compound : [Ni(chxn),CI](NO;),

Mid-IR pump visible subcycle probe spectroscopy
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M. Ono et al., Phys. Rev. B 70, 085101 (2004)



Gigantic photo-responses of photon-dressed Floquet states in 1D Mott insulators
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Probe energy dependence of reflectivity changes associated with Floquet states
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Formation of n-photon side bands by an MIR pulse and related optical responses
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- The original transition to the one-photon allowed state shifts and loses its intensity.
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Probe energy dependence of low-frequency components and oscillations
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Formation of n-photon side bands by an MIR pulse and related optical responses
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Analyses of photon-dressed Floquet states considering n-photon side band states
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THz nonlinear optics : phase and amplitude controllable THz radiation

Two-color excitation
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Bromine-bridged Ni compound Amplitude control Phase control
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By adjusting the creation time
difference of two excitonic states
with an attosecond accuracy, both
T. Miyamoto et al., amplitude and phase of the radiated

Nature Communications 14, 6229 (2023) time THz pulse can be widely controlled.



Subcycle spectroscopy on 1D Mott insulators
to investigate Floguet states formed by a mid-IR pulse

O Photon-dressed Floquet state in 1D Mott insulators
T. Yamakawa et al., New J. Phys. 25, 093044 (2023)

" O Phonon-dressed Floguet state in 1D dimerized Mott insulators
N. Sono et al., Commun. Phys. 5, 72 (2022)

\

O Destabilization of a spin-Peierls phase via phonon-dressed Floquet states
\_: Floquet engineering D. Sakai et al., Commun. Phys. 7, 40 (2024) )

i

Mid-infrared pump visible sub-cycle probe spectroscopy

| (o
Mld-'&v,\vl\ Av""‘ » Floquet states can also be
pump \1 \/ time formed by a modulation of
U~3o fs electronic potentials by a
Visible or % » phonon excitation.
NIR probe time

<< 10fs .



A spin-Peierls system of an organic molecular compound : K-TCNQ

K-TCNQ Half-filled 1D Mott-insulator

e~ antiferromagnetic spin %2 chain _
| on-site Coulomb
m ~ (. ) repulsion
K TCNQ /0 1/ U (~15 eV)
NC - CN \ >>
) >4:>=< singly occupi_ed t(~0.2 eV)
NC —/ ©CN molecular orbital + + + + + 4 transfer integral
(SOMO)
spin-Peierls

transition Tc = 395K

Dimerized 1D Mott insulator
spin-singlet formation in each dimer

73



Destabilization of spin-Peierls phase by charge- and spin-modulated Floquet state

out-of phase
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Rice et al., PRL 39, 1359 (1977).
Painelli et al., J. Chem. Phys. 84, 5655 (1986).

The out-of phase a, mode modulates
charge- and spin-density in each dimer.
— phonon-dressed Floquet state

— Hybridization of
the AFM ground state |+ -+ with

non-magnetic states | —>, | — H>
— Destabilization of the spin-Peierls phase

Detect ultrafast dynamics of the decrease
In the spin-Peierls dimerization by this vibrational excitation with a MIR pulse



MIR pump-subcycle reflection probe spectroscopy
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Reflectivity change by the MIR excitation: subcycle spectroscopy
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Reflectivity change by the MIR excitation: subcycle spectroscopy
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Fourier power spectrum of high-frequency (HF) oscillation
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The 20, oscillation can be considered to originate from phonon-dressed Floquet states.



Low-frequency component reflecting the
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Low-frequency component reflecting the
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Summary 3 : Observations of Floquet states and Floquet engineering

O Photon-dressed Floguet state O Phonon-dressed Floquet state
Application of an MIR electric-field with a Charge and spin density modulations by an out-of
frequency Q on a Ni-Cl chain compound phase a; mode in the SP phase of K-TCNQ
— Large reflectivity changes accompanied — Hybridization of AFM ground state and

with a high-frequency oscillation with 2} non-magnetic states
Analyses based upon third-order optical — Phonon-dressed Floquet states
nonlinearity

— Destabilization of spin-Peierls phase

— Photon-dressed Floquet states Floquet engineering
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Responses of half-fi

led Mott insulators to lights and electric fields
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The experimental technigues and approaches presented here may be applied to
various types of correlated electron materials to derive novel optical responses.
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