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ferroelectric domains

short- & long-range charge correlations

introduction (electronic ferroelectricity)

outline

Itoh, Iwai et al., Phys. Rev. Research 3, L032043 (2021)

intense THz-excitation (R Fe2O4)

enhancement (0.1 ps)

100 μm

terahertz experiments on (TMTTF)2X:
⇒ phase boundary is intriguing
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(ex. BaTiO3)

Pion

(ex. Rochelle salt)

 displacive

P

(ex. (TMTTF)2X, α-(ET)2I3, LuFe2O4)

 order-disorder

 magnetic (ex. TbMnO3)

 electronic

(cypress)

E
polarization
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motivation:
lightweight electrons → ultrafast photoresponse ?

ex. photoinduced phase transition
Koshihara et al., Phys. Rep. (2021)
Basov et al., Nature Mater. (2017)

P

Coulomb
repulsion

charge

high T low T
atom,

molecule

Brink et al., J. Phys.: Condens. Matter (2008)
Ishihara, ibid. (2014); J. Phys. Soc. Jpn. (2010)

charge
order

Monceau et al., Phys. Rev. Lett. (2001)

(intersite V )

P by charge order (electronic crystal)

intro.
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structural data: Granier et al., Synth. Met. (1988)

tetramethyl-
tetrathiafulvalene C

S
TMTTF

anion X (ex. AsF6)

1D chain (|| a )

(TMTTF)2X: prototypical electronic ferroelectrics

charge order (CO, T < TCO)
(1/4 filling)

Dressel et al., Crystals 2, 528 (2012)

Jérome et al.,
J. Physique Lett. 41, L95 (1980)

 rich phases (correlated electron)

 structure

Seo et al., J. Phys. Soc. Jpn. (1997)
Chow et al., Phys. Rev. Lett. (2000)

⇒ electronic FE
Monceau et al., Phys. Rev. Lett. (2001)

(P1)

0.5e
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0.5e +δ
0.5e −δ

(δ~0.1e)

TCO
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cf. Kitou et al., PRL (2017)

Phys. Rev. B 31, 3583 (1985)
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Temperature (K)

(anion X)Monceau et al., PRL 86, 4080 (2001)
Nad et al., JPSJ 75, 051005 (2006)

Chow et al.,
Phys. Rev. Lett. (2000)

ESR, Raman, ...
our approach: 
ultrafast terahertz (THz) spectroscopy

unlike Peierls transition

charge order

electronic FE (dielectric experiments)

Yasin et al., Phys. Rev. B 85, 144428 (2012)
Coulon et al., Eur. Phys. J. B 88, 85 (2015)

Świetlik et al., Phys. Rev. B 95, 085205 (2017)
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photoexcitation

HI, Iwai et al.,
J. Lumin. 133, 149 (2013)

α-(ET)2I3

(TMTTF)2X

LuFe2O4

(this talk)

100 μm

photoinduced CO melting
P steering (intense THz)

HI, Iwai et al.,
Appl. Phys. Lett. 104, 173302 (2014)

HI, Iwai et al.,
Appl. Phys. Lett. 112, 093302 (2018)

THz generation ultrafast (~0.1 ps = 10-13 s) metal transition

charge order

Fe2+Fe3+

P

ET molecule
(BEDT-TTF)

intro.
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HI, Iwai et al.,
Phys. Rev. Research 3, L032043 (2021)

Kawakami, HI, Iwai et al.,
Nature Photon.
12, 474 (2018)

Amano, HI, Iwai et al.,
Phys. Rev. Research
(in press)

Kawakami, HI, Iwai et al.,
Nature Commun.
11, 4138 (2020)

Appl. Phys. Lett. 112, 093302 (2018); 104, 173302 (2014)
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EO
Sampling

Delay Stage

Ti: Sapphire laser
800 nm, 25 fs, 1 kHz

Dry Air Box

Delay Stage

BS (OPA/THz)
CCD

Köhler lighting

BS (laser/lighting)
BS (1.55 eV/0.89 eV)

oscillator
regen.

ND filter

BS (fund./gate)

EO crystal (ZnTe)

500 µm

Prof. Dressel
(Universität Stuttgart)

(TMTTF)2X single crystal

X = AsF6
(ab plane)
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(cf. ρa(DC) ~ 10 Ωcm)

✅ ultrafast dynamics
✅ non-contact

PNL
(2) = χ(2) EE

∝ [ei𝜔𝜔𝑡𝑡 + c. c. ]2

= ei(𝜔𝜔−𝜔𝜔)𝑡𝑡 + ei(𝜔𝜔+𝜔𝜔)𝑡𝑡 + c. c.

cf. α-ET2I3:
Yamamoto, Iwai et al.,
JPSJ ('08), ICSM ('12)

cf. a-(ET)2I3

ω
SHGTHz

(≠0)

nonlinear process (2nd) by P
(centrosymmetricity breaking)

Nakaya et al., Phys. Rev. B 81, 155111 (2010)
Itoh et al., Appl. Phys. Lett. 112, 093302 (2018);

ibid. 104, 173302 (2014)

Dressel et al., Crystals (2012)
(intermolecular vibration)

ω

σ

Tc mode (~65 cm-1)

IR inactive

w/ charge imbalance:
active

charge correlations
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long-range charge order (<TCO ) 

Tc mode (~65 cm-1)

THz absorption & emission (X = AsF6, TCO = 102 K)

TCO

short-range correlation (T <TCO + ~50 K)

<TCO:

charge
imbalance

active

fluctuations
(< THz)

≳TCO:
active

inactive
≫TCO:

TCO

short-range case:

no signal

active

charge correlations
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disentangle short- & long-range charge correlations
→ photoinduced dynamics ?

ETHzvibration

THz

polarization

absorption (short-range): <TCO +~50 K emission (long-range): <TCO

Optical
Density

charge correlations
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short-range (ΔOD)

22 K ↓ (charge-order melting)

50 K

long-range (ΔETHz)

(enhancement)

absorption emission

0.89 eV, 0.1 ps, CT exc.
(ΔCO ~ 0.03 eV)

(∵disorder)
"stronger
fragments"

charge correlations
4/5
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@ phase boundary
(charge fluctuations)

no change melting

enhancement

design strategy for
photoinduced phase transitions

anion substitution
(X = SbF6, AsF6, PF6)

chemical pressure

charge correlations
5/5
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1 µm
Tanaka et al., JPSJ 19, 954 (1964)

>TCO

−P+P

<TCO

Free energy
P

BaTiO3
P

"macroscopic regions of self-organized P "

Meier et al., J. Appl. Phys. (2021) (special issue)

(cypress)

this work: THz emission (ω−ω) microscopy

cf. croconic acid Sotome et al., Appl. Phys. Lett. (2014)

・physics

・application (memory)

How to visualize antiparallel (±P ) e-FE domains ?

SHG(ω+ω)

Yamamoto et al., APL 96, 122901 (2010)

hard ! (interference@λ=0.4μm) (λ=300μm)

α-(ET)2I3

FE domain
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HI, Iwai et al., Phys. Rev. Research 3, L032043 (2021)

・~100 μm characteristic size
・domain walls || a : reasonable for "P || a "

χ(2)(P) ≈ −χ(2)(−P)

a

P || DW
⇒ div P = 0
(favorable)

+P

−P

FE domain
2/7
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X = AsF6X = SbF6 X = PF6

15 K

100μm

crack

a 

piece 2

piece 1

piece 2

front piece 1

piece dependent (extrinsic effect not negligible)

back

FE domain
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T

22 K RT

octahedral anions:

X = SbF6

tetrahedral anions (anion order (AO)):

TCO
(157 K)

FE domain
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TTF-QBrCl3 TTF-CA
~1 THz (N-I DW)

this work: 

h-YMnO3

~10 GHz (FEDW)σ~ 0.3 THz (N-I DW)
Okimoto et al.,
PRL 87, 187401 (2001)

Wu et al., Sci. Adv. 3, e1602371 (2017)Morimoto et al., PRL 118, 107602 (2017)

100 μm

FE domain
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Hebling et al., Opt. Express (2002)

Fujiwara et al., Sci. Rep. (2021)

Yu, Koshihara, Okimoto (TITECH)
Fujiwara, Ikeda (Okayama Univ.)Hirori et al., Appl. Phys. Lett. (2011) 

resonance

intense THz light: ~MV/cm

gigantic/ultrafast control

~30 kV/cm

electronic ferroelectrics LuFe2O4

photoinduced
phase transitions ?

Fe2+Fe3+

P



summary (THz dynamics of electronic ferroelectrics, (TMTTF)2X)

Phys. Rev. Res.
3, L032043 (2021)

 short-range charge correlations are enhanced upon photoexcitation

 macroscopic electronic domains host optical functions 

100 μm

0.1 ps

around phase boundary:

 is the keyphase boundary
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